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Abstract 

This thesis focuses on polycyclic aromatic hydrocarbon chronic (operational, small scale but 

frequent) and acute (large and isolated event) contamination in urban harbours and ports. An air 

emission inventory method for marine traffic was extended and adapted to include non-combusted 

fuel spills and recreational craft. The modified method calculated petrogenic (non-combusted fuel) 

spills and pyrogenic (incomplete combustion) emissions in Portsmouth Harbour. These calculations 

were used to determine if urban harbours and ports receive chronic inputs from marine traffic. To 

confirm if chronic inputs cause chronically contaminated sediments, an environmental seasonal 

sampling of water and sediment were undertaken. To explore PAH sediment accumulation and loss 

under chronic and acute conditions a 6-month mesocosm incubation was undertaken. Lastly, to 

determine if the length of time between contamination and resuspension event impacts on PAH 

flux to the water column, a 28-day timeline was established.  

The petrogenic and pyrogenic inventory found clear distinctions between commercial and 

recreational sectors. The greatest incomplete combustion emitter of particulate matter (PM) and 

the PAH benzo(g.h.i)perylene (BgP) into Portsmouth Harbour is the passenger, car and continental 

ferry and cruise ship sector. This sector comprises 64% of total marine traffic volume and produces 

80% (6831 ± 87% kg) of the annual emissions. It is the recreational sector that produces 82% (20851 

± 58% litres) of the non-combusted fuel releases into the harbour through inefficient outboard 

engines, bilge release and bunkering accidents at self-service fuel pontoons. By extrapolating cargo 

tonnage and release volume of hydrocarbons into Portsmouth Harbour it can be estimated that the 

total national chronic fuel spill inputs to ports and harbours in 2018 was 3000 m3 ± 58%, while BgP 

PAH release was over 1000 ±87% tonnes. These figures confirm that chronic operational input is an 

‘unseen’ ongoing pollution crisis impacting urban harbours and ports.  

Despite identifying recreational craft as the source for much of the non-combusted fuel inputs into 

the harbour, no corresponding peaks in diesel associated PAHs were found solely in marinas. 

Although dissolved 2-6 ring group PAH distributions did peak in summer at all sites corresponding 

with the peak in summer marine traffic activity. There was some indication that incomplete 

combustion inputs were associated with sediment concentrations. Increases of 4 to 6 ring group 

PAHs were located at commercial ferry sites but these sediment concentrations showed no summer 

seasonal peak as seen in the water column. The concentrations of 3 to 6 ring PAHs did not change 

with season but remained stable throughout the year implying that either chronic inputs may result 

in sediment accumulation or resistance to degradation.  From seasonal site sampling a disconnect 
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was found between input, water column and sediment. Dissolved concentrations of PAHs were 

seasonally dynamic while sediment concentrations remained seasonally stable.  

The mesocosm incubations were run for 6 months under acute and chronic input conditions. Under 

both conditions, PAHs were lost from the sediment short term but only long-term loss was observed 

under an acute input of hydrocarbons. Whereas, in the chronic mesocosm a trend in steady 

accumulation was seen after 3 months.  Within both acutely and chronically contaminated 

sediments there was an accumulation of 4 and 5 rings that could be the result of HMW > 10 ring 

PAH partial degradation. This may be a significant driver in the accumulation of PAHs in sediments 

under chronic conditions as the combination of direct and degradation additions outpace the rate 

of breakdown.  

If resuspension place 24 hours after contamination, then the concentrations of all ring groups were 

removed from the water column but after 24 hrs there was an increased dissolved PAH flux to the 

water column. This appears to be due to sediment microbial degradation that becomes more 

important with time. As seen in the mesocosm incubations, PAHs may be accumulating from partial 

degradation of HMW PAHs into metabolites and lower ringed ‘daughter PAHs’. The degradation   

reaches a peak at 14 days post-contamination resulting in high concentrations of PAHs in the 

sediment and in the water column.  These fluxes into the water column may not be short lived.  In 

particular, 4 ring influxes into the water column was shown to increase 3 hours after resuspension 

had stopped.   

This research has shown the complexity of PAH biogeochemistry and transport in urban harbours 

and ports. It has shown that any environmental monitoring of PAHs cannot be determined by 

seasonal sampling of water and sediment at limited sites due to the disconnect between point 

source, water column and sediment. That is due in part to microbial degradation producing 

‘daughter PAHs’ that add to the reservoir of directly deposited PAHs coupled with degradation 

pulses or peaks that through resuspension will influx the water column to mix with any recently   

PAH inputs.  

Further work on developing management policy would be to investigate the environmental 

sensitivity and environmental capacity of a port and harbour to better inform marine traffic 

expansion and development. That assessment ought to be based upon the volume of incomplete 

combustion emissions and non-combusted fuel inputs from all marine traffic. It should incorporate 

a biogeochemical model linked to resuspension to estimate PAH fluxes to the water column from 

direct and indirect inputs.   
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 Introduction 
 Urban Ports and Harbours 

Ports and urban harbours have global, national and local importance for economies through trade, 

commercial fishing, commercial tourism and leisure. In some cases, they serve as strategic naval 

bases. In 2017, global sea transported cargo was estimated to be 10.7 billion tonnes, 80% of which 

was handled through ports and harbours worldwide (UNCTAD, 2018). Commercial fishing fleets are 

registered, berthed, serviced and land fish through ports. In 2018, EU commercial fisheries landed 

an estimated 4.8 million tonnes of fish into its ports valued at €7.8 billion (Eurostat, 2018) more 

specifically, fish landed in UK ports was 480 000 tonnes with a value of £792 million (Marine 

Management Organisation, 2019). Ports and harbours are vital transport hubs for commercial 

passenger and car ferries. The UK port of Dover recorded 17.1 thousand France crossing ferry 

turnarounds in 2019 (Department for Transport, 2019) while the growth in cruise tourism expanded 

from 12 million in 2003 to 30 million passengers in 2019 (Cruise Lines International Association 

(CLIA), 2019) with no sign of slowing down. This popularity has resulted in smaller ports and larger 

harbours becoming ports of call and turnaround stops particularly, for an expanding sector of 

smaller cruise ships marketed for decerning cultural and adventurous exploration.  Globally, in 2019 

cruise tourism was worth £105 billion (CLIA, 2019). Finally, the growing sector of water sports and 

recreational motor and yacht cruising have led to the provision of marinas, swing moorings, small 

boat yards and fuel pontoons situated within and alongside commercial ports and harbours. It is 

estimated that there are over 140 million active participants worldwide; 100 million in USA and 

Canada, 36 million in Europe while in Australia that number stands at 5 million (Mordor Intelligence, 

2018). The Royal Yachting Association (RYA) report ‘Economic Contribution of the Recreational 

Boater’ estimated that in 2014, the number of leisure boats (excluding super yachts) in the UK was 

541 000 while the sector’s total economic contribution was estimated to be £1.3 billion per year. 

Furthermore 50% of the TEC was from marina-based vessels. This may be an under estimation due 

to the disperse, inconsistent and unregulated nature of information sources within the leisure 

sector. Furthermore, due to access to large volumes of water and sea transport of bulk materials, 

ports can act as sites for waste incinerators, energy generation plants, oil and chemical refineries 

and ship building.  

1.2.1.  Environmental Impact of Urban Harbours 

By necessity, waterside spaces have become heavily modified for industrial, commercial and leisure 

use. From commercial wharves with provision for large ocean-going vessels, facilities for lift on/off 
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and roll on/off cargoes, warehousing, ferry berths and terminals, marinas with multitudes of 

pontoons, landside parking, slip ways, boat yard facilities to harbourside housing and retail leisure 

spaces. Unfortunately, these anthropogenic modifications upon the natural coastline can result in 

coastal squeeze due to hard wharves, breakwaters and sea walls (French, 2001; Pethick, 2001) and 

the interference of tidal and sediment transport resulting in siltation or erosion (French, 2001; Mali 

et al., 2017). While their construction and dredging to maintain shipping depths can in the short-

term result in poor water quality (Urban, 2010). 

As interfaces between urban and coastal waters, harbours and ports act as receiver and distribution 

zones for many pollutants. Heavy metals, fuel and oils, nutrients, untreated and treated waste 

water, plastics, agricultural chemicals, pharmaceuticals and persistent organic pollutants (POPs) 

such as polycyclic aromatic hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs) are carried 

through discharges from rivers, surface drainage, waste water outfalls and airborne deposition 

from industrial processes and road traffic (Hoffman et al., 1984; Neira et al.,2016). 

  Environmental Impact of Marine Traffic 

Impacts from marine traffic encompass the physical, chemical and biological. Physical impacts on 

natural shorelines, mud flats and salt marshes through ship bow and stern wash can compound 

natural erosion of these vulnerable sites. The magnitude of any wash is related to a boat’s size, 

speed and hull displacement. Therefore, erosion can be kept to a minimum by instigating lower 

speeds but within busy ports and harbours the frequency of traffic passage may have a cumulative 

negative effect on shoreline margins. Localised increases in sediment turbidity can be a result of 

resuspension caused by boat hull displacement, propeller, oars and anchoring. Rapaglia et al. (2015) 

research in Venice Lagoon, Italy calculated 3000 commercial vessels navigate annually through this 

area resulting in the resuspension of 1.2 x106 metric tons of sediment. Sediment resuspension can 

impact on water quality through the desorption of heavy metals, fuel and oils, pharmaceutical, 

agricultural and industrial chemicals and through physical blanketing of sessile organisms (Burton 

& Johnson, 2010).  

Marine traffic has been identified as a vector of transport for the introduction of non-indigenous 

organisms. These are carried attached to hulls or discharged from foreign sourced ballast water. An 

example of the impact on local ecosystems is the spread of the Asian kelp (Undaria pinnatifida) also 

known as wakame. It is native to the cold waters of Japan, Korea and China. It is now an invasive 

seaweed found in New Zealand, Europe, Mexico and the western seaboard of the USA where 

aggressive measures are being taken to eradicate it from harbours. The Ballast Water Management 

Convention or International Convention for the Control and Management of Ships' Ballast Water 
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and Sediments (2004) is a treaty adopted by the International Maritime Organization (IMO) in 2017.  

It is hoped pre-treatment of ballast water before discharge will limit the transfer of invasive non-

native species.  

Marine traffic is a source of chemical pollution into the water and atmosphere. The use of 

Tributyltin (TBT) as an anti-fouling treatment has been the focus of scientific research and 

legalisation due to its toxic and endocrinal effects on marine organisms. The much-publicised 

imposex of gastropods alongside the high mortality of oysters lead to its use being banned globally 

by the International Maritime Organisation (IMO) in 2008. Despite the ban the effects of TBT will 

be felt for some years to come particularly in enclosed harbours and ports due to its low rate of 

dissolution (Anastasiou et al., 2016; Langston et al., 2015). Unfortunately, the use of metal oxides 

such as copper, zinc and lead as alternatives to TBT are still environmentally toxic and can be 

persistent in marine sediments. It has been estimated that Cu based anti-fouling paints leach at a 

rate of 25.55 µg cm-2 d-1 (Ytreberg et al., 2010) and mass balance calculations suggest that sediment 

located near boat maintenance yards may contain by up to 1% by weight of paint fragments (Turner 

et al., 2009). The introduction of organic biocides to enhance or replace metal oxide paints have 

also come under scrutiny (Warnken et al., 2004) such as 2-methylthio-4-tertiary-butylamino-6-

cyclopropylamino-s-triazine (Irgarol 1051) and 1-(3,4-dichlorophenyl)-3,3-dimethylurea (diuron). 

Both are broad spectrum biocides that have been shown to have detrimental impact on 

phytoplankton and persist in the environment (Price & Readman, 2013). 

Marine traffic emissions have health and environmental impacts.  Particulate matter (PM), carbon 

monoxide (CO), volatile organic compounds (VOC), sulphur oxides (SOx), nitrogen oxides (NOx), 

tropospheric ozone (O3) formation, carbon dioxide (CO2), black carbon (BC) and methane (CH4) are 

generated while ships are in ports. The Third IMO Greenhouse Gas Study (2012), calculated that 

international shipping produced 2.2% of the total global CO2. Estimations show that worldwide 

ocean-going ships release per year 1.2 to 1.6 million tonnes of PM10, 4.7 to 6.5 million tonnes of 

SOx and 5 to 6.9 million tonnes of NOx (Nunes et al.,2017). The International Convention for the 

Prevention of Pollution from Ships (MARPOL), has instigated regulations in global emission 

reduction of SOx, NOx and PM and establishment of emission control areas (ECAs).  Since 2020, 

ships cruising these areas have to use fuels with less than 0.5% by weight of sulphur content, 

alternative green fuels or technologies such as scrubbers. Furthermore, in European Union (EU) 

ports only fuels with < 0.1% by weight of sulphur content can be used (Trozzi & De Lauretis, 2016).  

Impacts can be described as chronic when the impact is long term and frequent such as engine 

exhaust particulate matter emissions at ferry berths while acute comprise of a short term but major 
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impact such as a tanker oil spill. More than 40 % hydrocarbon contamination in the marine 

environment (GESAMP, 2007) is through major ship oil spills, unburnt operational fuel discharge 

and oil contaminated bilge water. The ecological impacts of large catastrophic oil releases through 

ship grounding or sinking are well publicised by the media.  The oil tanker Prestige sunk in 2002 off 

the Iberian North Atlantic coast released 64,000 metric tonnes of oil along the coast of Galicia. 

Following the spill, the mortality in the Alcidae (Auk) bird family has been estimated at 87,594, 

comprising 48% Common Murres (Uria aalge), 28% Atlantic Puffins (Fratercula arctica) and 23% 

Razorbills (Alca torda) (Munilla et al 2011). The ecological impacts are still under scientific scrutiny. 

Due to intense scientific research (Kahkashan et al., 2019; Kingston, 2002; Payne et al., 2008) of 

acute catastrophic oil releases such as the Prestige (2002), Exxon Valdez (1989) and Tasman Spirit 

(2003) a defined timeline of oil dispersion, weathering, degradation and ecological impact is now 

known. Furthermore, acute major oil spills from oil tankers are decreasing due to better safety 

legalisation. Spills greater than 700 MT have decreased from a yearly average of 24.6 between 

1970-79 to 1.7 annual incidents between 2010-12 (Farrington, 2013).  

 Smaller but frequent spills enter the marine environment through operational bunkering accidents, 

engine equipment failure and bilge water release.  In UK waters during 2016, 82% of all accidental 

discharges and releases were in the open sea, 14% were reported in ports and harbours while 4% 

were documented in other marine areas. There were 102 incidents involving vessels and work rigs 

in ports and harbours. Although the modal volume of 697 reported releases was less than 455 L, 

3.8% were of greater volumes (ACOPS, 2017). Marine traffic operational spill releases together with 

engine emissions from incomplete combustion comprise chronic pollution. Unlike acute events, 

chronic inputs are not well defined temporally or spatially and remain largely invisible in the marine 

environment so have been challenging to quantify (Farrington, 2013). An operational release, such 

as bilge pumping, would be classified as chronic pollution if the discharge was not noticed at the 

time, the source remained unknown and the hydrocarbon concentration did not exceed 

background levels. Although the concentrations may be low in each event these chronic releases 

have the potential to be accumulative. There remain large estimation uncertainties in chronic 

hydrocarbon inputs particularly for recreational craft (GESAMP, 2007).  

  PAHs in the Environment 

Polycyclic aromatic hydrocarbons (PAHs) are just one group of compounds found in crude oil and 

its refined products (petrogenic) or produced from the incomplete combustion of fossil fuels and 

organic matter (pyrolytic) (Doong & Lin, 2004). Industrial and marine traffic activities in urban 

harbours have resulted in continuous anthropogenic PAH inputs from petroleum spills and 

combustion spanning decades. Consequently, these sediments have become ecological hazards 
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through chronic PAH contamination (Morales-Caselles et al.,2007; Nicolaus et al., 2015; Roberts, 

2012).  Furthermore, naphthalene a low molecular weight (LMW) PAH, has been observed to cause 

toxicity to organisms (Law et al., 2002) in marine plankton (Jiang et al 2010), sea urchin embryos 

(Fernandez et al., 2006) while high molecular weight (HMW) PAHs are potential carcinogenic and 

mutagenic hazards to biota and public health (Nicolaus et al.,2015). Consequently, PAHs are 

regarded as priority pollutants (EPA, 2014; EU, 2013; OSPAR, 2009). 

1.4.1.  Chemical Structure 

Polycyclic aromatic hydrocarbons (PAHs) are organic pollutants formed of 2 or more fused benzene 

rings (Fig 1.1). LMW PAHs comprise of 2-3 rings while HMW hydrocarbons have 4 rings or more. 

These distinctions are important since chemical structure and source can dictate environmental 

fate and bioavailability (Farrington et al.,1983; Law et al., 2002). PAHs are hydrophobic molecules 

displaying low solubility and high adsorption capacity for sorbents. These characteristics increase 

with molecular weight to constrain PAH mobility and degradation once in the marine environment. 

For example, LMW PAHs such as naphthalene (Fig1.1a) are understood not to persist in the 

environment due to higher solubility and faster environmental degradation rates when compared 

to HMW PAHs. HMW PAHs such benzo(a)pyrene the environment due to higher insolubility and 

degradation resistance (Shahsavari et al., 2019). 
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Figure 1.1 PAH Ring Diagrams.  (a)Naphthalene (b)Acenaphthylene (c)Acenaphtlene (d)Fluorene 
(e)Phenanthrene (f)Anthracene (g)Fluoranthene (h)Pyrene (i)Benz(a)anthracene (j)Chrysene (k) 

Benzo(b)fluoranthene (l)Benzo(k)fluoranthene (m)Benzo(a)pyrene (n)Indeno(1,2,3-cd)pyrene 
(o)Dibenzo(a,h)anthracene (p)Benzo(g,h,i)perylene (NCBI,2020) 

 

Figure 1.2 PAH Ring Diagrams.  (a)Naphthalene (b)Acenaphthylene (c)Acenaphtlene (d)Fluorene 
(e)Phenanthrene (f)Anthracene (g)Fluoranthene (h)Pyrene (i)Benz(a)anthracene (j)Chrysene (k) 

Benzo(b)fluoranthene (l)Benzo(k)fluoranthene (m)Benzo(a)pyrene (n)Indeno(1,2,3-cd)pyrene 
(o)Dibenzo(a,h)anthracene (p)Benzo(g,h,i)perylene (NCBI,2020) 
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1.4.2.  PAH Chemical Behaviour in the Marine Environment  

1.4.2.1         Partitioning 

Partitioning is an important process in controlling the fate of PAHs and has attracted much scientific 

interest resulting in a substantial amount of research (Lamichhane et al., 2016). Isotherm models, 

based upon sorption equilibrium, have been used to produce sorption coefficients to model PAH 

mobility between aqueous and solid phases (Fig 1.2). For example, the sediment-specific sorption 

(Kd) and octanol water partition (Kow)coefficients can be regarded as a specific PAH’s affinity for 

sediment or biotic tissue. A further coefficient, developed from the Kd coefficient is the Koc and is 

often used instead of Kd in acknowledgement of the strong adsorption affinity of PAHs to particulate 

organic matter (Karickhoff et al., 1979) or dissolved organic matter (Kdom)(Tremblay et al., 2005). 

These coefficients are known to be further modified by salinity, temperature and the properties of 

suspended particulate matter (SPM) (Shang et al., 2013). Consequently, PAHs can be free, bound 

to DOM in the water column or sediment pore water, adsorbed to SPM or deposited sediment (Fig 

1.2).  

Salinity interacts with the hydrophobicity of PAHs to increase their insolubility to produce a 

phenomenon called ‘salting out’ (Means, 1995; Turner, 2003). PAHs are described as non-polar 

because all electrons are evenly distributed therefore, when in water a disruption to the bulk water 

structure occurs around the PAH molecule resulting in hydrophobicity (Thompson & Goyne, 2012). 

This process is enhanced in the presence of dissolved inorganic ions. These bind water molecules 

into hydration shells decreasing the cavity volume available to accommodate dissolved PAHs; an 

Figure 1.4 PAH Transport & Biogeochemical Transformations in the Marine 
Environment. Orange colouring indicates present research areas (Adapted from 

Eggleton & Thomas, 2004) 
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effect called electrostriction (Turner, 2003). This results in greater adsorption of dissolved PAHs 

onto particulate surfaces. Although the Setschenow (empirical) salting coefficient model has been 

developed (Means, 1995; Tremblay et al., 2005; Turner, 2003) to model magnitudes of ‘salting out’ 

(Oh et al., 2013), there does remain a discrepancy between contaminant behaviour within 

controlled experiments and field observations within estuaries (Tremblay et al., 2005; Zhou et al., 

1998). This may be due to the presence of dissolved organic matter as colloidal material (Means 

1995). The effect of salinity on PAH sorption in the presence of dissolved organic matter (DOM) is 

a matter of some debate and could account for the previously observed discrepancies. Turner 

(2003) and Shang et al. (2013) reported the effect of DOM to out compete SPM sorption for 

dissolved PAHs in high salinities, therefore enhancing the apparent solubility of PAHs and transport 

out of estuaries. In contrast Tremblay et al. (2005) reported DOM competition to be minor when 

compared to the importance of SPM composition and concentration to scavenge PAHs.  

Sediment particle size has been well established as a controlling parameter on PAH partitioning 

behaviour (Lamichhane et al., 2016; Means, 1995; Reid et al., 2000; Wang et al., 2015; Wang et al., 

2009). Adsorption is a surface process and its capacity to adsorb hydrophobic molecules onto 

particle surfaces is inversely proportional to particle size and specific surface area (SSA) (Jiao et al., 

2014). Despite a well observed positive correlation between fine sediment particle size (<63 µm) 

and PAH adsorption magnitude in field studies (Marini & Frapiccini, 2014; Wang et al., 2015; Wang 

et al., 2009), caution must be applied to the use of SSA as a simplistic explanation for PAH 

distributions. The <63 µm sediment fraction predominately comprises of clays and organic matter 

that PAHs show a strong physio-chemical affinity towards (Karickhoff et al., 1997), resulting in fine-

grained sediments acting as an important PAH reservoir (Marini & Frapiccini, 2014; Shang et al., 

2013; Vane et al., 2007). Furthermore, DOM can also coat sediment surfaces and increase the total 

organic carbon contents of the sediments, and thereby increasing further the sediment sorption 

capability. Experimental work  by Karickhoff et al. (1984, 1997) in hydrophobic pollutants in 

sediments predict that if the ratio of clay to OM is < 15 then adsorption to OM sites will predominate 

over mineral interactions, while in OM poor sediments (>15) then clay mineral surface area  

interactions will predominate (Karickhoff, 1984; Saeedi et al., 2018). In reality, aged aquatic clay 

surfaces will be covered with organic biofilms, humic compounds and detritus that in turn will mask 

any mineral surface physio-chemical interactions (Saeedi et al., 2018). PAHs are classified as neutral 

molecules possessing even numbers of cations and anions therefore the cation exchange capacity 

(CEC) of clay minerals has an indirect impact on PAH sorption. Large organic molecules such as 

humic substances contain multiple reactive sites both ionic and hydrophobic. It is the ionic sites 
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that interact with clay surfaces through CEC while PAHs interact with hydrophobic  functional 

groups (Ping et al., 2006).  

 Suspended particulate material (SPM) comprising of organic and mineral material, provides an 

important PAH transport mechanism and PAH pollution indicator via scavenging dissolved PAHs to 

be then carried by hydrodynamic forces and deposited in low energies (Cardoso et al., 2016; 

Rabodonirina et al., 2015; Wang et al., 2009). SPM has a dominant key role to play within estuaries 

where salinity gradients and mixing provide the perfect PAH trap (Marini & Frapiccini, 2014; Means, 

1995; Oh et al., 2013; Turner, 2003).   

1.4.2.2      Sequestration 

The process of locking, removing or storing away a substance from environmental interactions, such 

as degradation, is called sequestration (Haritash & Kaushik, 2009; Reid et al., 2000). Soils and 

sediments contaminated by hydrocarbons follow characteristic biphasic decay curves (Fig 1.3). 

These are exemplified by a short and fast dissipation period at the start of contamination followed  

by a slower loss over a longer period (Reid et al., 2000). PAH adsorption and entrapment within 

organic matter and mineral micro pores form a sequestered non-bioavailable fraction that 

increases with time (Bogan & Sullivan, 2003; Haritash & Kaushik, 2009) and exhibit slow or 

resistance to desorption and degradation (Di Leo et al., 2016; Rothermich et al., 2002). A 5-month 

field monitoring study of a recent oil spill produced a characteristic biphasic decay curve for LMW 

PAH’s that was explained by the role of OM to sequester PAHs to form decay resistant fractions 

(Hinga, 2003). Studies into the role of OM to sequester PAHs have focused on the partitioning 

function of soluble organic matter (SOM) (Bogan & Sullivan, 2003; Orecchio & Mannino, 2010). With 

increased contact time the PAH molecule diffuses into the humic and fulvic acid polymer layers into 

Figure 1.5 Conceptual aging graph demonstrating aging with time 
(Reid et al.,2000) 
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the underlying humin core. Once in the humin micro-pores the PAH molecule is partially unavailable 

to the surrounding solution by the overlying humic and fulvic acids coupled with the humin 

lipophilic layer that strongly binds the PAH (Bogan & Sullivan, 2003; Orecchio & Mannino, 2010). 

This intra-sediment process is known as ‘aging’ (Hatzinger & Alexander, 1995). Orecchio and 

Mannino’s (2010) work into the effect of humic substances and PAH partitioning offers an 

alternative perspective for the model of OM sequestration. PAHs are readily adsorbed onto clay 

minerals particularly as clays are also sites for accumulation of OM. The humic and fulvic acid layer 

retards PAH diffusion into the mineral’s micro-pores by keeping the PAH at the surface. This fraction 

is bioavailable to microbial degradation and desorption processes resulting in slower sequestration 

and in theory increased rates of biodegradation Although ageing rates have been observed and 

quantified for many PAHs within different sediment types and  organic content, it must be noted 

that much of that research has been conducted on freshly PAH spiked sediments or from the  

monitoring of recent  accidental oil spills (Deary et al., 2016; Jin et al., 2012). There is a lack of 

research conducted on PAH sequestration rates within chronically contaminated sediments 

characterised by continuous input as found in industrialised ports. Furthermore, there is some 

evidence to suggest that the reworking and mixing of sediments as found in estuaries prevents 

ageing, therefore PAH pollution may be more mobile and bioavailable than current models predict 

(Jiao et al., 2014; Morales-Caselles et al., 2007) 

1.4.2.3  Degradation 

Once PAHs are deposited into the marine environment, they can be removed through volatilization 

and degradation. Volatilisation as a process affects predominately 2 and 3 ring PAHs (Table 1-1). 

The extent to which a PAH is volatilized is mediated by water depth, wind velocity and water flow 

rate. Under beneficial conditions for volatilization 30% of naphthalene was shown to be lost within 

48hrs (CCME, 2008). 

Table 1-1 Selected Volatilisation half-lives in Water 

PAH Half life1 

Naphthalene 0.4 – 3.2 hrs 

Anthracene   17 hrs 

Pyrene  115 hrs - 3.2 years 

1 (CCME, 2008) 

 In the marine environment PAHs are mostly degraded by photo-degradation and microbial 

biodegradation (Abdel-Shafy & Mansour, 2015; Haritash & Kaushik, 2009). Photo-degradation 

occurs via photolysis and photo-oxidation (Abdel-Shafy & Mansour, 2015; Lee, 2003). Photolysis 
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occurs by the absorption of ultraviolet and visible solar radiation (300 and 500nm) that leads to a 

dissociation in the PAH’s chemical bonds through excitation (O'Neill, 1998). Photo oxidation occurs 

in oxygenated waters where reactions between solar energy, PAHs, oxygen and hydroxide ions 

result in oxygenated PAHs that are easier to degrade by microbes (Lee, 2003). Photo degradation 

can degrade high ring PAHs but it is most effective on those PAHs with fewer rings due to their 

tendency to remain in solution within the water column (Table 1-2), unlike higher rings that quickly 

partition onto SPM to become deposited as sediment under low energies  (Cardoso et al., 2016; 

Payne et al., 2003; Tremblay et al., 2005).  

Therefore, within harbours and estuaries degradation via photo oxidation and photolysis is 

restricted by water turbidity and PAH particle sorption (Abdel-Shafy & Mansour, 2015).  

Table 1-2 Selected Photodegradation half-lives in water 

PAH Half life1 

Naphthalene 0.5 - 20 days 

Anthracene   0.1 - 4.4 years 

Pyrene  0.6 - 5.2 years 

Benzo(a)pyrene 8.6 days - 12 years 

1 (CCME, 2008) 

A fraction of PAHs released into the marine environment will undergo photolytic degradation 

through sunlight UV absorption.  Photo-dissociation can occur on dissolved or particle adsorbed 

PAH’s to reduce their concentrations but can degrade into toxic by-products (Lee, 2003).  One of 

the most efficient means of PAH removal from sediments is biodegradation by heterotopic bacteria, 

algae, fungi and cyanobacteria (Haritash & Kaushik, 2009; Hernandez-Lopez et al., 2016; Jiao et al., 

2014; Narro et al., 1992). The high potential for microbial remediation of PAH contaminated 

sediments has ensured a large body of field and experimental research. The identification of 

microorganisms, metabolic pathways, transformation products and enzymes utilised to degrade 

PAHs is currently a fast-evolving area of study and debate (Lee et al., 2017; Liang et al., 2014; Qin 

et al.,2017). Biodegradation rates are dependent on the environmental conditions suitable for 

microbial activity such as pH, pollutant levels, degree of exposure, oxygenated state, temperature 

and suitable growth substrate (Bauer & Capone, 1988). Industrialised harbour sediments will 

contain heavy metals and petroleum spills that have the potential to be present at toxic 

concentrations to impact on microbial activity, although this effect will be species specific (Barbato 

et al., 2016; Wake, 2005). Furthermore, for efficient biodegradation, microbes require 

acclimatization to long term PAH contamination at sufficient high levels for genetic adaptions and 
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consortium selection able to degrade PAHs via assimilative biodegradation or co-metabolism 

(Barbato et al., 2016; Coates et al., 1997; Johnsen et al., 2005). 

Table 1-3 Biodegradation Rates for PAHs from Literature 

Oxygen state PAH Rate/degree of loss Author 

Aerobic Spiked NAP Mineralisation rate 
2.9% per day 

Half-life 2.4 weeks or 
17 days 

Heitkamp et al., 1986 

Aerobic Spiked FLUTH 91.78 % after 25 days Jin 2017 
Aerobic Spiked ANT and NAP Rate NAP 11.70-

8.46% per day 
mineralisation 

ANT 0.03-1.60% after 
7 and 14 days 

Bauer & Capone, 
1988 

Aerobic 2-3 Rings after spill Rate 0.01-0.09 day 
after 5 months 

Hinga, 2003 

Aerobic Following spill 4-6 
ring 

Half-live 0.12-0.70 
year 

Sharma et al.,2001 

Anaerobic  Spiked NAP & PHEN 
Under sulfur reducing  

conditions 
 

60% NAP, 30% PHEN 
in 45 days 

 

Rothermich et al., 
2002 

Anaerobic Chronic ACE, FLU, 
PHEN, ANT, FLUTH, 
PYR, BaA, CHY, BbF, 

BkF & BaP 
Under sulfur reducing 

conditions 

2-86% loss in 220 
days 

9-89% loss in 338 
days 

Rothermich et al., 
2002 

Anaerobic Spiked NAP, PHEN, 
FLU & FLUTH 

Under sulfur reducing 
conditions 

60-120% loss in 37 
days 

Coates et al., 1997 

Anaerobic Spiked NAP, PHEN 
(LW) PYR, BaP (HW) 

LW=55-62% 100 days 
HW=18-30% 100 days 
0.0086-0.0118 k (day) 
58.74-80.60 (half- life) 

Zhang et al., 2019 

Anaerobic Spiked 16 PAH 2-3 ring 41-58% 30 
days 

4 ring 42-55% 30 days 
1st order 2-3 rings 

1.62 x10-2 to 2.77 d-1 
k1 

0 order 4 rings 1.26 to 
1.62 mg/kg/d 

2-3 ring half-lives 
25.0-42.8 days 

4 ring half-lives 31.6-
40.3 days 

Lu et al.,2012 
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Table 1-3 supplies an overview of the wide range of rates and extents of biodegradation under both 

aerobic and anaerobic conditions. By necessity, most mineralisation experiments will be spiked with 

known PAH concentrations so rates and extents of chronic polluted sediments for biodegradation 

are limited. Therefore, questions remain whether extent of biodegradation would occur in 

sediments with a mixture of recent and long-term contamination.   

At one time, PAH degradation was thought to occur only under aerobic conditions resulting in PAH 

accumulation and sequestration in anoxic sediments. That understanding has now been challenged 

with field and laboratory evidence confirming anaerobic degradation (Foght, 2008; Lu et al., 2012), 

although aerobic biodegradation is still acknowledged to be the most efficient (Militon et al., 2015; 

Quantin et al., 2005). There exists considerable research focus on decay rates, decay pathways and 

whether HMW PAHs can be fully biodegraded under anaerobic environmental conditions (Foght, 

2008; Haritash & Kaushik, 2009). There is now growing evidence to suggest that the partial 

biodegradation of HMW PAHs produce LMW PAHs. For example, PHEN and PYR from B(a)P (Liang 

et al., 2014; Qin et al.,2017) and NAP from PHEN (Lee et al., 2019) have been shown to date.  

 Resuspension 

1.5.1.           Definition & Sources 

Deposited sediments containing adsorbed and dissolved contaminates such as heavy metals, 

hydrocarbons and industrial waste chemicals can be physically disturbed and uplifted back into the 

water column to be remobilised (Eggleton & Thomas, 2004; Roberts, 2012). Resuspension causes 

surface erosion (Type 1) and mass erosion (Type 2). Surface erosion is a low impact process that 

takes places over long time scales and occurs when the bed shear stress is greater than the critical 

shear stress. Mass erosion on the other hand is a catastrophic process in where immediate bed 

failure takes place and the induced shear stress is greater than the bed shear strength (Mehta et 

al., 2015). The extent of resuspension is dependent on sediment type, grain size, OM and water 

content as well as bottom shear stress (Yang et al., 2008). Resuspension and remobilisation of 

harbour sediment can be caused by natural events such as tides (Cailleaud et al., 2009; Kalnejais et 

al., 2007), storms (Carlin et al., 2016) and biota (Ciutat et al., 2006) or by anthropogenic 

construction, dredging (Cutroneo et al., 2015), ship and boat wakes and anchoring (Rapaglia et al., 

2015). Furthermore, resuspension does not occur as isolated events but forms interactions with 

other events that may enhance its effects. For instance, boat and shipping wakes interacting with 

tidal currents.   

Research over a 6-hour tidal cycle in the Seine Estuary, France found that total and dissolved PAH 

concentrations increased 10-fold during the maximum current velocity (Cailleaud et al., 2009) while 
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tidal currents were responsible for 60% of the total mass transfer of metals to the dissolved phase 

in Boston Harbour, USA (Kalnejais et al., 2007). It should be acknowledged that in the majority of 

resuspension events the contaminate release is short lived due to the scavenging effect of SPM, 

organic matter and metals (Cornelissen et al., 2008; Lyons et al., 2006). Although research into 

remobilisation of PAHs during simulated resuspension by Dong et al. (2016) contradict that 

assertion and observed a prolonged peak of PAH concentrations in the water column 70 hours after 

resuspension.  

1.5.2.   Impact of resuspension on PAH contaminated sediments  

The scientific understanding that sediments act as sinks for PAH’s and other contaminants has been 

found to be too simplistic.  Research into sorption dynamics and biodegradation coupled with 

resuspension have highlighted the physicochemical changes that release PAHs back into the water 

column (Dong et al., 2016; Guigue et al., 2017; Latimer et al., 1999; Yang et al., 2008). For organic 

contaminants, desorption from particulates and flux to the dissolved state is strongly influenced by 

the solubility of the contaminant which is determined by its molecular structure (Goossens & 

Zwolsman, 1996).  Single resuspension events conducted on unmodified  chronic PAH contaminated  

harbour sediments produced an increase of dissolved PAHs through a large pulse of desorption 

(Latimer et al., 1999). In contrast, successive resuspensions on spiked sediment were found to lower 

dissolved PAHs from the water column through adsorption onto SPM (Li et al., 2016). Similar results 

consolidating the scavenging role of SPM for HMW and LWM have also been found in experimental 

and field studies (Cardoso et al., 2016; Wang et al., 2009). Presently there remains some gaps in 

our understanding connected to the impact of resuspension frequency, duration and intensity on 

the magnitude of PAH release and transport.       

Much of the loading of chronic (frequent input of small volumes over a long period of time) PAH 

contamination into harbours is diffusive  and SPM has been identified as a  major vector of its 

transport(Cardoso et al., 2016), although there is currently no model to predict the release rates of 

PAHs from chronically contaminated sediments under different resuspension events (Burton & 

Johnston, 2010). This may be due to the difficulty of establishing timelines of contamination. There 

is a greater body of research from freshly spiked PAH sediments that mirror more closely acute (one 

off large volume release) resuspension but knowledge is still lacking on the impact of time between 

contamination and resuspension. Research in PAH adsorption and aging would indicate that 

increased contact time between contamination and resuspension event may influence the PAH flux.   

 



15 
 

Urban harbours and ports act as hubs for commercial, leisure and in some cases, naval marine 

traffic. The operational activities of these are a source of PAHs into the marine environment 

through unburnt fuel spills and engine exhaust emissions. The use of air emission inventories for 

quantifying emissions from commercial traffic is commonly based on technical and operational data 

but leisure craft emissions are not so well constrained. The release of unburnt fuel into harbours 

and ports through operational activities should be reported to harbour and port authorities but 

data indicates that incidences in commercial operations are more likely to be reported than those 

involving leisure boats. Therefore, leisure craft air emission and raw fuel release may be an 

important but underestimated source within harbours and ports. The impact of frequent air 

emissions and fuel release from marine traffic remain largely invisible but result in chronic 

environmental PAH contamination where degradation and mobility under resuspension are not 

well understood. This may be due to the difficulty of establishing timelines of contamination and 

resuspension.  

  Research Hypotheses 

Leisure craft are an important but under estimated source of incomplete air emission and fuel 

inputs into harbours and ports.  

Urban harbours and ports experience chronically PAH contaminated sediments because of chronic 

inputs.  

Sediments become chronically PAH contaminated because the frequency of input outpaces 

degradation rates.  

Increased length of contact time between PAH contamination and resuspension event decreases 

PAH concentration flux to the water column. 
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  Portsmouth Harbour Inputs 

 Introduction 

Portsmouth Harbour is considered the second largest port by traffic volume on the south coast and 

the second busiest cross channel ferry port (Portsmouth International Port (PIP),2019a). Situated 

in the harbour is the municipal owned Portsmouth International Port (PIP), comprising of 

commercial cargo docks, cross channel ferry and cruise ship berths (Fig 2.1 a-c).  In 2017, PIP 

handled 4 million tonnes of cargo globally. The majority of which, was non-EU fruit and vegetable 

trade worth £700 million. The port also has the honour of importing 70% of all the bananas entering 

the UK (PIP, 2019b) and is the fourth largest port in the country for fruit and vegetable imports (PIP, 

2019a). The port’s activities contributed £390 million to the national economy and £189 million 

locally while providing 2410 local jobs. Furthermore, its local economic importance can be 

measured in its £8.4 million contribution to Portsmouth City Council’s budget (PIP, 2019b).  

 

a b 

c d 

e f 

Figure 2.1 Marine Traffic Activity in Portsmouth Harbour(a) View to PIP (b) Continental ferry 
(c) Cargo ship at PIP wharf (d) Isle of Wight ferry at bunker pontoon (e) Berthed naval ships in 

harbour with leisure boat pontoons (foreground) (f) Haslar marina 
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The harbour acts as an important ferry hub for channel crossings to the Channel Islands and 

continent, which sail out of PIP. Using 2017 data provided by PIP 1.8 million passengers travelled 

between 6 routes to Spain and France while 50,000 travelled to the Channel Islands (PIP, 2019a). 

Wightlink foot and car passenger ferries operate out of the harbour and took 4.4 million passengers 

to the Isle of Wight (Fig 2.1d) while the local harbour ferry service, Gosport Ferries, carried 2.7 

million passengers back and forth across the harbour (PIP, 2018). The harbour’s popularity as a port 

of call is growing in 2019, 50 cruise ship calls from 10 cruise operators, were made at PIP bringing 

50,000 tourist passengers to the harbour (PIP, 2019c).  

Portsmouth Harbour acts as a home port for two thirds of the Royal Naval surface fleet including 

the new Queen Elizabeth Class Aircraft Carriers, Queen Elizabeth and Prince of Wales. In 2012 an 

economic impact assessment formulated that for every £1 million directly generated by the base a 

further £750,000 of spending was stimulated in the local economy (Jaffry et al., 2012). More 

recently, a share of £100 million infrastructure investment for the QE class ships awarded contracts 

to locally based contractors (Wise, 2015) 

Finally, the harbour has at least 9 marinas and 11 sailing clubs reflecting the importance of the 

leisure boating sector within the harbour (Fig 2.1f) In 2014, an estimate of the average annual 

economic contribution arising from marina-based boats was placed between £9,500 and £19,000 

per boat (RYA, 2014). A census of the boat population within the harbour provided a conservative 

figure of 3500 boats therefore generating between £33 to £66 million annually.  

 Marine traffic release PAHs through petrogenic inputs from non-combusted fuel releases from 

bunker spills, boat sinking and inefficient engines (GESAMP, 2007). Pyrogenic PAHs are released 

from incomplete combustion from ship and boat engines as part of particulate matter (PM) 

(Romagnoli et al., 2017). These are deposited into the water column from air deposition or directly. 

Bilge releases can contain a mixture of petrogenic and pyrogenic PAHs in used motor oils and fuels 

(USEPA, 2011). Once in the environment they become persistent. The PAHs found in diesel and 

petrol such as naphthalene are toxic to aquatic organisms (Fernandez et al., 2006) while those of 

pyrogenic origin such as benzo(a)pyrene and benzo(g,h,i)perylene are considered mutagenic and 

carcinogenic (Nicolaus et al., 2015).  

The economic value of the harbour both locally and nationally is clear but unfortunately so is the 

well-established negative impact that marine traffic can have on the environment (Chapter 1, 

Section 1.2). As a result of marine activity within the harbour the sediments and water ought to be 

recipients of chronic hydrocarbon and PAH pollution through small fuel releases and incomplete 

combustion.  The aim of this chapter is to provide an estimation of pyrogenic air emissions and 
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petrogenetic non-combusted fuel inputs into Portsmouth Harbour by marine traffic during 

operational and leisure activities. Similar inventories are undertaken by many authorities to meet 

the requirement to monitor ship air emissions for the regulatory standards of MARPOL Annex VI 

but these do not calculate raw hydrocarbon spills or PAH emissions. Furthermore, there is a bias on 

commercial traffic emissions and leisure boating is either underrepresented or discounted from 

these inventories (Nunes et al 2017). The inventory for Portsmouth Harbour will test the hypothesis 

that leisure craft are an important but under estimated source of incomplete air emission and fuel 

inputs into harbours and ports and that the harbour is a recipient of chronic hydrocarbon inputs. 

Furthermore, these estimations will also be used to represent environmentally relevant 

concentrations in further incubation and resuspension experiments.   

  Methods 

All calculations are based on data collected in 2016 and therefore exclude the Naval Queen 

Elizabeth Class Aircraft Carriers. All information sources from the shipping industry and internet 

sources are in Appendix 1.   

2.2.1. Assumptions for Calculating Petrogenic & Pyrogenic Releases 
 

Recreational Craft 

Due to the lack of operational and official number of recreational craft an observational survey was 

conducted in June and July 2016 to ascertain the population in each small craft category. This 

observational data was combined with available marina berth and swing mooring numbers to 

produce population category numbers based upon the observed percentage of small craft in each 

category.  The results are shown in Table 2-5. The emission and fuel input calculations are based 

upon this data. The survey also noted the length of time most of the craft spent in the harbour to 

produce an average time. 

 Table 2-1 Results of Recreational Marine Traffic Survey 

Category Number 

Yacht >8m onboard engine  1750 

Motor cabin-cruiser onboard engine 8-10m 219 

Motor cabin -cruiser onboard engine <8m 219 

Racing, speed, rib, small sport fisher outboard engines <10m 1313 

Tenders and small outboard engine yachts 1200 
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A further classification assumption was applied to the number and type of outboard engines in use 

within the harbour. The number was based upon swing moorings as it was assumed that a small 

tender with an outboard engine would be required to reach the mooring. A 50% share between 2 

stroke fuel injected and 2 stroke carburettor engines was assumed as both technologies are in use 

within the boating community (author’s own observations). The operational assumptions were 

applied to all recreational craft of 1 sailing/cruising trip per month of a combined 30 minutes 

manoeuvring and travel within the harbour. A 30 minutes time was also applied for tenders to reach 

swing moorings. Specification assumptions were made that onboard engine were 4 stroke and ran 

on MGO (red diesel) while outboard was run on unleaded petrol.  

Fishing fleet 

Portsmouth Harbour’s 43 small boat fishing fleet is better constrained by MMO fishing licences, 

Lloyd’s register and AIS data for numbers and specifications but an operational assumption of a 

working 5 day a week 48 weeks a year was applied to the fleet incorporating 30 minutes 

manoeuvring in the harbour for each fishing trip. The fishing data excluded any shell fish dredging 

in the harbour due to a lack of data.  

Commercial traffic  

Commercial traffic assumptions were made based on one or two named vessels from each 

category. A search of AIS, followed by Lloyd’s shipping register supplied operational and engine 

specification data that was then applied to other vessels in the same category as it was assumed 

these vessels would have similar technologies and power installed. It was assumed that all fuel used 

was of low sulphur content to comply with EU regulation or exhaust scrubbers were fit. It was 

assumed that those ships fitted with closed loop sea scrubbers there would be no PM emissions 

and therefore have been excluded from the final calculations.   

2.2.2. Uncertainty Calculations 

  
Good practice guidelines promote the use of an uncertainty activity for all emission inventories 

(ICPP,2000; Trozzi & De Lauretis, 2016; Winther & Nielsen, 2006).  Within this research, uncertainty 

factors are associated with population and category of marine traffic, operation hours in the 

harbour, engine load, emission factor, fuel volume use and spills. A greater level of uncertainty 

exists for the recreational traffic calculations than for the commercial sector due to the incomplete 

operational and population data for leisure boating. Therefore, uncertainty factors for commercial 

and leisure categories have been separately calculated.  
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Where there are gaps in the operational survey and technical data, uncertainty factors from a 

similar survey for recreational vessels in Denmark were used (Winther & Nielsen, 2006), while the 

European Environmental Agency recommendations were used for commercial traffic (Trozzi & De 

Lauretis, 2016).   

Table 2-2 Uncertainty Factors for Recreational Traffic.  

Type Uncertainty Factor % 

Recreational population/ categories 20 

Operational hours 30 

Engine load 20 

Fuel use 10 

Emission Particulate matter 50 

  

 

Table 2-3 Uncertainty Factors for Commercial Traffic.  

Type Uncertainty Factor % 

Fuel use 20 

Emission Particulate matter 40 

Engine load  20 

 

 

Calculation Equation 

                                                       Uc=√𝑈𝑝2 + 𝑈𝑐2 + 𝑈ℎ2 + 𝑈𝑙2 +  𝑈𝑓2 +  𝑈𝑒2   

Where: 

Uc = Combined uncertainty factor         Up= Population uncertainty factor   

Uc= Category uncertainty                      Uh= Working hours in harbour uncertainty factor  

Ul= Engine load uncertainty                    Uf=Fuel consumption uncertainty  

Ue= Emission uncertainty 
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2.2.3. Calculations for Marine Traffic Petrogenic Fuel Releases 

Emission inventories consider the combusted products of fossil fuel consumption but other sources 

of PAHs occur from the fraction of non-combusted lubricant/fuel released from inefficient outboard 

engines to direct spills relating to bunkering, damaged oil tanks and sinking. A mixture of engine 

lubricants and fuel can be found in bilge releases and these are repeatedly reported in the annual 

surveys particularly from fishing and recreational boats. It is expected that these mixtures of motor 

lubricant oils will therefore be observed in the environmental samples so bilge releases were 

factored into the final volumes.  

 In these calculations the assumption was made that operational spill would appear in the annual 

survey of reported discharges published by the Advisory Committee on Protection of The Sea 

(ACOPOS).  A 5-year search of the reports showed no reported discharges for Portsmouth Harbour 

therefore, average volumes of fuel discharge for each category of traffic occurring in ports and 

harbours were used to represent volumes in Portsmouth Harbour for commercial and naval vessels 

(Results Section, Table 2-6). Unfortunately, there are gaps or unknowns in the data. For instance, 

there are no reported instances of direct oil pollution from cruise vessels nor MGO releases for 

ferries. Where there is no reported data, these potential sources of input are not factored into the 

final volumes.  

A distinction was made between larger ports such as Liverpool, Merseyside and Southampton, 

Hampshire that receive more volume of commercial cargo and tanker vessels than Portsmouth. For 

comparison, Liverpool handles more than 36 million tonnes per year while Southampton handles 

37 million tonnes per year (World Port Source, 2021). Volumes of fuel spills from these larger ports 

(Results Section, Table 2-7) are shown alongside those for Portsmouth Harbour (Results Section, 

Table 2-6).  

Direct oil releases from recreational craft were assumed to be of smaller volumes and may be under 

reported particularly for bilge. Bilge water collects in the engine space and in the bottom of boats. 

Absorbent pads that soak up oily residues within boat bilges are available for the recreational 

market but their use is not monitored or enforced therefore, a small loss of oil has been factored 

in to account for those boat owners who still pump untreated bilge water out into the surrounding 

water.  It is a mixture of oil, fuel and water and can range from 100 to 500 ppm of oil/fuel to water 

(USEPA, 2011). An annual 0.5 ml volume of fuel loss during bilge pumping combined with fuel 

spillage whilst filling up at the self-service fuel pump, provides a loss of 20 ml of diesel per 

recreational boat per year.  
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Finally, running of inefficient 2 and 4 stroke engines within the leisure sector can result in unburnt 

fuel loss.  The notorious 2 stroke carburetted outboard engine can lose up to 30% fuel unburnt into 

the water column (Law et al., 1997; Lico, 2004) and although these engines have now been phased 

out of manufacture it is still expected to be in use within the recreational sector.  An estimated 

1200 tenders are used in the harbour so this number was split between the more efficient fuel 

injected 2 stroke outboards in a 50% split. The fraction of non-combusted fuel during inefficient 

combustion was calculated using the specific fuel consumption of each engine and a loss factor.   

Calculation of non-combusted fuel from Leisure (Small Craft) Traffic  

   𝑅𝐹𝑏 =  (𝑆𝐹𝐶𝑒  ×  𝑇 × 𝐿𝐹𝑒) 𝑛 

Where: 

RFb=Unburnt fuel input total for year (L), b= boat category, SFC= Specific Fuel Consumption (L/kWh), 

e =Engine, T =Total time engine is in use for year (hours), LFe= Loss factor for the engine type (
𝑥

100
%), 

n= Number of boats 

Table 2-4 Recreational Boat Details for fuel loss 

1Vessel Type 1Engine Type Fuel Type 2Nominal 

Engine Power 

kW 

Trip phase 

Engine Category 

Yacht 
>8m 

 

Diesel 4 stroke 
Conventional 

MGO 
 

30 Manoeuvring 

Main 

1Time hr 2Engine load 

factor % 

 3Fuel Loss factor 

% 

1Number in 

Harbour 

2Specific Fuel 

Consumption 

L/kWh  

6.0 0.5 
 

0.025 

 

1750 
 

5.97 

Information sources 1Author’s own survey (Table 2-5), 2 Winther & Nielsen, 2006, 3 GESAMP, 2007 

 

   𝑅𝐹𝑏 =  (𝑆𝐹𝐶𝑒  ×  𝑇 × 𝐿𝐹𝑒) 𝑛 

Therefore 

                                                      1567 ± 42% L = (5.97 x 6.0 x 0.025)1750 
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So, 1557 Litres with an uncertainty of 42% gives a range estimation of 909 to 2225 Litres of MGO is 

estimated to be released unburnt into the harbour by 1750 >8m yachts annually, based on half an 

hour manoeuvring in the harbour once per month. 

2.2.4.   Calculation for Pyrogenic Air Emissions 

To meet the requirement to monitor ship air emissions for the regulatory standards of MARPOL 

Annex VI 2008 regarding the reduction of SOx, NOx, PM to human health, emission inventories have 

been created (Nunes et al., 2017; Trozzi & De Lauretis, 2016). These inventories encompass 

commercial, military, fishing and leisure boat activity although, it is recognised that the last 

category is the more challenging to estimate due to a lack of operational data and discrepancy in 

recorded vessel numbers (Nunes et al 2017), while those for small fishing vessels are scarce (Coello 

et al., 2015).  

There are two core approaches to calculating emissions. The first is a ‘top down’ fuel sales-based 

combination of fuel quantities sold and emission factors. This approach is used when ship 

operational and specifications are not available, such as often used for recreational craft (ICF 2018). 

The second and considered the more accurate approach is the ‘bottom up’, based upon ship 

specifications such as engine type and fuel type coupled with operational data (Trozzi & De Lauretis, 

2016). The establishment of the vessel tracking system, Automatic Identification System (AIS), and 

its mandatory use for all commercial vessels ≥ 300 Gross Tonnage (GT) and all sizes of passenger 

vessels has improved operational data availability (Li et al., 2016) but whichever approach is used, 

the emitted air pollutants can be spatially calculated and aggregated over time and applied to the 

whole fleet for a total emission estimation.  

An estimation of Total PAH can be derived from PM emissions (Zhao et al., 2019) but in this study 

only benzo(g,h,i)pyrene (BgP) was calculated from PM emissions. The mesocosm and resuspension 

experiments required a representative PAH for the combusted fraction of fuel inputs into the 

harbour. BgP was chosen as it has been identified as a marker for incomplete combustion from 

combustion engines (Li et al., 2012; Liu et al.,2016; Nasher et al., 2013). 

The method adopted in this study is based upon the ‘bottom up’ approach and estimates one 

combustion PAH, BgP as part of PM emissions while vessels are in port. Vessels in this case will 

include commercial, fishing fleet, military and leisure craft. The following formulae (Trozzi & De 

Lauretis, 2016) were used in an excel spreadsheet to calculate the annual PM inputs into the 

harbour. The fuel consumed while in the harbour was unknown for the commercial, fishing and 
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military vessels so emissions were calculated using installed engine power, load factors and time 

spent in the harbour as proposed by EMEP/EEA air pollutant emission inventory guidebook.  

 A further calculation was applied to calculate BgP from the total PM. The percentage of BgP on 

emitted PM ranges between 10% (Motelay-Massei et al., 2006) to 8.69 % or less (Contini et al., 

2011) depending on fuel type and operational engine loading with the highest concentrations 

correlated with berthing, arriving and leaving (Cooper 2003). Recent research placed the BgP 

content at 11.76% (Zhao et al., 2019) but in this research a rounded-up value of 10% was used to 

better represent the higher loading while in the harbour. This will be the first time, as far as this 

author is aware, that an emission inventory has been adapted to estimate BgP as part of PM 

emission for in port activities for commercial, small fishing fleet, military and leisure craft in 

Portsmouth Harbour.  

Emission BgP Calculations for Commercial Traffic 

When installed power, load factor and time in harbour is known and fuel consumption is unknown:  

𝐸𝑝𝑚𝑦  = [(𝑆𝐹𝐶𝑒 ×  𝐿𝐸𝑝𝑓𝑒 ×  𝐸𝐹𝑚𝑝𝑒𝑖𝑓)𝑇𝑝 ]𝑛 

𝐸𝐵𝑔𝑃 = ∑ 𝐸𝑝𝑚𝑦  × 0.1 

Where: 

Epmy= emission (tonnes), EF =Emission factor (kg/tonne of fuel consumed),  SFC= Specific fuel 

consumption (g per Kw), LE= loading factor of engine (
𝑥

100
%), t=time (hour), e= engine (main, 

auxiliary), p=phase (hotelling, manoeuvring), f=fuel type (HFO, MDO, MGO), j=engine type (turbine, 

fast, medium and slow diesel), m=pollutant type.  ΣEpmy= Total emissions over a complete year for 

category of traffic (tonnes), n=number of visits/boats in each category, EBgP = Total annual BgP input 

(tonnes) 
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Calculation Example for Main Engine 

 Table 2-5 Main Engine Data IOW Ferry 

Vessel Type Engine Type 1Fuel Type 3Specific Fuel 

consumption   g 

kw 

Trip phase 

Engine Category 

St Clare 

IOW 

Car Ferry 

Medium diesel  

 
LS 380/180 – 

ultra-Low-
sulphur (<0.1%) 

intermediate 
fuel oil  

 

223 
 

Manoeuvring 

Main 

2Time hr 3Engine load 

factor %  

3Emission Factor 

PM 10 & 2.5 

2Annual Visits to 

Harbour 

 

0.30 0.2 
 

4 

 

6053 
 

 

 Information sources 1 Wightlink web site.2 AIS & Wightlink Ferry Timetable. 3 Trozzi & De Lauretis (2016) 

𝐸𝑝𝑚𝑦  = [(𝑆𝐹𝐶𝑒 × 𝐿𝐸𝑝𝑓𝑒 ×  𝐸𝐹𝑚𝑝𝑒𝑖𝑓)𝑇𝑝 ]𝑛 

Therefore 

0.3 Tonnes (323956 kg) ± 49 %= [(223 x 0.2 x 4) 0.3] 6053 

Range between 0.2 to 0.5 tonnes (165218 to 482694 kg)  

 

Auxiliary Engine  

Table 2-6 Auxiliary Engine Data IOW Ferry  

Vessel Type Engine Type 1Fuel Type 3Specific Fuel 

consumption   

g /kWh 

Trip phase 

Engine Category 

St Clare 

IOW 

Car Ferry 

Medium diesel  

 
MGO 

 

217 Manoeuvring 

 

2Time hr 3Engine load 

factor % 

3Emission Factor 

PM 10 & 2.5 

kg /tonne 

2Annual Visits 

to Harbour 

 

0.30 0.5 1.4 6053  
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Information sources 1 Wightlink web site.2 AIS & Wightlink Ferry Timetable. 3 Trozzi & De Lauretis (2016)  

𝐸𝑝𝑚𝑦  = [(𝑆𝐹𝐶𝑒 × 𝐿𝐸𝑝𝑓𝑒 ×  𝐸𝐹𝑚𝑝𝑒𝑖𝑓)𝑇𝑝 ]𝑛 

Therefore 

  0.3 Tonnes (275835 kg) ± 49% = [(217x 0.5 x 1.4) 0.3] 6053 

Range between 0.1 to 0.4 tonnes (140676 to 410994 kg)  

 

Combine Main and Auxiliary  

EBgP =∑ 𝐸𝑝𝑚𝑦(275835 kg+323956 kg) 0.1 

Therefore 

0.06 tonnes (59979 kg) ± 49% BgP per year  

Range between 0.03 to 0.09 tonnes (30589 to 89369 kg) 

So, the IOW car and passenger ferry St Clare, produces between 0.03 to 0.09 tonnes of BgP annually 

while in Portsmouth harbour. 

Air Emission Pyrogenic BgP Calculations for Leisure (Small Boat) Traffic & Fishing Fleet 

When separate operational data is not available. Operational data is derived from numbers, boat 

type, fuel type, engine technology and estimated hours of activity in the harbour  

𝐸𝑏 = 𝑡 × 𝑃𝑒  ×  𝐿𝐸𝑒  ×  𝐸𝐹𝑒𝑖𝑚  × 𝑛 

EBgP =Eb x 0.1 

Where: 

Eb= emission type for year (tonnes) per boat category, EF =Emission factor (g/kWh), P= Nominal 

power (kW), LE= loading factor of engine (
𝑥

100
%), t=time (hour) over a year, e= engine (2 or 4 stroke), 

m=fuel type (petrol, MGO), i=pollutant type, n=number of visits/boats in each category, b= boat 

category  
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Calculation Example for leisure Traffic  

Table 2-7 Recreational Boat Data  

Vessel Type 1Engine Type 1Fuel Type 2Nominal Engine 

Power 

kW 

Trip phase 

Engine Category 

Yacht 
>8m 

 

Diesel 4 stroke 
Conventional 

MGO 
 

30 Manoeuvring 

Main 

1Time hr 2Engine load 

factor % 

2Emission Factor 

PM 10 & 2.5 

 g /kWh 

1Number in 

Harbour 

 

6.0 0.5 
 

1.4 

 

1750 
 

 

Information sources 1 Author’s own survey, 2Winther and Nielsen 2006, 

𝐸𝑏 = 𝑡 ×  𝑃𝑒  × 𝐿𝐸𝑒  ×  𝐸𝐹𝑒𝑖𝑚  × 𝑛 

Therefore 

0.2 tonnes (220500kg) PM =6.0 x 30 x 0.5 x 1.4 x 1750 

EBgP =Eb x 0.1  

0.02 tonnes (22050 kg) ± 69%= 220500 x 0.1 

Range 0.007 to 0.4 tonnes (6835 to 37265 kg) 

 

 So, between 0.007 to 0.4 tonnes (6835 to 37265 kg) of BgP is produced from an estimated 1750 

>8m yachts annually, based on half an hour manoeuvring in the harbour once per month. 

The final calculated BgP annual harbour inputs from marine traffic were further modified to account 

for prevailing winds as it was anticipated that a fraction of volume of combustion products would 

be produced from the surrounding urban area and enter the harbour through atmospheric 

deposition. A settling velocity of PM was set at 2.72 cm s-1 (Sahu et al., 2008) and a 5-year wind 

record for the harbour was consulted for prevailing wind direction and strength 

(www.willyweather.co.uk). It was found that the prevailing direction is from the SW or WSW and 

wind strengths of 0-30 cm s-1 (calm) occur 2% of the time so assumptions were made that any 

atmospheric PM produced by marine traffic will be carried by the winds to be deposited away from 
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the harbour for 98% of the year and land sourced PM would also blow inland away from the 

harbour. Therefore, 2% of the calculated marine traffic annual BgP would be used to represent that 

volume which would most likely be deposited into the harbour water through atmospheric 

deposition under the prevailing winds and strengths.  

To calculate a final loading of BgP that would be environmentally representative of the harbour, 

other sources of engine combusted PAH was considered (Results Table 2-9). The river Wallington 

runs through an urban catchment before discharging into the harbour. At one point it runs 

alongside the M27 and A27 and would be expected to be a receiver of road vehicle emissions 

through wet and dry deposition. The harbour’s surface water would also be a direct receiver for 

atmospheric emissions from the surrounding areas. Finally, surface drainage and road runoff 

carrying emissions to enter the harbour from all sides. The author’s seasonal environmental 

sampling of the river Wallington discharge (Chapter 3) showed none detected for BgP entering the 

harbour. 

After considering atmospheric deposition it was discounted from the final loading due to the 

prevailing winds that would have carried the majority away from the harbour to be deposited on 

the surrounding area.   

No sampling was undertaken to ascertain road runoff and drainage BgP concentrations and areas 

of accumulation instead, a literature search produced a paper investigating PAH inputs from storm 

outlets in the Mont Gaillard District of Le Havre, France (Montelay-Massei et al., 2006) which gave 

an annual value of 0.343 kg km-2 of BgP. Although the catchment area is ~ 6.4 smaller than 

Portsmouth, it is very similar in density and urbanisation so the appropriation of this data can be 

justified to estimate road /storm drainage run off in Portsmouth Harbour just by scaling up the 

catchment area.   

2.3 Results and Discussion 

The aim of the inventory was to calculate environmental relevant concentrations of BgP, fuel and 

oil volumes to use in further experiments. Tables 2-8, 2-10 and 2-11 give the Portsmouth Harbour 

calculated totals.   While this aim was met a closer look at the data shows some clear distinctions 

between the impact of commercial and recreational sectors. 
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Table 2-8 Harbour Annual Petrogenic Fuel Inputs.  

Vessel Category Fuel Type Annual Inputs L 

Yacht MGO 1602  

Motor cabin cruisers all sizes MGO 3761 

Racing/ribs/speed all sizes Petrol 13450 

Outboard engines Petrol 2038 

Fishing Boats ~10m MGO 3306 

1Ferry HFO/IFO 447 

1Tankers HFO/IFO 200 

1Cargo HFO/IFO 330 

1Working Boats  MGO 62 

1Naval Vessels MGO 207 

Totals MGO 

Petrol 

HFO/IFO 

8938 

15488 

977 

1 ACOPS 2010-2014 data 

 

 

Table 2-9 Petrogenic Inputs for Larger Commercial Ports 1 

Vessel Category Fuel Type Annual Inputs L 

Tankers MGO 57 

Cargo MGO 800131 

Total MGO 800188 

1 ACOPS 2010-2014 data 
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 Table 2-10: Harbour Annual Air Emissions for PM & Pyrogenic BgP  

Vessel Category Emission PM1  

(Kg per Year) 

Emission BgP 

 (Kg per Year) 

BgP Harbour Input 2% 

(Kg per Year) 

Yacht >8m 220.5 22.1 0.44 

Motor Cabin cruiser 

8-10m 

266.5 26.7 0.53 

Motor Cabin cruiser 

< 8m 

22.1 
 

2.21 0.04 

Racing/ribs/speed/ 

<10m 

94.5 
 

9.45 0.19 

Outboard engines 

Tenders 

288 
 

28.8 0.58 

Fishing Boats ~10m 346.8 34.68 0.70 

All Ferry 68312.7 6831.17 136.62 

Tankers 2098.6 209.9 4.20 

Cargo 

Reefer & Container 

3093.3 
 

309.3 6.19 

Working Boats 

tugs/pilot/tenders 

9383.6 
 

938.3 18.77 

Cruise Ships 600 60 1.20 

Naval Vessels 99.2 9.9 0.20 

Total (rounded) 85000 8500 170 

Total Range 11050 - 158950  1105-15895 22-318 

1 PM 2.5 & 10 

Table 2-11 Other Sources of Pyrogenic & Petrogenic Portsmouth Harbour Inputs 

 Source  Type Annual Inputs  

River Wallington BgP 

Fuel 

Not Detected 

Unknown 

Atmospheric  BgP Discounted due to winds 

Surface run off BgP 

Fuel 

2.195 kg 
 unknown 
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          Figure 2.3 Portsmouth Harbour Annual Fuel Release by Marine Traffic Category 
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Figure 2.2 Portsmouth Harbour Annual BgP Air Emission by Marine Traffic Category 
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Figure 2.4 Portsmouth Harbour Annual Marine Traffic Volume from AIS (June 2016-June 2017). 

The results obtained here indicate that Portsmouth Harbour receives frequent operational inputs 

from incomplete combustion and unburnt fuel. The vast proportion of total BgP (Table 2-10) is 

produced by commercial and military traffic (8393 kg y-1) while the recreational sector produces 

just over 89 kg y-1 (1%) clearly reflecting the larger volume of commercial activity and the greater 

fuel consumption of larger vessels (Fig.2.4). Within the commercial sector it is the passenger ferry 

category that produces the greater percentage of total BgP emissions of 80% (6831 kg y-1) (Fig.2.2) 

and that mass increases if cruise ships are included in this category, as occurs in AIS, to 6891 kg y-1, 

followed by working boats (11%), tankers (4%) and cargo (3%). A closer look at figure 2.4 supplies 

an explanation for this value as it is linked to the proportion of combined passenger and cruise ferry 

hours of approximately 1 million in the harbour. The percentage of 45% increases when high speed 

passenger vessels (19%) are included to give a percentage of 64%. In other inventories passenger 

ferries appear to provide the majority of emissions in the case of the Port of San Diego, USA (ICF, 

2016) ferries and cruise ships made up 44% of the total PM volume. The port of Berge, Norway 

provided a PM emission of 8.7 tonnes while ships were at berth for a total of 308,438 hours giving 

an equivalent of 870 kg of BgP (McArthur & Osland, 2013). A closer look at the cruise ship emission 

values (Table 2.10) of 60 kg in 2016 was for 27 ships and this number had increased to 50 in 2019 

with an aim of becoming 100 by 2022 (PIP 2019c). Portsmouth International Port has benefited 

from the MoD’s capital dredge to accommodate the larger QE aircraft carriers. The deeper shipping 

channel along with PIP’s investment in a multimillion-pound berth extension has opened up the 

45%

3%

19%

3%

19%
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Annual Marine Traffic Volume in Portsmouth 
Harbour
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fishing

other
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prospect of welcoming larger cruise ships to Portsmouth. This growth has the potential to increase 

PAHs into the harbour.  

In stark contrast to emissions, it is the recreational sector that is the source of the larger volume of 

non-combusted fuel inputs (20851 L) through inefficient engines, bunker spills and bilge oil releases 

(Table 2-8 & Figure 2.3). The volume is due in part to the inefficiency of 1200 outboard 2 stroke 

engines (8%) and the estimated 1313 sport/rib/speed boats (53%) that have large fuel consumption 

linked to fuel loss. The introduction of more efficient outboard engines and ban on producing 

inefficient 2 stroke carburetted designs such as the British seagull will in time decrease this sectors 

input. Alongside education on the use of bilge pads and fuel pump use. Fishing vessel input of 13% 

of the total volume of unburnt fuel into the harbour reflects the alarming trend of boat sinking and 

bilge pump accidents that plague this sector. The commercial sector appears to have less release 

to the environment and this may be due to stricter protocols that regulate bunkering and bilge 

water release. It can be concluded that the leisure sector represents a significant source of chronic 

unburnt hydrocarbon pollution into harbours.   

 Due to the complexity of calculating emission and hydrocarbon chronic releases, the calculations 

obtained in Portsmouth harbour may be useful to extrapolate chronic inputs in other urban ports 

and harbours based upon cargo tonnage. For example, unburnt hydrocarbon operational inputs.  

PIP handled 4 million tonnes of cargo in 2017 (PIP, 2019a) while an estimated release volume of 

25403 Litres of unburnt fuel entered the harbour. Therefore, 157 tonnes of cargo were shipped per 

Litre spilled. In 2018, UK sea transported cargo was estimated to be 481 million tonnes (DoT, 2020). 

Therefore, 481 million tonnes divided by the Portsmouth cargo tonnage per Litre value of 157 

suggests a total of 3 million litres ± 58% of unburnt fuel was released nationally in all ports and 

harbours through operational activities in 2018. That is 3000 metres3 of raw fuel entering the 

marine environment in ports and harbours as a chronic input each year that is not generally 

accounted for. These volumes represent the unmonitored 82% contribution of recreational craft to 

non-combusted fuel inputs into ports and harbours. A similar calculation can be made for marine 

traffic emission of BgP PAH. In Portsmouth Harbour 8500 kg of BgP was released in operational 

activities producing a value of 471 tonnes of cargo shipped per kg of BgP released. This suggests a 

national input of 1 million ± 87% kg of BgP is released into ports and harbours annually into national 

ports and harbours, that is over 1000 tonnes of the incomplete combustion marker.  

It is acknowledged that uncertainties exist when assumptions were made to cover gaps in 

operational and technical information. It is an issue that should be addressed in an emission 

inventory that is dependent on various sources for operational and technical specifications. Good 
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practice guidelines promote the use of an uncertainty activity for all emission inventories 

(ICPP,2000; Trozzi & De Lauretis, 2016; Winther & Nielsen, 2006).  Within this study assumptions 

have been made regarding emission and fuel loss factors based upon engine type, fuel type and 

fuel consumption. Some have been taken from respected methods used within the European Union 

(EMEP) but uncertainties regarding the accuracy of engine power and fuel consumption may have 

occurred, particularly when taken from other sources. The use of peer reviewed and respected 

guidelines from the EMEP have been used to supply generic percentages of uncertainty for various 

technical and operational data. Where appropriate an uncertainty calculation has been conducted 

to supply a range of values for harbour inputs. It is hoped that these have provided an indication of 

how important a full operational and technical survey is for a robust inventory.  

The use of a Tier 3 ship movement methodology or activity based or ‘bottom up’ approach based 

upon ship movement information and technical information (e.g., engine size and technology, 

power installed or fuel use, hours in different activities) produces more accurate results (Nunes et 

al., 2017) than a ‘top down’ or fuel sales-based approach. This is the preferred method to use for 

national emission audits and has been used here for commercial and leisure traffic. An adoption of 

an activity-based methodology to evaluate commercial marine traffic emissions in the USA, found 

that the previous fuel sales-based inventory had under estimated this sectors emission by 3 times 

(Reid et al., 2004). Furthermore, the activity-based approach is made possible with the availability 

of global AIS. The use of which has narrowed down operational uncertainties regarding commercial 

traffic (Li et al., 2016) but this resource is not available for the leisure sector and it is here that a 

larger uncertainty exists within these calculations. Commercial vessels have a legal requirement to 

install AIS tracking and to register. Leisure vessels do not have this requirement and is voluntary to 

register. Therefore, leisure craft will be under represented in AIS data.  Within this research an 

activity-based approach was used for the leisure sector that would normally be evaluated by a ‘top 

down’ approach of using local fuel sales to calculate emissions (ICF, 2016). Despite the uncertainties 

in leisure operational data, the ‘bottom up’ activity methodology is still more accurate than a ‘top 

down’ fuel sales method. Reid et al. (2004) showed that recreational emission inputs were 2 to 4 

times larger than the fuel-based method. Addressing the uncertainties of operational activity and 

numbers of leisure craft, an observational survey was made over a few days in summer to 

determine the proportions of different classes of small boats alongside a basic census taken at a 

few marinas to account for numbers. It is acknowledged that to fully represent recreational 

operational data that surveying local leisure interest groups to obtain numbers and cruising hours 

would have provided more accurate information to decrease the uncertainty in the recreational 

emission data presented here.  
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 Conclusions 

The inventory for Portsmouth Harbour was carried out to test the hypotheses that leisure craft are 

an important but under estimated source of incomplete air emission and fuel inputs into harbours 

and ports and that the harbour is a recipient of chronic hydrocarbon inputs. Furthermore, these 

estimations would also be used to represent environmentally relevant concentrations in further 

incubation and resuspension experiments.  

Figure 2.5 Schematic Diagram of Inputs into Portsmouth Harbour. The elements outline in red are the 
chapter’s contribution. 

Concerning chronic inputs in the harbour (Figure 2.5), there appears to be a clear distinction 

between commercial and recreation traffic. The greatest emitter of PM and BgP into Portsmouth 

Harbour is the passenger, car and continental ferry and cruise ship sector. This sector comprises 

64% of total marine traffic volume and produces 80% (6831 ± 87% kg) of the annual emissions, so 

emissions, are linked to fuel consumption. It is the recreational sector that produces 82% (20851 ± 

58% litres) of the unburnt fuel releases into the harbour through inefficient outboard engines, bilge 

release and bunkering accidents at self-service fuel pontoons. Commercial traffic is well monitored 

and regulated for health and safety regarding bilge release, bunkering and reporting. The lack of oil 

fuel incidents is reflected in the 18% contribution to the total loss from the commercial sector. 

Within the commercial sector it is the local small fishing fleet that contributes the most through 

poorly maintained engines, bilge pumps and non-seaworthy craft.  

The adoption of an activity based or ‘bottom up’ methodology to calculate petrogenic and 

pyrogenic inputs for commercial and leisure traffic was shown to more accurate when compared 

to a ‘top down’ methodology based upon fuel sales alone. Although, accuracy of the ‘bottom up’ 
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method is dependent on the technological and operational information obtained. Although, 

recreational boat emissions and fuel inputs can be successfully calculated using an activity-based 

methodology, the calculations could be better constrained. The use of local boat owners, boat 

recreational interest groups and marina surveys would provide comprehensive technological and 

operational information to lower uncertainties.    

By extrapolating cargo tonnage and release volume of hydrocarbons into Portsmouth Harbour it 

can be estimated that the total national chronic fuel spill inputs to ports and harbours in 2018 was 

3000 m3 ± 58%, while BgP PAH release was over 1000 ±87% tonnes. These figures confirm that 

chronic operational input is an ‘unseen’ ongoing pollution crisis impacting urban harbours and 

ports. 
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 Environmental Data 

  Introduction 

Situated on the South Coast of England (Figure 3.1), Portsmouth Harbour is a typical example of 

an urbanised harbour embracing commercial and leisure activities similar to many found around 

the world. Less typically, the harbour acts as a naval base for two thirds of the British surface 

fleet. 

 

 

 

 

 

 

The harbour can be described as a tidal inlet (Halcrow, 2009) comprising a water surface area of 

16.5km2 with a constricted entrance channel of 220m. At the entrance a macro tidal range is 

experienced of 3.9m (neaps) and 1.9m (springs) further into the harbour the range increases. It is 

also here at the entrance, that the greatest tidal current velocities are also experienced with peak 

mean spring tidal flow velocities of around 1.75m s-1 and 2.15m s-1 over the flood and ebb tide, 

respectively (ABPmer, 2008). The tide is therefore characterised by an asymmetrical shape, with 

ebb dominated tidal currents and a longer flood tide. Under these conditions, the harbour acts as 

a net exporter of coarse-grained bed-load material, and an importer of fine-grained suspended 

sediments. Overall, the sediment budget is of net gain, with the harbour acting as a 'sink' for fine 

sediments (Royal Haskoning, 2012). The harbour’s only fresh water input is from surface drainage 

and the River Wallington which flows into the harbour at Cam Mill situated in the north west with 

a mean flow of 0.622 m3 s-1 (1951-2019) (NRFA, 2018). Due to the low inputs of fresh water the 

Figure 3.1: Map of South England with Inset of Portsmouth Harbour 
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salinity in the harbour mirrors that of the sea and does not experience the gradient of salinities 

normally experienced in estuaries dominated by large river inputs such as Southampton or 

Plymouth. The tidal flushing time is approximately 17 and half hours (ABPMer, 2008).  

At present, the harbour has designated classifications for RAMSAR, SPA under the Birds Directive 

and SSSI sites having 776 ha of tidal mudflats and 173 ha expanses of cordgrass (Spartina sp) and 

eelgrass (Zostera noltil, Z. angustifolia) that support 2.1% of national and 0.9% Western Siberia/ 

Western European populations of Dark Bellied Brent Geese (Branta bernicia). Other resident and 

over wintering nationally and internationally important wetland wader species are Black Tailed 

Godwit (Limosa limosa), Dunlin (Caldris alpina) and Grey Plover (Pluvialis squtarola) (JNCC, 2008; 

2012). There are 2 brackish lagoons in the south west of the harbour that have nationally rare 

Starlet Sea Anemone (Nematostella vectensis) and Lagoon Sand Shrimp (Gammanus insensibilis) 

populations. To the north of Whale Island and The Hard are designated shellfish waters for Native 

Oyster (Ostrea edulis) and Hard Clam (Mya mercenaria) while the harbour acts as a spawning and 

nursery ground for commercially fished species such as Sea Bass (Dicentrarchus labrax) and a 

migratory path for Sea Trout (Salmo trutta) and Eel (Anguilla anguilla) (Royal Haskoning, 2012). 

Surrounding these environmentally relevant sites and species is the conurbation that is 

Portsmouth, Gosport, Fareham and Portchester (Table 3.1 for population). 

Table 3-1 Population Numbers from Surrounding Urban Centres  

Urban Centre  2019 Local Population1 

Gosport 84,800 

Fareham & Portchester 116,200 

Portsmouth (Urban & Metro) 214,900 

1(ONS, 2019) 

To the west of the harbour lies Gosport, an urban development comprising of commercial, 

residential, marinas, swing moorings, boat yards and a local harbour ferry jetty. The area contains 

a number of redundant naval holdings in the process of conversion to residential and retail 

development. The harbour is bordered to the north by the suburban areas of Fareham and 

Portchester. Fareham’s waterfront comprises of various boat yards, leisure boat moorings and 

marine engineering businesses while the Portchester waterfront is relatively less urban with more 

open space but again fronted by leisure craft moorings, services and engineering. The eastern 

waterfront of Portsmouth is the most heavily modified with the presence of active and historic 
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naval docks, berths and basins, commercial cargo wharves, continental ferry and cruise ship berths, 

national railway and local ferry termini, residential, commercial and marina developments.   

Portsmouth harbour is a busy water way for military, commercial and leisure traffic (Chapter 2, 

Section 1 gives details regarding harbour activity and marine traffic numbers) and in this study will 

be considered an example of a PAH chronically contaminated environment. Historically, sediment 

across the harbour was found to be significantly impacted by hydrocarbons and regularly exceeded 

sediment quality guideline thresholds (Royal Haskoning, 2012). The results obtained from the 

previous Chapter 2, predict that PAH distributions around the harbour should be associated with 

marine traffic activity. Furthermore, these operational activities release annually over 25m
3
 of non-

combusted fuel and 85 Tonnes of particulate air emissions into the harbour’s 16.5 km
2
surface 

waters through small scale releases (<m3). LMW PAHs are associated with fuel spills while HMW 

are associated with in-complete combustion found in air emissions. It is predicated that increased 

HMWs will be located in sediments at ferry pontoons and at PIP while increased LMW PAHs will be 

associated with marinas and swing moorings.  

Seasonal sampling was undertaken for water and sediment at 8 locations around the Harbour 

starting in Summer July 2017, Autumn October 2017, Winter February 2018 and finishing in Spring 

May 2018. While sampling was on going a large capital dredge project was being carried out by the 

Defence Infrastructure Organisation to accommodate the new Queen Elizabeth Class aircraft 

carriers that will be stationed at Portsmouth. The approaches to the harbour, main channel to the 

Naval Base and the turning circle at Fountain Lake were all dredged from 2016 to 2017 (ABPmer, 

2008; Royal Haskoning, 2012).  

In 2012, as part of the environmental impact assessment for the capital dredge, sediment samples 

were taken from the main harbour navigation channel up to the naval docks. These were analysed 

for the EPA 16 PAHs and assessed following Centre for Environment, Fisheries & Aquaculture 

Science (Cefas) guideline action levels for the disposal of dredged material at sea (Royal Haskoning, 

2012). These guidelines are part of a weight of evidence approach and are not statutory standards. 

The guidelines for individual PAH contaminated sediment that fall below action level 1 of 0.1 mg kg 

dry weight (ppm) can be considered for disposal at sea. Concentrations above action level 1 are 

required to undergo further testing and weighing up of other evidence before disposal can take 

place. All surface samples within the harbour for each PAH were reported to be at 0.01 mg kg or 

below apart from 2 locations. The first site was located just off the Gosport fuel jetty on the western 

side of the channel and the second site, The Hard lay opposite on the eastern side. Table 3-2 displays 
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the PAH concentrations at the 2 sites taken from the EIA. Despite the elevated concentrations, the 

assessment concluded that the volume of sediment represented by these two surface samples was 

low in comparison with the dredged material as a whole and the contamination was restricted to 

the surface 10cm. The licence was granted for disposal at the Nab Tower just off the Isle of Wight 

in the Solent (Royal Haskoning, 2012). 

 

Table 3-2 Surface Sediment PAH concentrations for Two Harbour Sites Above Cefas Action Level 1 

PAH Gosport Fuel Jetty (mg kg) The Hard (mg kg) 

Naphthalene (NAP) <0.01 0.03 

Acenaphthylene (ACY) <0.01 0.08 

Acenaphthene (ACE) 0.02 0.02 

Fluorene (FLU) 0.01 0.17 

Phenanthrene (PHE) 0.13 1.2 

Anthracene (ANT) 0.04 0.87 

Fluoranthene (FLUH) 0.19 2.0 

Pyrene (PYR) 0.15 1.6 

Benz(a)anthracene (BaA) 0.06 0.55 

Chrysene (CHR) 0.05 0.49 

Benzo(b)fluoranthene (BbF) 0.03 0.62 

Benzo(k)fluoranthene (BkF) 0.04 0.29 

Benzo(a)pyrene (BaP) 0.06 0.55 

Indeno(1,2,3c-d)pyrene (IDP) 0.03 0.20 

Dibenz(a,h)anthracene (DBA) 0.01 0.05 

Benzo(g,h,i)perylene (BgP) 0.03 0.18 

Total PAH (16 EPA) 0.85 8.9 

 

At present there are no statuary sediment quality standards although there are guidelines that can 

assist in determining the potential environmental impact on aquatic life. The Canadian Council of 

Ministers of the Environment have produced such guidelines (CCME, 2008). The assessment levels 

were designed for the protection of pristine environments but can be useful for indicating 

anthropogenic impacted contaminated sediments. There are two levels, the lower threshold effects 

level (TEL), where concentrations below this level are expected to impact on very sensitive 

organisms whereas, the probable effect level (PEL), is set at higher concentrations and any 
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exceedance would be expected to impact on a wider range of organisms. Table 3-3 displays the TEL 

and PEL guidelines available for PAHs in sediment. 

Table 3-3 Available PAH Canadian Sediment Quality Guidelines 

PAH TEL (ng g) PEL (ng g) 

Naphthalene (NAP) 34.6 391 

Acenaphthylene (ACY) 5.87 128 

Acenaphthene (ACE) 6.71 88.9 

Fluorene (FLU) 21.2 144 

Phenanthrene (PHE) 86.7 544 

Anthracene (ANT) 46.9 245 

Fluoranthene (FLUH) 113 1494 

Pyrene (PYR) 153 1398 

Benz(a)anthracene (BaA) 74.8 693 

Chrysene (CHR) 108 846 

Benzo(a)pyrene (BaP) 88.8 763 

Dibenz(a,h)anthracene (DBA) 88.8 135 

 

The EIA baseline sediment samples were assessed against the Canadian guidelines and found that 

all the sites sampled in the navigation channel to be below the threshold level for PAHs except for 

Gosport Fuel Jetty where PHE exceeded the TEL while at The Hard site BaA, CHR, BaP & DBA 

exceeded the TEL and FLU, PHE, ANT & PYR exceeded the PEL level. The EIA baseline sampling 

concluded that the PAH levels within the navigation channel had reduced historically with the 

exception of The Hard but only the large channel was sampled so no data was available for 

sediments closer to shore nor for any sediment north of the naval docks. 

Field sampling was undertaken to determine seasonal and locational environmental PAH 

concentrations to determine whether Portsmouth Harbour receives chronic inputs of PAHs and if 

these inputs result in chronic PAH contamination.   
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  Environmental Sites 

Sampling sites were logistically selected for all year jetty and pontoon access to subtidal sediments. 

The sites also represented a range of marine traffic and waterfront activity observed in the harbour. 

How the sites were distributed around the harbour was also taken into account and that 

landowners were happy to give permission for access. Ideally if cost and time were unlimited, some 

sites would have been placed within the main navigation lane bisecting the harbour, inside marina 

pontoons where boats were berthed and a comparison made with non-commercial Langstone  
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5 

6 

7 

8 2 

a 

1 2 
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Figure 3.2 Map and Photographs of Sampling Sites. (a) Portsmouth Harbour with position of sampling sites. 
(1) Haslar Marina (2) Gosport marina fuel pontoon (3) Sultan Ferry Jetty (4a) Cams Mill, site of River 

Wallington discharge into harbour, Summer low water (4b) Cams Mill, Winter high water (5) Wicor Marine 
Yacht Haven. (6) HMS Excellent, former HMS Bristol berth, author sampling on nearby pontoon. (7) 

Portsmouth International Port (8) The Hard at low water showing Gosport Ferry terminus in the background 

harbour. Figure 3.2 shows the positions of the final eight sites, with photographs, and GPS 

positions are given in Table 3.2. 

Table 3-4 Portsmouth Harbour Sampling Sites with GPS  

Station 
label 

Site location Latitude Longitude 

1 Haslar Marina 50.791889 -1.115425 
2 Gosport Marina 50.797161 -1.116882 
3 Sultan Ferry Jetty 50.813225 -1.131307 
4 Cams Mill 50.852612 -1.167125 
5 Wicor outer pontoon 50.502170 -1.0859.36 
6               HMS Bristol  50.484640 -1.060416 
7 Portsmouth International 

Port 
50.484048 -1.053678 

8 The Hard Gosport Ferry 50.474995 -1.065589 

 

4a 

7 

4b 

6 
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Haslar Marina, Haslar Road, Gosport, PO21 1NU (Site 1) 

A large scale modern 650-berth leisure marina for power and sail craft (max draft 3.5m & LOA 60m). 

There is a sealift2 dry dock facility located on an outer pontoon for hull maintenance and repair. 

The marina is situated just inside the harbour mouth in Haslar Creek on the western side of the 

harbour (Site 1 on Figure 3.2).  The sampling site was on the outer pontoon situated at the seaward 

entrance to the marina immediately next to the bow of a permanently berthed lightboat. This 

position is exposed to fast tidal currents, wind and swell experienced at the harbour mouth. It also 

receives bow wash from larger craft and from the regular Isle of wight ferry traffic. During 2016 a 

maintenance dredge was undertaken for pontoons and channels lying further landwards inside the 

marina (Haslar, 2017).  At the sampling point 6 m BCD is recorded (eOceanic, 2020). 

Gosport Marina, Mumby Road, Gosport, PO12 1AH (Site 2) 

A large modern marina and boat yard, comprising of 519 berths, 80 dry stack berths and 26 swing 

moorings for leisure motor and sail crafts (max draft 2.5m & 25 m LOA). Situated 0.8km from the 

harbour entrance on the western side (Site 2 on Figure 3.2). The sampling site was located on the 

self-service fuelling pontoon. Diesel and unleaded petrol are available for the leisure marine traffic 

situated on the approach channel into the marina. The site is exposed to strong wash from the 

larger commercial boat traffic using the main harbour shipping channel and strong tidal currents 

from the harbour mouth. A maintenance dredging schedule was undertaken in Spring 2016 

(Premier, 2016). At present the depth at the fuel jetty is measured at 3m BCD (eOceanic, 2020). 

Sultan Ferry Jetty, Hardway, Priory Road, Gosport PO12 4LF (Site 3) 

A ferry launch pontoon accessed via a pier located on the western side of the natural harbour (Site 

3 on Figure 3.2). The ferry works all year around ferrying people to swing moorings owned and 

managed by Gosport Boatyard Limited. The site is not regularly dredged and according to local 

anecdotal information the pontoon is experiencing increased siltation since a local sailing club had 

extended their pontoons and jetty (2 years previous to sampling) while increased dredging in the 

fountain lake area of the harbour has compounded the situation. The increase has resulted in 

restricted ferry access during spring tides to 1 hour either side of low water. At present the official 

chart depth is 0.5-1m BCD (eOceanic, 2020). Located further into the harbour this site is sheltered 

from large marine traffic wash and from the strong currents experienced at the harbour mouth.  
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Cams Mill, Cams Hall Estate, Fareham PO16 8AA (Site 4) 

The only river to discharge into the harbour enters here in the north western side (Site 4 on Figure 

3.2). River Wallington can be described as a flashy response river although it does have a slow rising 

base flow. Its lower reaches are modified to enter a weir then to discharge into the harbour through 

a concrete bottomed channel. Covering a mainly rural catchment of 111km2 of wooded, arable, 

grassland and urban landscape with its headwaters in an increasing urbanised Denmead, 

Waterlooville and Purbrook (NRFA, 2018). The river experiences abstraction and feeds springs in 

Havant resulting in a reduced mean flow of 0.662 m3 s-1 (NRFA, 2018), although this can be further 

reduced in dry Summers (Figure 3.2: 4a). The river does receive runoff from the M27 and 

surrounding urban area as it enters Fareham.  The sampling site was at the mouth of the river as it 

discharged into the harbour accessed from the walkway over the river when in full flow or from the 

bank in the river generated pool that builds up during low water. Due to the concrete river bottom 

and inaccessible sediment, only water samples were taken. 

WicorMarine Yacht Haven, Cranleigh Road, Fareham PO16 9DR (Site 5) 

Situated in the northwest corner of the natural harbour it comprises of walk ashore pontoons and 

swing moorings surrounded by the only parts of undeveloped land in the harbour comprising of 

wooded banks, open amenity grassland and spaces. It is about 5.6 km from the harbour mouth (Site 

5. Figure 3.2). There is a traditional boat yard and a small community of all year live aboard craft 

berthed along the main pontoon. The swing moorings in the main channel can accommodate craft 

up to 20m LOA in depths of 3.5m and are reached by personal tenders (oar and engine). The 

sampling site was at the end of the walk ashore pontoon into the subtidal channel. During low water 

the whole area becomes intertidal mud flat, salt marsh and tidal creeks cut through by the main 

channel. There is ‘when required’ dredging that maintains the depth by the side of the main 

pontoon to 2m by pushing the sediment to the end of the pontoon. The sampling point is charted 

at 1.2-2 m BCD (eOceanic, 2020).  

 HMS Bristol, HMS Excellent, Whale Island, Portsmouth, PO2 8ER (Site 6) 

Located on MOD Naval land situated on the developed eastern side of the harbour (Site 6 Figure 

3.2). The sampling pontoon was situated opposite the berth of the stationary training ship HMS 

Bristol which was moved to here in 2013 (Royal Navy, 2013). During 2011 a programme of capital 

dredging took place to achieve a depth of 6.5 m BCD in this new berth (Royal Haskoning, 2010), 

although the sampling point is charted at 2.4 m BCD (eOceanic, 2020). There are various small navy 

personnel owned craft berthed off the pontoon along with craft from the naval sailing club. The site 
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has historically never been used as a naval dockyard nor been used for commercial traffic (Royal 

Haskoning, 2010)  

Portsmouth International Port, Whale Island Way, Portsmouth PO2 8EB (Site 7) 

Located on the eastern heavily modified and developed side of the harbour (site 7, Figure 3.2) is 

the Portsmouth City Council owned International Port. The port comprises of 9 commercial berths. 

Comprising of 2 cargo wharves; Albert Johnson Quay (285 m long) and Flathouse Quay (190 m long). 

A modern fruit and vegetable importing facility covering 8 ha. Regular daily sailings to and from 

Bilbao, Santander, Caen, Le Havre, St Malo and Channel Islands for Brittany and Condor Ferries and 

a call and turnabout stop for smaller cruise ships. It is the second busiest UK cross channel ferry 

port with 2,005,056 passengers travelling through the port (PIP, 2018). The berths and basins are 

all maintained at 9.5 m BCD. A maintenance  dredge took place November 2016 (Royal Haskoning, 

2017). The sampling site was on a small wind and wave sheltered pontoon near Berth 3 allocated 

for high-speed catamaran and cruise ships and took place when empty. 

Gosport Ferry Terminal (The Hard), The Hard, Portsmouth, PO1 3PA (Site 8) 

For clarity in this research, this site was identified as ‘The Hard’ to stop confusion with Gosport 

Marina. This location on the developed eastern side of the Harbour (Site 8. Figure 3.2), lies next to 

the historic naval docklands, a slipway gives harbour access for small craft and is used as a mooring 

spot for various leisure craft and small commercial fishing boats and bunkering for the IOW Ferries 

takes place 125 m from the site. The area is a busy terminus for Gosport Ferries, Wightlink foot 

passenger fast Catamarans to IOW, railway and bus. Slightly exposed to fast currents arriving 

through the harbour mouth and exposed to large vessel wash and from the regular ferry traffic. It 

is also one of the shallower sites away from the main channel and ferry berth to a depth of 0.4m 

BCD (eOceanic, 2020). Dredging is undertaken every 6 years and was due in 2017 (Royal Haskoning, 

2017).  The Gosport Ferry service runs all year to carry foot passengers from Portsmouth and 

Gosport. In 2018 2,539,065 passengers used the service (PIP, 2018). Sampling took place on the 

ferry pontoon off the opposite corner to the ferry berth. 
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  Field Sampling Methods 

Due to the logistics of road travel, each seasonal sampling around the harbour took 2 days to 

complete. Water, sediment and physiochemical data were taken at each site. Before data collection 

could begin a robust method of sediment sampling was required. Each site was subtidal at all states 

of the tide so a Gilson Corer was trialled at Haslar Marina (Site 1) under low and high water (Figure 

3.3a). This site was chosen as it receives strong currents and waves resulting in potentially 

unconsolidated sediment which could make coring problematic. Despite several attempts at 

different states of tide, the corer did not bring up any useable sediment. It was decided that a grab 

would be used and sub samples would be taken from the grabbed sediment.      

A preliminary test sampling at all the 8 sites was undertaken in February 2017 to ascertain the levels 

of PAH contamination to inform the choice of certified reference material (CRM) for method 

validation and trialling methods of extraction. The preliminary testing also gave an opportunity to 

test the logistics of communication with site owners, accessibility issues, travel time, practice using 

equipment and sampling methods. The first seasonal collection began in July 2017 (summer). 

3.3.1.   Physiochemical Data 

Before water and sediment samples were taken a ProDSS Multiparameter Water Quality Meter (YSI 

Xylem) (Fig 3.3a) was used on continuous logging to measure GPS, conductivity (ms/cm), 

temperature (oC), depth (m), salinity (PSU), pH, dissolved oxygen (O2) (%) and turbidity (NTU). The 

instrument was calibrated for dissolved O2, pH (buffer 4.01, 7.0 and 10.01, Orion application 

solutions Thermo Scientific), conductivity (147µs/cm, 12880 µs/cm and 1413 ms/cm Reagecon 

conductivity standard). All data was down loaded into an excel spreadsheet for further analysis 

3.3.2. Water Collection 

All glass ware was washed in hot 5% cleaning solution (Decon 90, Thermo Fisher scientific), rinsed 

in deionised water, rinsed in acetone (99.8+%, fisher Chemical) then placed into a drying cabinet at 

40oC. At each site before sediment collection, a pre-washed 5 L bucket was used to draw seawater 

from the top of the water column.  A 1 L clear, borosilicate glass bottle (Fisherbrand, Thermo Fisher 

Scientific) was firstly rinsed with seawater, discarded then filled to the top with the seawater 

sample (Fig 3.3b). The bottle was wrapped in tinfoil, labelled then placed into a lidded ice packed 

cool box (Fig 3.3c). Once back at the laboratory the pH was measured (Jenway pH 3305 Combination 

Electrode) in each bottle then acidified with 6N hydrochloric acid (37% certified for AR analysis, 

Fisher Chemical) to pH 2 to stop microbial activity. Samples were placed in a refrigerator at 5oC. 

prefiltration took place approximately 15 to 20 hours after acidification. PAH Extraction was 

finished within 24 hours.  
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3.3.3.  Sediment Collection 

A hand held Van Veen grab (Fig 3.3d) was used to collect sediment from each site. The grab was 

washed with seawater before and after sampling to remove any sediment. The grab extracted 

surface sediment to a depth of ~15 cm. The collected sediment was decanted into a clean plastic 

tray (Fig 3.3e). About 20 g of surface sample was removed with a clean and seawater pre rinsed 

plastic spoon, wrapped into an aluminium foil envelope, placed into a labelled plastic zip lock bag 

then into the cool box (Fig 3.3f). On return to the laboratory the samples were kept at -18oC in a 

laboratory freezer. The average delay between collection and freezing was 3 hours with a maximum 

delay of 5 hours. On the first visit extra surface sediment was taken for particle size analysis (20 g). 

These samples were placed straight into labelled plastic bags and into the cool box. On arrival to 

the laboratory the PSA samples were place in a refrigerator at 5oC. 

  

Figure 3.3 Environmental Sample Collecting (a) In foreground Gilson Corer & in background YSI ProDSS. 
(b)Author collecting water samples. (c) Example of water sample ready for transport and storage. (d) Van 
Veen grab in action. (e) Example of sediment from Van Veen grab displaying sediment redox gradient. (f) 
Collecting a surface sample from the grab for transport and storage in aluminium foil. 
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  Methods 

3.4.1. Solid Phase Extraction (SPE) for Water 

Solid phase extraction was used to extract PAHs from the collected seawater. It is a liquid-solid 

extraction and the procedure used was based on EPA method 3535a (USEPA, 2007a) and Empore 

solid phase extraction disc technical application notes (Empore, 2009). The advantages of using SPE 

are the simplicity of using 1 disc and not a number of sorbents to isolate the PAHs, ease of method 

and its rapidity, while the use of large volumes of hazardous solvents, accumulation of discarded 

disposable columns and discs and the use of a specialised manifold pose some disadvantages. 

Additionally and more specifically, the use of an Empore C18 disc, as used in this method, as a 

sorbent can be problematic if it  dries out during the extraction phase necessitating a repetition of 

previous steps (Dimpe & Nomngongo, 2016). 

Pre-filter 

Before the PAHs were extracted, a pre-filtration was carried out to reduce the concentration of 

particulate material to below 1%, so to ensure that the extraction disc did not become blocked. All 

filter rig glassware was pre-cleaned in 2% Decon 90 (Decon Labs), distilled water and acetone 

(C3H6O, CH3-CO-CH3) (99.8+%, Fisher chemical). The collected sample was shaken before 1 litre was 

filtered in a vacuum filter rig through a M/F 70 mm diameter filter with an average particle retention 

of 1.5µm (Fisherbrand, Fisher Scientific). The empty collection bottle was rinsed with a further 10 

ml of distilled water and added to the filtration. Once filtration was finished, 5 mL of methanol 

(CH4O, CH3OH) (99.8+%, Fisher Chemical) was added to sample.  

Disc Washing & Conditioning 

An Empore manifold system comprising of reservoir, filter support, gasket, glass support base, clap, 

extraction manifold attached to a waste bottle and Welch 2511 dry vacuum pump (Fig 3.4a) was 

used for the extraction. Before each sample the manifold’s glassware was washed in 2% Decon, 

rinsed in distilled water, assembled then 10 mL of acetone was added to the assembled rig and 

flushed through to waste.   

Each disc was prepared by washing and conditioning before sample extraction could take place. An 

Octadecyl (C18) silica bonded extraction disc (Empore, Supelco) was placed into the filtration unit 

for disc washing with dichloromethane (DCM) (CH2Cl2) (99.8+%, Fisher chemical). A waste 20mL 

glass vial was placed in the filtration manifold to collect the waste DCM so to ensure that the solvent 

could be appropriately disposed of. The reservoir, extraction disc in its support and glass support 

base were clamped in place then 10 mL of DCM were added to the unit and vacuumed through with 

an extra minute to fully dry the disc.  The vial was removed and DCM disposed of according to 
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laboratory protocols. The disc was then conditioned with 10 mL methanol. Conditioning is 

important as it provides a good interface between the dissolved PAHs and the octadecyl. Erratic 

and low recoveries could result if this conditioning stage is left out (Empore, 2009).  The methanol 

was added under vacuum to draw through a mL then the pump was shut down to allow the disc to 

soak for 1 minute. Vacuum was applied to draw the methanol through but leaving enough solvent 

on the disc surface to prevent drying to this 30 mL of distilled water was added and vacuumed 

through.  

Extraction 

Just as the liquid disappeared the 1 litre of sample was added to the filter reservoir and pumped to 

waste. The sample bottle was rinsed with 5 mL distilled water and added to the reservoir. The pump 

was left running for a further 5 minutes after all the sample had been pumped through to dry the 

disc.  

Eluting 

Eluting of the PAHs from the C18 disc was the next phase. All collection vials were new and pre-

cleaned in 2% Decon, distilled water and rinsed with acetone. A 20 mL glass collection vial 

(Fisherbrand, Fisher Scientific) was placed into the extraction manifold. The sample collection bottle 

was rinsed with 10 mL of DCM which was added to the manifold reservoir. Vacuum was applied to 

pull a mL through the disc, switched off to allow the disc to soak in the DCM for 2 minutes then 

vacuum was re-established to draw the DCM into the collection vial. This step was repeated with a 

further 10 mL of DCM but excluded the collection bottle rinse. After extraction, the pump was left 

on for a further 5 minutes to dry the disc. The collection vial was removed, capped, wrapped in 

aluminium foil, labelled and placed in a refrigerator until the next stage. The disc was removed and 

disposed of. The filtration manifold system was dismantled and cleaned for the next sample. All 

collected seawater samples and a blank of 1 L of distilled water were treated in the same way with 

a new C18 disc per sample.  

Post-treatment 

To remove any residual water, each eluted solvent was gravity filtered through a separate, 

disposable anhydrous sodium sulphate (NaSO4) (1g, Agilent Technologies) drying cartridge into a 

pre-cleaned 20ml glass vial (Fig 3.4b). The empty collection vial was rinsed out with a few mL of 

DCM and added to the cartridge. Once all the solvent had been filtered through, 0.05 mL (50µL) of 

n-nonane (C9H20) (99% pure, Fisher chemicals) was pipetted onto the solvent surface. The use of 
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nonane was to minimise any loss of PAHs during the next phase of concentration. Each vial was 

then rewrapped in aluminium foil, labelled and stored at 5oC. 

Sample Concentration 

The final stage in sample preparation was a ‘blow down’ or sample concentration from ~20 mL to 

1 mL volume taking approximately 20 minutes. The opened sample vials were placed in a Techne 

Dri-Block DB.3 set at 40oC while N2 gas was gently streamed over the vials from a Techne sample 

concentrator. All gas chamber needles were cleaned before and after use with acetone. After 

reduction, samples were pipetted with a glass Pasteur pipette (Fisherbrand, Fisher Scientific) into 

GC autosampler 2 mL amber glass vials (Thermo Scientific).  All volumes were checked and if below 

1mL then the volume was made up with n-hexane (C6H14) (95%, Fisher chemical). Vials were crimp 

top closed and stored at -18 oC until ready for analysis.  

Figure 3.4 Water Extractions(a) The SPE Manifold Station (b) Extracted PAHs and Solvent filtering through a 
sodium sulphate drying cartridge 

3.4.2. Accelerated Solvent Extraction (ASE) for Sediments 

Accelerated Solvent Extraction (ASE) otherwise known as Pressurized Fluid Extraction (PFE) uses 

elevated temperature (100-180oC) and pressure (1500-2000 psi) to extract analytes from sediment, 

soil, clay, sludge and solid waste. This method’s recoveries are comparable to soxhlet and has the 

advantage of using less solvent, less operator exposure to potentially harmful chemicals and uses 

a fraction of extraction time. The major disadvantage of this method is the reliance on specialised 

expensive equipment and a time consuming post clean-up of the extraction is required before it 

can be analysed (Dimpe & Nomngongo, 2016). The lengthy post clean procedure of water removal 

using anhydrous sodium sulphate (NaSO4), a concentration stage to 1mL volume that is gravity 

filtered through conditioned silica gel and elution followed by a final sample concentration back 

down to 1 mL before pipetting into GC vials. The method that has been adopted here, bypasses the 

separate silica gel cartridge and final sample concentration stages by simply incorporating the silica 

into the extraction cell. Thereby, only requiring the NaSO4 drying cartridge and final volume 

a b 
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concentration stages. This extraction method is based upon USEPA Method 3545A (USEPA, 2007b), 

Dionex application 313 (Thermofisher, 2016) with modifications from Choi et al. (2014). 

Determination of Dry weight  

Extraction was carried out on wet sediment because of the loss of some of the more volatile PAHs 

so oven drying is not recommended (Beriro et al., 2014; USEPA, 2007b). Therefore, for each sample 

a determination of the dry weight was made to divide PAH concentrations by the dry weight to give 

final concentrations in g. All sediments were taken out of deep freeze to thraw overnight at 5oC. 

Approximately, 5g of sediment sample was placed into a labelled pre weighed tin foil boat. All 

samples were placed into a dying oven set at 105 oC and left overnight. After drying, the samples 

were removed to be placed into a desiccator to cool down. Then reweighed and the mass was 

noted. Following equation 3.5 and 3.6 the dry mass was recorded. 

𝐷𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 (%) =
𝑊2 − 𝑊3

𝑊3 − 𝑊1
× 100 

W1 = Mass of tin (g), W2= Mass of wet sediment + tin (g), W3= Mass of dry sediment + tin(g) 

𝐷𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔) =
𝑊1 × 𝑊2

100
 

Where: 

W1 = Mass of wet sediment (g), W2= Mass of dry sediment (g) 

Preparation of sediment  

 In acknowledgement of sediment heterogeneity, an average was calculated by taking three sub 

samples from each field sample.  The sample was well mixed with a metal spatula then 

approximately, 3g of sample was weighed out on a Sartorius basic balance, placed into a glazed 

mortar and under a fume cupboard 6g of diatomaceous earth (DE) was homogenised with a pestle 

(Fig 3.5a). DE is the drying agent recommended for >30% water content (1:2 ratio)(USEPA, 2007b) 

and is an inert silica sorbent  (Hydromatrix, Agilent Technologies). 
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Figure 3.5 ASE Sediment Extraction(a) Sediment mixed with DE (b) Specialised steel cells, amber glass 
collection vials and septum (c) Copper granules (d) Accelerated Solvent Extractor Dionex 200 with cells and 
collection vials arranged on carousel.                                            

ASE cell packing 

 A combined method for sulphur extraction and silica clean-up was adopted (Choi et al., 2014). 33 

mL steel ASE sample cells, cellulose filters, PTFE lined silicone septum and ASE amber glass 

collection vials all resourced from Dionex (Thermo Fisher Scientific) (Fig 3.5b). Silica gel is 

recommended for extract clean up and elution of non-polar compounds (USEPA, 1996a). Silica gel 

(High purity grade, 75- 150µm Sigma Aldrich) was activated by heating at 2 hours at 600oC then 

cooled in a desiccator (Choi et al., 2014; USEPA, 1996a). A 33 mL steel cell precleaned with 5% 

Decon, rinsed with distilled water and acetone, was prepared by layering: cellulose filter paper, 

5mm acid washed sea sand (Extra pure, Ottawa sand, 20-30 mesh, Fisher Chemical) 3g activated 

silica gel, 5mm sand, 3g granulated activated copper (595 µm, Restek) (Fig 3.5c), sediment sample 

and DE mix, 3mm sea sand and  topped with a final cellulose filter (Fig 3.6) With every sample run, 

2 method blanks were prepared by following the layering procedure but extra DE was substituted 

for the sediment and one 0.5g sample using a certified reference material (Venice Lagoon, Italy, 

CRM 383, IAEA) was run to check method recoveries.  

   

 

 

a b 

c d 
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                                                          Figure 3.6 ASE cell packing 

Extraction 

The prepared cells were arranged on the automated carousel of a Dionex ASE 200 system (Fig 3.5d). 

Labelled, 60 mL, pre-cleaned with 2% Decon, distilled water and acetone amber glass collection 

vials were arranged in the system. Each vial was fitted with a clean PTFE septa. The extraction 

method was programmed as shown in Table 3-3 and set with an automated rinse cycle between 

cells. 

Table 3-5 ASE Method Settings 

Parameter Setting 

Pressure 1500 psi 

Temperature 100oC 

Flush Volume 60% 

Nitrogen Purge Time 100 seconds 

Number of Static Cycles 2 x 5 minutes each 

Temperature Ramping Time 5 minutes 

Extraction Chemicals  DCM:Hexane  1:4 v/v 

 

The solvents are flushed through the sediment matrix to be collected in the amber collection vials 

to be further processed. All cells were dismantled, contents disposed of and cleaned.  

3.4.3. Post-treatment and Sample Concentration 

As already detailed in Section 3.4.1 Water Extraction for PAHs. All extraction solvents were filtered        

through NaSO4 drying cartridges and concentrated to final 1mL volume before pipetting into GC 

vials.   

Filter 

Sand 

Sample/DE 

Copper 

Silica gel 
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3.4.4.  Sulphur Removal 

Marine sediment contains elemental sulphur that can cause PAH analytical problems in gas 

chromatography (GC)(Rogowska et al., 2016). Elemental sulphur and some PAHs have similar 

chromatographic retention parameters resulting in masking and interference with PAH peaks on 

chromatograms (USEPA, 1996b). There is also potential of damage to the detector in mass 

spectrometers (MS)(Webster et al., 2010). 

Copper is the usual choice to remove sulphur during the post clean-up of extractions (Choi et al., 

2014; USEPA, 1996b). The PAH extraction method used in this research, incorporates the copper in 

a one stage extraction so reducing the post clean up time. To ascertain if the addition of copper 

made any difference to the clarity and detection of PAHs, a test was undertaken of a field sample. 

2 sub-samples were extracted with copper (3g granulated activated copper,595 µm, Restek) 

following Choi et al., method and a further 2 sub-samples were extracted without the addition of 

copper. All samples were run at the same time on the same GC-MS under the same parameters.  

Figure 3.7 displays two chromatograms. It can be seen that the sample ran with copper (b) appears  

Figure 3.7 Full Scan Chromatograms Showing Copper Extraction and incorporation in field sediments from 
HMS Bristol berth. (a) Sulphur incorporated (b) Sulphur removed 

to have a cleaner baseline and more defined peaks. The histogram in Figure 3.8 is a simple 

concentration comparison between the two methods. The incorporation of a suitable CRM would 

have been beneficial for recovery accuracy but at this time a suitable CRM had not been received.  
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On the basis of the clarity of the chromatograms the inclusion of copper was adopted to remove 

elemental sulphur from all field sediments prior to analysis on the GC-MS.  

Figure 3.8 PAH Mean Average Concentrations Comparison between Sulphur Removed & Retained on HMS 
Bristol Berth (Site 6) sediment (n=2, error bars are standard error) 

3.4.5. GCMS PAH Analysis 

Gas Chromatography is used to separate small volumes of complex mixtures by partitioning the 

compounds between a stationary phase and a mobile phase. The inert mobile phase or carrier used 

in gas chromatography will be helium or hydrogen. The stationary phase will be either a solid 

adsorbent or a non-volatile liquid that coats the inside of a tube or column which the gas flows 

through or over. Those molecules that have a greater affinity for the stationary phase will spend 

longer time to pass through then a molecule that has less affinity and passes quickly through the 

system by the gas. In this way compounds are separated from each other and have identifiable 

retention times. These retention times can be modified by oven temperature and gas pressure.  

Once separated these compounds exit the GC column to enter a detector that quantifies the 

amount of compound by recording it as a plot or chromatogram of signal magnitude against time. 

Chromatography supplies the retention time that identifies the compound but when coupled with 

a mass spectrometer this identification is supported by its molecular structure and magnitude of 

concentration. Once the compound enters the MS an ion source ionizes and fragments it. The 

molecular mass of each of these ion fragments is then determined. An identification can then be 

made based on unique molecular weight and ions to produce mass/charge ratios to form a mass 

spectrum.  

Instrumental Set up 

PAH analysis was carried out on a gas chromatograph (Agilent 7890A GC, Agilent technologies) 

coupled to a Mass Selective Detector or Mass Spectrometer (Agilent 5775C, Agilent Technologies) 
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and a Pal System Autosampler (CTC Analytics). The capillary column used was a HP-5MS column (30 

m x 0.25 mm x 0.25 µm; Agilent J & W, Agilent Technologies). The carrier gas was helium at a flow 

rate of 1 mL min-1. The temperature programming was ramped from 50oC for 1 min, 50 to 150oC at 

5oC min-1, 150 to 300oC at 10oC min-1 and held at 300oC for 10 minutes. The injector temperature 

was 250oC while 1µL of sample was injected by a CTC 10µl 2 -part combi/GC-PAL syringe (Agilent 

Technologies) in spitless mode. The mass spectrometer uses electron impact ionization (EI) and was 

run in selective ion monitoring (SIM) to quantify the target PAHs ions. Hexane was used for the 

injector rinses. All runs had a 4.50 min solvent delay. 

Target PAHs, Standards, Instrumental Limits of Detection (LOD) and Method Detection Limits 

(MDL) 

16 PAHs were analysed, all of which are included on priority pollutant lists (USEPA, 2014) due to 

persistence in the environment, toxicity and potential cancerogenic risks to human and other 

organisms. These are listed in Table 3.4 alongside GC-MS target ions and retention times obtained 

on the GC-MS used in this research. All external standards were prepared from a parent PAH stock 

(Dr Ehrenstorfer, Qmx Laboratories) made up in hexane. 

Table 3-6 Target PAHs, GC-MS ions & Retention Times  

Target PAH Target Ion Retention Time (min) 

Naphthalene (NAP) 128 5.08 

Acenaphthylene (ACY) 152 7.46 

Acenaphthene (ACE) 153 7.84 

Fluorene (FLU) 166 9.02 

Phenanthrene (PHE) 178 11.81 

Anthracene (ANT) 178 11.96 

Fluoranthene (FLUH) 202 16.61 

Pyrene (PYR) 202 17.58 

Benz(a)anthracene (BaA) 228 23.83 

Chrysene (CHR) 228 24.03 

Benzo(b)fluoranthene (BbF) 252 29.43 

Benzo(k)fluoranthene (BkF) 252 29.57 

Benzo(a)pyrene (BaP) 252 30.92 

Indeno(1,2,3c-d)pyrene (IDP) 276 36.30 

Dibenz(a,h)anthracene (DBA) 278 36.60 

Benzo(g,h,i)perylene (BgP) 276 37.65 
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An instrumental limit of detection (LOD) was established for the target PAHs using an empirical 

method (Armbruster et al., 1994) using a series of standards 0-1000 ng ml run in triplicate. The line 

equation was obtained from a calibration curve to produce a LOD following the formula 

                                                   LOD= 3.3*(Standard Deviation of intercept/slope) 

After an initial screening of field samples and LOD Table 3.5 had been established, two calibration 

methods were set up based on a set of low concentration standards 0-250 ng mL and a higher 

concentration 300-1000 ng mL. The two calibrations were used to quantify all samples with further 

dilutions if any fell outside the calibration range. A further method detection limit (MDL) for each 

PAH was also calculated from the method blank means and standard deviations following the 

formula 

                                                      MDL= �̅� + 3σ  

In most cases the MDL were higher than the instrumental LOD (Table 3-6). The differences in NAP 

LOD and MDL was particularly evident although sample concentrations were above the MDL. For 

statistical purposes only if any PAH concentration fell below the MLD then a substitution value was 

applied following the formula 

                                                     
𝑀𝐷𝐿

√2
 

Based on the LOD initial field screening the PAH DBA was dropped from the targeted PAHs. The GC 

method could not resolve the peak well enough to bring down the LOD down to a satisfactory limit.  

Table 3-7 Target PAH Limits of Detection (LOD)  

Target PAH Low Calibration 
0-250 ng/ml 

High Calibration 
300-1000 ng/ml 

Naphthalene                  3.41 75.05 

Acenaphthylene 2.45 76.64 

Acenaphthene 4.38 72.22 

Fluorene 3.78 96.33 

Phenanthrene 4.17 104.91 

Anthracene 3.48 107.82 

Fluoranthene 2.95 107.18 

Pyrene 4.16 100.65 

Benz(a)anthracene 1.27 115.79 

Chrysene 4.59 110.74 
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Benzo(b)fluoranthene 2.57 87.98 

Benzo(k)fluoranthene 7.29 68.97 

Benzo(a)pyrene 11.11 98.31 

Indeno(1,2,3,c-d)pyrene 20.53 61.11 

Dibenz(a,h)anthracene1 53.34 57.36 

Benzo(g,h,i)perylene 20.94 38.62 

1 Dibenz(a,h)anthracene was dropped from the final target PAHs on account that the majority of the field 

samples consistently fell below the LOD. 

Table 3-8 Target PAH Method Detection Limits (MDL)  

Target PAH Sediment ng/ml Water ng/ml 

Naphthalene                  41.49 37.81 

Acenaphthylene 1.10 8.60 

Acenaphthene 3.07 15.80 

Fluorene 10.25 25.61 

Phenanthrene 3.09 26.20 

Anthracene 1.78 5.00 

Fluoranthene 2.87 13.20 

Pyrene 4.64 6.91 

Benz(a)anthracene 5.75 6.46 

Chrysene 15.25 4.28 

Benzo(b)fluoranthene 12.51 2.17 

Benzo(k)fluoranthene 2.60 2.11 

Benzo(a)pyrene 14.51 3.29 

Indeno(1,2,3,c-d)pyrene 25.45 8.27 

Dibenz(a,h)anthracene1 49.21 - 

Benzo(g,h,i)perylene 20.07 14.06 

1Dibenz(a,h)anthracene was dropped from the final target PAHs on account that the majority of the field 

samples consistently fell below the instrument LOD and not detected in water samples.  

3.4.6. Sediment Particle Size Analysis (PSA) 

Sediment size analysis was carried out using laser diffraction on a Malvern Mastersizer 2000 

instrument.  10 g of sediment from each site was air dried, organics were oxidised by the addition 

of hydrogen peroxide H2O2 (30%, Fisher chemicals), H2O2 was evaporated off on a hot plate to 

produce a slurry to which 40mL of sodium hexametaphosphate (NaPO3)6 was added to act as a 
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deflocculant to prevent clay particles from lumping together under ionic charge. Samples were 

pipetted into the laser diffractor.  

3.4.7.  Sediment Organic Matter Analysis  

All samples were analysed for organic matter by loss on ignition method following BSI 1377-3 

(British Standards Institution, 2018). All crucibles and sediment samples were kept and cooled in 

desiccators to prevent rehydration.  All sediment was oven dried, ground <2mm, weighed to 5 g 

and placed in pre heated, cooled and weighed crucibles. Crucibles were placed in a chamber furnace 

(Carbolite Gero, RWF 11/13) and combusted at 440±25oC for 4 hours. Once cool the crucibles were 

reweighed and OM was calculated by the formula 

                                                   OM% =
𝑀1−

 𝑀1−

𝑀2

𝑀𝑐
 x 100 

Where Mc mass of crucible (g) M1 mass of crucible and oven dry sediment (g), M2 mass of crucible 

and sediment after ignition (g) 

3.4.8. Data Quality & Statistical Methods 

Table 3-9 CRM Reference Material and Sample Runs (ng g). 

PAH IAEA-383 1 2 3 4 5 6 7 8 

NAP 96 60.55 54.42 106.66 57.02 102.63 47.91 58.42 101.14 

ACY 47 32.50 37.71 51.06 50.32 50.40 32.94 37.24 34.94 

ACE 16 9.86 6.71 27.60 15.02 25.47 16.37 14.59 13.20 

FLU 27 16.48 19.11 40.84 27.24 25.31 32.84 15.53 36.74 

PHE 160 132.07 122.40 164.46 171.50 159.83 134.57 95.28 120.17 

ANT 30 13.32 25.52 32.88 36.52 15.81 13.00 10.29 12.70 

FLUH 290 130.86 214.12 219.44 224.10 183.33 192.39 176.90 177.90 

PYR 280 122.36 188.23 207.58 180.70 185.61 156.76 159.51 154.30 

BaA 105 41.61 99.12 80.58 108.29 58.95 48.91 54.32 57.21 

CHR 170 76.72 174.64 146.96 186.38 111.16 89.56 96.36 98.37 

BbF 150 77.26 170.26 162.94 183.43 115.40 80.31 127.63 137.16 

BkF 73 70.78 110.41 109.00 138.34 100.53 68.26 112.47 116.97 

BaP 120 39.23 88.63 85.70 123.11 55.11 41.89 53.27 56.00 

IDP 150 50.17 109.72 102.06 106.63 78.93 50.40 55.87 74.41 

BgP 110 75.27 146.17 196.80 184.13 112.71 73.21 72.94 102.98 
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A certified reference material (CRM) IAEA-383 (International Atomic Agency, Marine Environment 

Laboratory) for petroleum hydrocarbons from Venice Lagoon, Italy was used for accuracy and an 

estimation for long term precision for sediment only. A suitable CRM for PAHs in seawater could 

not be identified, therefore no CRM was run alongside the dissolved samples. Table 3-9 displays the 

8 CRM run samples alongside samples in the University laboratory. The accuracy is varied across 

the runs and within the same run. The long-term precision was calculated by using the relative 

standard deviation (RDS= 100* Standard Deviation /mean) of the CRMs. The smaller the RSD the 

better the precision. Precision was widely spread from the best for pyrene to the poorest precision 

in acenaphthene (Table 3-10). 

Table 3-10 RSD of Laboratory Run CRMs 

PAH RSD PAH RSD 

Naphthalene 31.9 Benz(a)anthracene 33.4 

Acenaphthylene 18.8 Chrysene 31.6 

Acenaphthene 41.6 Benzo(b)fluoranthene 28.2 

Fluorene 33.1 Benzo(k)fluoranthene 21.3 

Phenanthrene 17.7 Benzo(a)pyrene 39.7 

Anthracene 47.7 Indeno(1,2,3,c-d)pyrene 30.0 

Fluoranthene 15.0 Benzo(g,h,i)perylene 38.7 

Pyrene 14.6   

 

All statistical analysis was carried out on Minitab 17 (Minitab Inc). Data were tested for normality 

and the appropriate statistical tests were used for parametric or non-parametric data. Regressions 

were carried out on variables that demonstrated statistical correlations and satisfied the 

assumptions of normality, independence, homoscedasticity and independence and normality of 

errors. Likewise, any ANOVA analysis also satisfied the assumptions of normality, independence, 

data appropriateness and homogeneity of variances. All data were interrogated for outliers and if 

any were found and removed it has been noted in the text. Any analyte falling below the LOD 

established in section 3.4.4, a substitution was put in place. Plots were created in either Minitab 17 

or Office Excel 2010 (Microsoft). 

  Results and Discussion 

3.5.1.  Sediment Characterisation 

The sediments in the study can all be classified as silts and can be considered as cohesive. In regards 

to PSA, all sites were significantly the same (Kruskal-Wallis, p=0.423, n=7) 
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Table 3-11 Portsmouth Harbour Site Sediment Classification (average n=5) 

Site 1Clay %  

(0.1-4.0 µm) 

1Silt %  

(4.0-64.0 µm) 

1Sand %  

(64.0-1000 µm) 

Haslar Marina (1) 14.47 65.18 20.36 

Gosport Marina (2) 15.34 66.19 18.47 

Sultan Jetty (3) 16.97 63.60 19.42 

Wicor Marina (5) 15.41 65.92 18.68 

HMS Bristol (6) 16.36 66.62 17.02 

PIP (7) 19.06 65.98 14.95 

The Hard (8) 16.06 66.02 17.94 

1 classification according to Wentworth Scale (Wentworth,1922) 

Table 3-12 Portsmouth Harbour Site & Seasonal Organic Matter % (n=1) 

Site Spring % Summer % Autumn % Winter % 

Haslar Marina (1) 6.93 5.43 6.03 6.33 

Gosport Marina (2) 5.41 4.26 4.90 6.08 

Sultan Jetty (3) 6.49 5.89 6.74 6.33 

Wicor Marina (5) 8.67 6.59 8.63 8.74 

HMS Bristol (6) 6.04 5.15 5.52 5.87 

PIP (7) 5.13 5.04 4.93 5.10 

The Hard (8) 4.19 4.75 4.67 4.09 

 

The distribution of OM% was found to have no significant difference seasonally, (Kruskal-Wallis, 

p=0.611, n=28) this is not unexpected as Portsmouth Harbour in common with other anthropogenic 

impacted estuaries and harbours, has a eutrophic status (Environment Agency, 2016). Within the 

harbour this is evidenced by the extensive intertidal coverage (43-63%) of macroalgae mats that 

persist throughout the year (Environment Agency, 2016; Natural England, 2018). OM% distribution 

around the harbour was significantly different (Kruskal-Wallis, p=0.001, n=28) for example, Wicor 

Marine (Site 5) at the topmost corner of the harbour has significantly greater OM% when compared 

to the other sites. In the same sector of the harbour the River Wallington (Site 4) discharges into 

the harbour and regularly exceeds the Water Framework Directive and Urban Waste Water 

Treatment Directive levels for inorganic nutrients (Environment Agency, 2016).  Furthermore, the 

area receives local surface drainage. Conversely, The Hard (Site 8) has significantly less OM% than 

the other sites. This may be due to the hydrodynamic environment, from the Gosport ferry 
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manoeuvring thrusters that scoured out around the pontoon and the relatively strong currents. 

Despite the literature suggesting strong adsorption of PAHs and OM in previous research, no 

correlation was found between the two factors in the harbour (Spearman Rho =0.007, p=0.971, 

n=28). 

3.5.2.  PAH distribution in Portsmouth Harbour 

3.5.2.1 Dissolved PAH Distributions  

All individual water data can be found in Appendix 2 (Tables 2-1 to 2-11). An overview of seasonal 

dissolved total PAH distributions against site are displayed in figure 3.9. 

 

Figure 3.9 Dissolved Total PAH Distributions. Seasonal concentrations n=1 and have no error bars. Annual 
averages n=4 and error bars are standard error. Axis y has been truncated to fit in The Hard’s summer and 
annual average concentrations. 

There appears to be a reoccurring pattern of paired sites displaying similar annual averages around 

the harbour. For example, Haslar (site 1) and Gosport (site 2) marinas, situated next to each other, 

share similar annual averages of 1373 ± 165 and 1552 ± 280 ng L respectively. A pairing is repeated 

at the north of the harbour at the river discharge entrance at Cams Mill (site 4) and Wicor marina 

(site 5) 2718 ± 108 ng L and 2824 ± 1606 ng L respectively. The last pairing is seen at HMS Bristol 

naval site (Site 6) and PIP commercial site (Site 7) of 2070±1040 and 2148 ± 1233 ng L. The two sites 

that appear to be distinct from the other sites are the swing mooring launch site at Sultan Jetty (Site 

3) with the lowest annual average of 1069 ± 295 ng L and the greatest at the ferry pontoon at The 

Hard (Site 8) 11977 ± 9188 ng L. There appears to be a slight increasing trend in  annual average 

dissolved total PAHs from the leisure dominated Gosport western side round to the commercial 
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Portsmouth eastern side of the harbour but this is not significant at the p≤0.05 level (Kruskal-Wallis: 

DF 7, H-Value 6.58, P-Value 0.474, n=32). That lack of significance for location continued across all 

individual dissolved PAHs and for ring groups of 2, 3, 4, 5 and 6 PAHs. Although dissolved PAHs were 

not found to differentiate between site location, figure 3.9 appears to show seasonal peaks.  

The total PAH seasonal distributions at Haslar and Gosport marinas (Sites 1 & 2) continue the pairing 

trend that is different from all other harbour sites. Both marinas have concentrations that peak in 

autumn (1.9 and 2.4 µg L respectively) rising from matching seasonal spring and winter lows. A 

potential point source of PAH contamination from road run off is the River Wallington at Cams Mill 

(Site 4) and these concentrations appear to be stable through all seasons for total PAHs. All other 

sites show peaks in summer especially noteworthy, are the summer peaks at site 5 Wicor marina 

(8.4 µg L), site 6 HMS Bristol (5.6 µg L), site 7 PIP (6.4 µg L) and site 8 The Hard (43.8 µg L). These 

sites are located at the north or to the eastern side of the harbour (Figure 3.2a). The dissolved 

seasonal PAH distributions were significant at the p≤0.05 level for total and 2-5 ring groups. Table 

3-11 display the significant results of statistical Kruskal-Wallis tests for all the dissolved PAH data.  

Table 3-13 Seasonal Dissolved PAH Significant Kruskal-Wallis Results. (Where p≤0.05, DF=3 & 
n=32) 

Dissolved PAH Statistical Result 

Total PAH  H-Value 12.98, P-Value 0.005 

2 Ring/Naphthalene (NAP) H-Value 10.78, P-Value 0.013 

3 Ring H-Value 16.29, P-Value 0.001 

4 Ring H-Value 19.69, P-Value 0.000 

5 Ring H-Value 9.52, P-Value 0.023 

Acenaphthylene (ACY) H-Value 11.50, P-Value 0.009 

Acenaphthene (ACE) H-Value 12.89, P-Value 0.005 

Fluorene (FLU) H-Value 18.15, P-Value 0.000 

Phenanthrene (PHE) H-Value 17.01, P-Value 0.001 

Anthracene (ANT) H-Value 22.54, P-Value 0.000 

Fluoranthene (FLUH) H-Value 18.31, P-Value 0.000 

Pyrene (PYR) H-Value 18.67, P-Value 0.000 

Benzo(b)fluoranthene (BbF) H-Value 14.48, P-Value 0.002 

Benzo(a)pyrene (BaP) H-Value 17.43, P-Value 0.001 
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Figure 3.10 Dissolved 2 Ring Distributions. Where n=1 so no error bars calculated. The y axis is truncated to 
incorporate the summer peak at The Hard   

In figure 3.10 the distribution of the dissolved 2-ring group of NAP was more prevalent at sites 

during spring, summer and winter. The NAP distribution does not correspond with the autumn total 

PAH peaks at Haslar (site 1) and Gosport (site 2) marinas (Figure 3.9). Instead, the greatest dissolved 

NAP concentrations are in spring (Haslar 909.83 & Gosport 858.83 ng L) and winter (Haslar 1013.44 

& Gosport 945.82 ng L). The observation is repeated all along the western side of the harbour to 

site 3 Sultan Jetty (summer 261.51; autumn 233 ng L) including the River Wallington discharge site 

at Cams Mill (site 4) with comparative low NAP concentrations in summer (312.82 ng L) and autumn 

(102.16 ng L). From Wicor (site 5) marina onwards the largest NAP peaks correspond with the 

observed increased summer peaks (Wicor 3239.73 ng L; (site 6) HMS Bristol 226.53 ng L; (site 7) PIP 

3223.23 ng L; (site 8) The Hard 30 µg L) along the eastern side of the harbour.  

Figure 3.11 displays the distribution of the 3 ring PAH group. The observed autumn peaks observed 

at Haslar (site 1) and Gosport (site 2) marinas for total PAHs (Figure 3.9) are driven predominately 

by 3 ring PAHs (Haslar 1734.2; Gosport 2261.22 ng L). The autumnal peak in concentration observed 

at Cams Mill (site 4) is also predominately 3 ringed PAHs (2617.18 ng L) but unexpectantly, that is 

not repeated in the other seasons. The 3 ring PAHs continue to be more prevalent in summer in the 

eastern harbour sites of Wicor (site 5) (2988.19 ng L); (site 6) HMS Bristol (3049.02 ng L); (site 7) PIP 

(968.64 ng L) and (site 8) The Hard (12 µg L). All 5 individual PAHs that make up the 3-ring group 

(ACY, ACE, FLU, PHE, ANT) were significant for seasonal differences (Table 3-11). 
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Figure 3.11 Dissolved 3 Ring PAH Distributions. Where n=1 so no error bars calculated. The y axis is truncated 
to incorporate the peaks at Cams Mill, Wicor, Bristol and The Hard (3 Ring group comprises ACY, ACE, FLU, 
PHE & ANT)  

 

Figure 3.12 Dissolved 4 ring PAH Distributions Where n=1 so no error bars calculated. The y axis is truncated 
to incorporate the peaks at Cams Mill, Wicor, PIP & The Hard (4 Ring group comprises FLUH, PYR, BaA & CHR) 

The 4 ring PAH group distributions are shown in figure 3.12. At all sites the 4 ring peak 

concentrations were observed during the summer (Haslar (site 1) 372.69; Gosport (site 2) 465.91; 

(site 3) Sultan Jetty 363.76; (site 4) Cams Mill 1598.54; (site 5) Wicor 1608.22; (site 6) Bristol 368.39; 

(site 7) PIP 1644.61; (site 8) The Hard 1637.07 ng L).  At Haslar and Gosport marinas (sites 1 & 2), 

Sultan Jetty and HMS Bristol sites (3 & 6), the peaks were driven by 4 ring FLUH and PYR. While BaA 

and CHY were the prevailing 4 ring PAHs at site 4 Cams Mill, site 5 Wicor, site 7 PIP and at site 8 The 
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Hard. Statistically only FLUH and PYR were significant for summer (Table 3-11) but BaA was just 

above the p≤0.05 level (DF 3, H 7.53, p 0.057, n=32) for summer. 

 

Figure 3.13 Dissolved 5 ring PAH Distributions where n=1 so no error bars were calculated. The y axis is 
truncated to incorporate the summer peaks at Sultan Jetty, Wicor, PIP & The Hard (5 Ring group comprises 
BbF, BkF, BaP) 

Figure 3.13 displays the seasonal 5 ring PAH distributions across the sites. The 5 rings peaked during 

the summer at site 3 Sultan Jetty (518.78 ng L); site 5 Wicor (520.19 ng L); site 7 PIP (528.45 ng L) 

and site 8 The Hard (263.11 ng L) although none are annually recorded for Haslar (site 1), Gosport 

(site 2), Cams Mill (site 4) and (site 6) HMS Bristol. The summer peaks are driven by BbF while the 

autumn peak at PIP is also equally driven by BaP. Both of these 5 ring PAHs are significant for 

summer (Table 3-11).  
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Figure 3.14 Dissolved 6 ring PAH Distributions. Where n=1 so no error bars were calculated. The y axis is 
truncated to incorporate the summer peak at The Hard (6 Ring group comprises IDP & BgP) 

Figure 3.14 displays the seasonal 6 ring distributions in the harbour. The summer peak at site 8 The 

Hard is driven by BgP and may be due to the exhaust of a fast cat ferry. At the time of sampling a 

hazy oily smoke was observed from the ferry and BgP is considered a product of incomplete 

combustion of fossil fuel.  but generally, due to their high Kow coefficients, 6 ring dissolved 

concentrations were low across the seasons due to rapid partitioning out of solution.  

The results from the air pyrogenic and petrogenic fuel input inventory (Chapter 2) predict release 

of unburnt fuel through inefficient engines, bunkering and bilge from leisure traffic activity. Within 

the harbour, the summer PAH concentrations dominate at sites. Haslar (site 1), Gosport (site 2) and 

Wicor (site 5) marinas along with Sultan Jetty (site 3) are sites of leisure boating activity that is 

expected to peak in the summer.  The PAHs most associated with unburnt fuel are NAP, ACY, ACE, 

FLU & PHE (De Souza & Correa, 2016). Although there were the expected rises in 2 & 3 ring PAHs at 

the Haslar and Gosport marinas (sites 1 & 2) during the summer, the autumnal concentrations were 

larger. The increase in diesel associated PAHs was not confined to centres of recreational boating 

but were observed at the more commercial sites during the summer. The petrogenic fuel and 

pyrogenic air emission inventory (Chapter 2, Results) suggested that commercial traffic, particularly 

ferries and cruise ships were the greatest source of PM associated high ring PAHs in the harbour. 

These higher ring groups of 4-6 PAHs also increased during the summer throughout the harbour 

especially at the commercial sites.  
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Figure 3.15 Dissolved Anthracene Distributions. Where n=1 & AA =4. Error bars are standard error (n=4). Line 
indicates the WFD AA EQS 100 ng L 

The summer increase can be further explored by the 3-ring anthracene (ANT) (Fig 3.15). At all sites 

across the harbour there is a sharp summer peak in dissolved ANT with rising concentrations in 

spring. The large peak at Wicor (site 5) in spring may be accounted for by a recent partial dredge 

where sediment had been pushed to the end of the pontoon. One source of ANT is found in 

incomplete combustion of fossil fuels (NCBI, 2020). Its high concentrations across the harbour will 

be the result of increased summer activity in commercial and leisure marine traffic. Increased 

commercial activity is seen at PIP with an upsurge in cross channel ferries and cruise ships while at 

The Hard (site 8), increased ferry traffic to Isle of Wight is experienced. There is an upsurge in leisure 

boat activity in spring to peak in summer for both motorised and yachts at all marinas. Finally, ferry 

launches at Sultan Jetty (site 3) and the use of tenders with outboard engines transiting to and from 

swing moorings at Wicor (site 5) and Sultan Jetty (site 3) would all account for the increase of ANT 

into the water column. At Cams Mill (site 4) an increase in summer road traffic would have 

increased air exhaust particulates into the river and harbour.  Dissolved PAH concentrations can be 

informed by seasonal activity. Despite the short-lived presence of PAHs in the water column due to 

partitioning, photo degradation and tidal flushing there were clearly significant concentrations 

present over two sampling days in summer. Annual ANT dissolved concentrations are a good 

example of the unseen nature of chronic pollution. The Water Framework Directive has an annual 

average EQS for ANT set at 100 ng L for coastal waters. Within Portsmouth Harbour if error bars are 

taken into account, that value was met or exceeded.  

From the evidence supplied by seasonal dissolved PAH concentrations, marine traffic appears to be 

a source of chronic PAH input. 
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3.5.2.2 Sediment PAH Distributions  

All individual sediment data can be found in Appendix 2 (Tables 2-1 to 2-11).  

 

Figure 3.16 Sediment Total PAH Distributions. Where error bars are standard error (n=3 & AA n=4).  

Figure 3.16 displays the total PAH sediment distributions. A trend of increasing concentrations from 

west to east (the Gosport side to the Portsmouth side) can be observed in annual averages. From 

site 1 Haslar marina (337.85 ± 65.44 ng g); site 2 Gosport marina (383.14 ± 48.16 ng g); site 3 Sultan 

Jetty (582.60 ± 117.92 ng g); site 5 Wicor marina (616.63 ± 127.86 ng g); site 6 HMS Bristol (632.59 

± 51.20 ng g); site 7 PIP (740.80 ± 51.37 ng g) and site 8 The Hard (1000.86 ± 321.64 ng g). In contrast 

with the dissolved total PAH distributions, sediment total PAH distributions were significantly 

different for sites (Table 2-12) implying that location may have an impact on PAH distributions. 

Similar results of significance were found for 5 and 6 rings but none for 2 Ring NAP (Figure 3.17), 3 

(Figure 3.18) and 4 ring (Figure 3.19) PAH groups.  In figure 3.17 the 2 ring NAP distribution is 

seasonally dynamic but for location the annual average concentrations are similar from site to site 

~ 30-40 ng g except for HMS Bristol (site 6) AA of 64.24 ± 21.49 ng g to the unexpected low of The 

Hard (site 8) 25.12 ± 9.74 ng g.  
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Figure 3.17 Sediment 2 Ring Distributions. Where n=3 and AA =4. Error bars are standard error. 

 

Figure 3.18 Sediment 3 Ring Distributions. Where n=3 and AA =4.  Error bars are standard error). (3 Ring group 
comprises ACY, ACE, FLU, PHE & ANT) 
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Figure 3.19 Sediment 4 Ring Distributions. Where n=3 and AA =4. Error bars are standard error. (4 Ring 
group comprises FLUH, PYR, BaA & CHR)  

Figures 3.18 & 3.19 show increasing concentration trends in annual averages in 3 and 4 ring PAHs.  

3 ring concentration at site 1 Haslar marina (51.04 ± 15.03 ng g) rises inconsistently around the 

harbour to site 8 The Hard (144.33 ± 60.94 ng g). The observation is stronger for the 4-ring group 

(Haslar 138.32 ± 26.95 ng g to The Hard 492.18 ± 171.28 ng g). Despite the observed locational 

trend for 3 and 4 ring group PAHs it was not statistically significant at the p≤0.05 level (3 ring 

Kruskal-Wallis: DF 6, H 4.44, p=0.616, n=28; 4 ring Kruskal-Wallis: DF 6, H 10.47, p=0.106, n=28) 

 

Figure 3.20 Sediment 5 Ring Distributions. Where n=3 and AA =4. Error bars are standard error (5 Ring group 
comprises BbF, BkF, BaP) 

The 5 Ring group of PAHs (Figure 3.20) were just out of significance p≤0.05 level for location 

(Kruskal-Wallis: DF 6, H 12.23 p=0.057, n=28) and again there is an increasing trend in annual 
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average concentration following up from site 1 Haslar marina (62.18 ± 12.63 ng g) to site 8 The Hard 

(215.42 ± 62.33 ng g). The 5 ring PAH BaP was significant for site (Table 3-12) and was the prevalent 

5 ring PAH at these sites. That observation is carried on into the 6 ring PAH group. Figure 3.21 

displays the 6-ring group distribution across the sites. The increase in annual averages can be seen 

to still follow around the harbour (Haslar 44.86 ±9.03 ng g to The Hard 123.81 ± 34.93 ng g) as well 

as a pairing of seasonal distributions for Haslar and Gosport marinas (sites 1 & 2) that has been a 

reoccurring observation. 6 ring distributions were significantly different (Table 3-12) at the harbour 

sites driven by BgP. 

 

Figure 3.21 Sediment 6 Ring Distributions. Where n=3 and AA =4. Error bars are standard error. (6 Ring 
group comprises IDP & BgP)   

Table 3-14 Site Sediment PAH Significant Kruskal-Wallis Results. (Where p≤0.05, DF =6, n=28) 

Sediment PAH Statistical Result 

Total PAH  H-Value 8.96, P-Value 0.001 

6 Ring H-Value 12.69, P-Value 0.048 

Benzo(a)pyrene (BaP) H -Value 13.70, P-Value 0.033 

Benzo(g,h,i)perylene (BgP) H-Value 13.85, P-Value 0.031 

 

The petrogenic fuel and pyrogenic air emission inventory (Chapter 2, Results) suggested that 

commercial traffic, particularly ferries and cruise ships were the greatest source of PM associated 

PAHs in the harbour. Within the harbour this activity is located on the eastern Portsmouth side. The 

increase in hydrophobicity with PAH ring number may account for the distribution of the 3, 4, 5 and 

6 ring PAHs onto SPM to be deposited near to input. Resulting in statistical significance or an 
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observed increased concentration trend following around the harbour from site 1 Haslar marina to 

site 8 The Hard.   

In contrast to dissolved total PAH concentrations, sediment total PAH concentrations were not 

significant for season (Kruskal-Wallis: DF 3, H 2.21, p= 0.529, n=28). All rings followed a similar 

fashion with no significance for season except for the 2 ring NAP (Kruskal-Wallis: DF 3, H 15.27, 

p=0.002, n=28). In figure 3.17 NAP is seasonally dynamic. Concentrations appear to be at the 

highest level in spring then decrease in summer and autumn to build back up in winter. The 

chemical behaviour of NAP is driven by a low Kow coefficient and is one of the relatively more soluble 

PAHs and less environmentally persistent.  It has a volatile half live of 0.4-3.2 hours (CCME, 2008) 

and a microbial degradation rate of 17 days (Heitkamp et al., 1986). The concentration dynamism 

observed in NAP could be due to seasonal temperature changes (Table 3-13) that encourage or 

inhibit these sediment processes. NAP is quickly degraded or volatised during summer and autumn 

when sea temperatures are at the highest. That rate is slowed down or stopped during winter when 

sea temperatures are at the lowest to slowly warm back up in the spring resulting in a time lag of 

degradation and build up. 

Table 3-15 Seasonal Recorded Bottom Temperatures. Measured at time of sampling 

Season Recorded Bottom Temperature (oC) 

Winter 6.6 to 6.8 

Spring 9.9 to 12.3 

Summer 19.7 to 22.6 

Autumn 11.7 to 14.1 
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3.5.2.3 Dissolved and Sediment PAH Ring Distributions  

 

 

Figure 3.22 Stacked Seasonal Average Dissolved Ring Distribution Plot 

 

Figure 3.23 Stacked Seasonal Average Sediment Ring Distribution Plot 

Partitioning behaviour driven by ring hydrophobicity impacts on PAH distributions (Lamichhane et 

al., 2016) so a significant percentage of released PAHs are expected to be scavenged out by SPM to 

be accumulated into the sediment. Figure 3.22 & 3.23 display the harbour’s seasonal dissolved and 

sediment distributions split between ring groups and indicates that PAH distribution is partly 

constrained by ring hydrophobicity.  In figure 3.22 the seasonal dissolved ring proportions are 

dynamic while seasonal sediment (Figure 3.23) concentrations and proportions stay stable for 4-6 

ring groups while more variation exists in the two ring NAP and 3 ring groups. Seasonal harbour 

marine boat activity appears to impact on dissolved PAHs. The greater proportion of dissolved 2 
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and 3 rings in summer may be a reflection of fuel spills and inefficient outboard and onboard engine 

associated with an increase in recreational boat activity. For example, NAP has a small residence 

time in water due to its chemical structure. The two-ring configuration is quick to be degraded by 

photodegradation (5 hrs) or lost by volatilisation (0.4-3.2 hrs) (CCME,2008). Therefore, to find its 

presence in relatively large concentrations indicates significant inputs.  While the presence of the 

higher 4-6 rings in the water could be an indication of incomplete combustion from the increase in 

summer ferry traffic (Chapter 2, Results section). The 4, 5 and 6 ringed PAHs have lower solubilities 

and higher Kow coefficients resulting in their fast partitioning out of solution onto SPM to be 

deposited as sediment. Consequently, to find significant seasonal results for dissolved 4-5 rings 

would indicate frequent exhaust combustion PM.  

No significant correlations were found between dissolved and sediment PAH concentrations for all 

ring groups and Total PAHs. The water column and sediment PAH concentrations were found not 

to have any direct relationship. The lack of PAH distribution correlation between the two is 

expected. The dynamism of dissolved PAH distributions indicates short residence times due to 

either tidal flushing and currents, volatilisation, biodegradation, photodegradation or partitioning 

onto SPM and deposition (Eggleton & Thomas., 2004). Dissolved PAH concentrations in the water 

column will be a consequence of not only direct input but from resuspension of sediments. 

Dissolved PAH enriched pore water and SPM adsorbed PAHs would be expected to be released into 

the water column through bottom currents, boat wakes and wave action (Roberts, 2012). Seasonal 

average sediment distributions in figure 3.23 can be seen to be stable for 6-4 rings that could 

indicate chronic accumulation through low degradation rates resulting in environmental 

persistence. 

In 2012 a pre-screening of harbour sediments was conducted as part of the EIA capital dredge in 

Portsmouth Harbour. The screening was to assess if the resuspended sediment would cause a 

potentially hazardous plume and for an application to dispose the dredged material at sea. Two 

sites from the pre-dredging sampling schedule were in near proximity to The Hard and Gosport 

marina sites from this thesis. The results for total PAHs are shown in Table 3-14. The results from 

this research are reported as a range from lowest to highest. In 2012 at both sites the sediment 

concentrations were found to be higher than those found in this 2017/18 sampling. That may be 

due to the dredging samples were collected from the navigational channel and presumably could 

have higher PAH inputs and contamination or the level of concentrations in the harbour are 

declining.  
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Table 3-16: Site Comparison for Sediment Total PAH Between EIA Dredge Screening & Thesis Results 

Gosport site The Hard Site 

This Thesis (ng g) EIA Screening (ng g) This Thesis (ng g) EIA Screening (ng g) 

275 to 539 850 196 to 1251 8900 

 

Any individual PAH concentration above Cefas Action Level 1 of 0.1mg kg requires further 

investigation before a licence for disposal at sea is released. For comparison and as a guideline to 

assess the levels found in this research table 3-15 displays those sites and individual PAHs that 

exceeded the 0.1mg kg threshold. There appears to be a persistent level of FLUH and PYR at Wicor 

(site 5), PIP (site 7) and at The Hard (site 8). The Hard particularly stands out as a site of concern for 

3, 4, 5 and 6 ringed PAHs. 

Table 3-17 Portsmouth Harbour Sites Exceeding Cefas Action Level 1 

Sites Seasonal Concentrations Exceeded for 1 

PAH or More (PAH exceeded) 

Sultan Jetty Autumn (NAP, FLUH) 

Wicor Marina Autumn (FLUH, PYR) Winter (FLUH, PYR) 

HMS Bristol Winter (FLUH) 

PIP Summer (PYR) Winter (PYR) 

The Hard Summer (PHE, FLUH, PYR, BaA, CHR, BbF, BkF, 

BaP, IDP) Autumn (FLUH, PYR) Winter (PHE, 

FLUH, PYR, BaA, CHR, BbF) 

 

A further assessment can be made using the Canadian sediment guidelines (CCME, 2008). These 

sediment quality guidelines are useful for identifying environments that have the potential to 

adversely affect organisms. Table 3-3 of TEL and PEL levels are reproduced below.  

Table 3-3 Canadian Sediment Guidelines for TEL and PEL  

PAH TEL (ng g) PEL (ng g) 

Naphthalene (NAP) 34.6 391 

Acenaphthylene (ACY) 5.87 128 

Acenaphthene (ACE) 6.71 88.9 

Fluorene (FLU) 21.2 144 

Phenanthrene (PHE) 86.7 544 
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Anthracene (ANT) 46.9 245 

Fluoranthene (FLUH) 113 1494 

Pyrene (PYR) 153 1398 

Benz(a)anthracene (BaA) 74.8 693 

Chrysene (CHR) 108 846 

Benzo(a)pyrene (BaP) 88.8 763 

Dibenz(a,h)anthracene (DBA) 88.8 135 

 

Table 3-18 Comparison of Canadian Sediment Guidelines and Seasonal Harbour Sediment Concentrations 

Sites Seasonal Concentrations Exceeded TEL for 

1 PAH or More (PAH exceeded) 

Haslar Marina Spring (NAP) Winter (NAP) 

Gosport Marina Spring (NAP) Winter (NAP) 

Sultan Jetty Spring (NAP, ACE, FLU, FLUH) Autumn (NAP, 

ACY, ACE, PHE, ANT, FLUH) 

Wicor Marina Spring (NAP) Autumn (ACE, FLUH, PYR) Winter 

(FLUH) 

HMS Bristol Spring (NAP) Autumn (NAP, ACY, ACE) Winter 

(NAP, ACY, ACE) 

PIP Spring (NAP, ACY, ACE) Summer (ACY, ACE) 

Autumn (NAP, ACY, ACE) Winter (NAP, ACY, 

ACE, FLU, BaP) 

The Hard Spring (NAP) Summer (ACY, ACE, FLU, PHE, 

ANT, FLUH, PYR, BaA, CHR, BaP) Winter (ACE, 

FLU, PHE, FLUH, PYR, BaA, CHR, BaP) 

 

No harbour site went above the PEL threshold. All sites were above the threshold effects level in 

spring for NAP. The observation of high NAP levels in spring sediments has already been linked to 

frequent inputs, degradation rates and seasonal temperatures.  Harbour sites, in TEL exceedances, 

appear to become more impacted from least (Haslar and Gosport marinas, sites 1 & 2) to the most 

impacted (The Hard, site 8). That trend has already been identified through dissolved and sediment 

concentrations and is repeated in sediment quality guidelines. 
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Table 3-19 Comparison of Total PAHs in Portsmouth Harbour & European Harbours. 

Location Range (ppb) Reference 

Portsmouth Harbour 123 to 1907 This thesis 

Municipal Harbours Koper and 

Izola, Gulf of Trieste 

3528 to 4416 Bajt, 2014 

Naples Harbour, Italy 9 to 31,774 Sprovieri et el.,2007 

Municipal Ports, Italian 

Adriatic Coast 

90 to 21,500 Mali et al., 2017 

 

Comparing Portsmouth harbour’s PAH concentrations with other European ports and harbours 

(Table 3-17) that have mixtures of commercial and leisure marine traffic, it becomes clear that 

chronically contaminated sediments fall within a large range of concentrations. Although, 

Portsmouth harbour appears to be less contaminated, caution should be used when comparing 

with other ports. Firstly, most sites within the harbour undergo maintenance dredging that may 

impact on sediment accumulation and secondly, the results from the air emission and fuel input 

inventory predict that PAH concentrations are associated with marine traffic category and volume.  

3.5.2.4 Dissolved and Sediment PAH Transport Distributions  

 

 

 

 

 

 

 

 

 

Figure 3.24 Sediment Transport in Portsmouth Harbour. Red arrows indicate flow direction while size 
indicates strength of flow 

The harbour’s sediment transport is shown in Figure 3.24. The direction of flow is indicated by the 

red arrows and the thickness of the arrow indicates the magnitude of transport velocity (ABPmer, 
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2008). Bottom sediment and surface currents travel along on the longer flood tide up to the north 

end of the harbour near Wicor marina (site 5), where during slack water the fine sediment is 

deposited. Although the mudflats situated around Wicor and the north end of the harbour are the 

result of deposition, the area is not static. These mud flats undergo periods of active erosion from 

wind generated waves for at least 3 hours every low tide (Onabule, 2019). The production of SPM 

may not be fully exported out of the harbour on the short ebb tide (ABPmer, 2008; Royal Haskoning, 

2012).  Instead, the north end of the harbour may either act as a sink or circulate the fine sediment 

following the weaker sediment transport alongside the commercial and naval basins, jetties and 

berths.  

The previously observed trend of increasing PAH sediment concentrations on the eastern 

Portsmouth harbour sites may be explained in part by the tidal flushing (17 hr & 30 minutes), 

circulation and trapping of SPM. The eastern side of the harbour has been heavily modified by naval 

and commercial basins and jetties. These structures act as sinks for the SPM as evidenced by the 

need for maintenance dredging programmes.  It will be expected that the more hydrophobic higher 

weight PAHs on the Portsmouth side would not be transported far from their source once adsorbed 

onto the available SPM. Therefore, both the availability of SPM, the trapping of infrastructure and 

the production of PAHs from commercial marine traffic all result in the accumulation of sediment 

PAHs. The impact of port infrastructures on decreased flushing, sediment and PAH accumulation 

were found along the northern (Bajt, 2014) and Italian (Mali et al., 2017) Adriatic Coast and in 

Spanish marinas (Gomez et al., 2017). The trend in increased dissolved concentrations alongside 

this part of the harbour can also be explained by the sluggish currents and by summer activity, for 

example while sampling at The Hard, a fast cat ferry was berthed while taking on passengers. It was 

noted at the time the oily sheen and the smoky discharge originating from the vessel.    

 

3.5.2.5 Implications for Harbour Management 

Within this study PAH sediment concentrations were found to vary across sites which has 

implications for extrapolating sediment quality from other harbour locations. At present 

maintenance dredging is carried out within the main shipping channels, some marinas, PIP, Isle of 

Wight ferry and naval berths. Sediment quality is monitored at these sites every few years in 

application for a disposal at sea licence. These analyses have shown a decline in PAH contamination 

over the years but because of active dredging, these sites will not be representative of the harbour. 

The outlying areas in the north for instance, are not dredged so accumulations of PAHs at these 

sites could be at greater concentrations. Therefore, sediment quality assessment should be made 

at the appropriate site of concern and not be reliant on generalised dredging or prior EIA screening 
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investigations for other sites. Dissolved PAH concentrations and sediment concentrations at the 

same site were not correlated to each other. Therefore, when assessing a site both sediment and 

water ought to be analysed because water concentrations are not an indication of sediment quality. 

Dissolved PAH concentrations were also shown to be seasonally driven so seasonality ought to be 

a consideration in any sampling schedule. Any harbour development of leisure or commercial boat 

infrastructure should take into account the sediment transport system. Areas of concentrated boat 

activity such as marinas, will release PAHs to potentially accumulate in areas of sediment 

entrapment. Within Portsmouth Harbour those areas of sediment and PAH accumulation are 

located in the north creek of Fareham and Wicor and along the Portsmouth eastern side. The 

majority of the unburnt fuel input originated from the leisure sector through the use of inefficient 

engines. A solution to limit this volume would be the adoption of a yearly M.O.T type of certification 

that would cover engine emissions for onboard and outboard engines. This would have the effect 

of taking out of use any old polluting outboards while maintaining engine efficiency. A further 

management proposal may be to investigate the environmental sensitivity of a port and harbour 

and calculate a marine traffic capacity based upon the volume of emissions and fuel inputs. That 

could place limits on the number and size of passenger and cruise ships and the number of marinas.  

 Conclusions  
It was hypothesised that Harbours and ports receiving chronic PAH inputs would result in 

chronically contaminated sediments. Results from the air emission and fuel input inventory 

(Chapter 2) predicted that Portsmouth Harbour received chronic hydrocarbon inputs. Despite 

identifying recreational craft as the source for much of the unburnt fuel inputs into the harbour, no 

accumulation of PAHs associated with diesel were found in the marinas during peak activity. As 

expected, dissolved PAHs quickly dispelled from these areas unless adsorption and entrapment 

occurred. The dissolved PAH distributions in the harbour were found to be well mixed and can be 

explained by seasonal marine activity if not location, with predictable peaks of 2-6 rings in summer 

from fuel spills and marine engine exhaust. The water quality in Portsmouth harbour is dominated 

by summer marine traffic. For example, during the sampling campaign, dissolved levels for ANT 

exceeded the WFD levels for annual averages at all sites with summer inputs causing the 

exceedance.   

The air emission and fuel input inventory identified commercial traffic particularly ferries, as the 

greatest source of incomplete combusted PAHs. That was confirmed with larger concentrations of 

higher ringed PAHs in sediment located near to commercial marine activity. Sediment 3 to 6 ring 

PAH concentrations did not change with season but remained stable throughout the year implying 

that chronic releases may result in accumulate. Dissolved concentrations of PAHs did not 
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correspond to concentrations found in the sediments. There was a disconnect between input, 

water column and sediment PAH concentrations throughout the harbour.  

Within Portsmouth harbour those areas of accumulation are within the busy commercial port, naval 

docks and ferry terminus where structural modifications have interrupted tidal flow causing 

sediment traps for PAH loaded SPM to settle. Within Portsmouth Harbour, location activity, 

sediment transport and PAH hydrophobicity all impact sediment PAH concentrations. Comparison 

with SQGs would indicate that the chronic impacts into the water column may result in chronic PAH 

contamination at vulnerable sites such as The Hard (Site 8). The results from the environmental 

sampling have been put into a schematic synthesis diagram in figure 3.25. 

  

Figure 3.25 Schematic Diagram showing dynamic water column reflecting seasonal inputs, physical and 
chemical processes. Elements in red are the chapter’s contribution 
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 Mesocosm Experiments 

 Introduction 
The petrogenic and pyrogenic hydrocarbon inventory for Portsmouth Harbour predicted that the 

harbour received chronic PAH inputs from marine traffic (Chapter 2). The environmental sampling 

highlighted the presence of dissolved PAH inputs throughout the year to peak in summer with 

marine traffic activity. Sediment sampling indicated a HMW PAH accumulation in areas of high 

commercial traffic activity and low tidal flow (Chapter 3). Together with SQGs comparisons the 

dissolved and sediment PAH distributions appear to indicate that Portsmouth Harbour may be 

experiencing sediment chronic contamination. Therefore, posing a risk to the ecosystem. Yet it is 

the catastrophic release of fossil fuel from ships and the oil industry into the marine environment 

that are well publicised and not the ‘unseen’ chronic releases. The sight of a stranded vessel 

breaking up on a rocky shore surrounded by a dark sea of oil is understood to be an environmental 

disaster. Yet these acute events, vastly damaging at first, are now known to be environmentally 

recoverable. Scientific monitoring at the wreck sites of Hebei Spirit, Tasman Spirit and Prestige have 

revealed that heavily TPH and PAH polluted sediments recover within 1 to 10 years to background 

concentrations (Kahkashan et al., 2019; Lee et al., 2019; Morales-Caselles et al., 2007). Contrary to 

the idea that large acute oil releases are the most damaging to ecosystems long term, it may be the 

frequent operational volume releases experienced within harbours and ports that may pose the 

greater environmental threat. These continuous inputs of oil and combustion products from 

industry, marine traffic and surrounding urban areas result in long term chronic PAH contamination 

(Morales-Caselles et al., 2007). Indeed, comparisons made between wreck sites of Prestige and 

Tasman Spirit with unaffected nearby ports have reported that after 4 to 11 years later, the ports 

are more contaminated with PAHs than the vessel wreck sites (Morales-Caselles et al., 2007; 

Kahkashan et al., 2019).  Kahkashan et al. (2019)’s evaluation of The Tasman Spirit’s acute oil release 

reported that 11 years later not only had PAH sediment contamination declined by 45 times but 

also a change in the composition of the PAHs had occurred. At the time of the oil slick the PAH ring 

distribution was equal with no individual ring dominating but 11 years later this had changed to 2 

and 3 ringed NAP and FLU dominating the PAH contamination. Their comparison of Karachi 

Harbour’s chronically contaminated sediment by PAHs showed these were dominated by 4-6 ringed 

PAHs. Similar accumulations have been observed elsewhere (Mali et al.,2017; Neira et al.,2017) 

Within Portsmouth Harbour sediments, 4 to 6 rings were observed to be the most abundant and 

stable (Chapter 3). So, chronic hydrocarbon inputs could result in a steady accumulation of 4-6 

ringed PAHs while in acutely affected sediments, the same PAHs undergo a steady decline to 

background levels.  
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The importance of organic matter (OM) to constrain PAH behaviour has been well researched 

(Hatzinger & Alexander, 1995; Hiller et al., 2008; Karickhoff, 1984; Karickhoff et al., 1979) Although 

sorption is the main physical chemical process affecting the transport, bioavailability and 

biodegradability of PAHs in sediment, it is the PAH’s aqueous phase properties that drive adsorption 

and not the sorbent (Means, 1995). In other words, all PAHs have the same affinity for OM but it is 

the PAH’s affinity for water that determines differences in adsorption behaviour. NAP and the 5 

ring BaP were studied in adsorption experiments using green algae as the sorbent. Both PAHs 

readily adsorbed onto the OM but whereas 80% of BaP had absorbed only 50% of the NAP had. The 

differences were due to the PAHs individual Kow coefficients (BaP=6.11; NAP=3.36) (Zhang et al., 

2019a). Furthermore, the solubilities and coefficients  will change under environmental conditions 

that include temperature, salinity (Hiller et al., 2008; Means, 1995; Tremblay et al., 2005)  and mass 

transfer equilibrium (Johnsen et al., 2005).  

 PAH adsorption and entrapment within organic matter and mineral micro pores form a 

sequestered non-bioavailable fraction that increases with time (Bogan & Sullivan, 2003; Haritash & 

Kaushik, 2009) and exhibit slow or resistance to desorption and degradation (Kan et al., 2000; Reid 

et al., 2000). This ageing process produces a biphasic or ‘hockey stick’ degradation curve and is 

exemplified by a short and fast dissipation period at the start of contamination followed by a long 

slow decrease. Although ageing and degradation rates have been observed and quantified for many 

PAHs within different sediment types and organic content, it must be noted that much of that 

research has been conducted on freshly PAH spiked sediments or from the monitoring of recent 

accidental oil spills (Deary et al., 2016; Jin et al., 2012). There is a lack of research conducted on 

PAH sequestration rates within chronically contaminated sediments characterised by continuous 

input as found in industrialised ports. 

There is an existing body of research that has investigated microbial degradation PAH rates and 

their kinetic orders under aerobic and anaerobic conditions (Coates et al., 1997; Dell’Anno et al., 

2012; Heitkamp et al., 1987; Lu et al., 2012; Santisi et al., 2019; Zhang et al., 2019b). Table 1-3 is 

reproduced in Table 4-1 displaying a selection of biodegradation PAH rates. At one time, PAH 

degradation was thought to occur only under aerobic conditions resulting in PAH accumulation and 

sequestration in anoxic sediments. That understanding has now been challenged with field and 

laboratory evidence confirming anaerobic degradation (Foght, 2008; Lu et al., 2012; Nzila, 2018; 

Zhang et al., 2019b), although aerobic biodegradation is still acknowledged to be the most efficient 

(Militon et al., 2015; Quantin et al., 2005). The majority of these are by necessity, controlled 

microcosm experiments utilising well homogenised media and selected microbial inoculations. The 

identification of microorganisms, metabolic pathways, transformation products and enzymes 
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utilised to degrade PAHs is currently a fast-evolving area of study and debate (Lee et al., 2017; Liang 

et al., 2014; Qin et al.,2017).  

Table 4-1 Biodegradation rates for PAHs from literature 

Oxygen state PAH Rate/degree of loss Author 

Aerobic Spiked NAP Mineralisation rate 
2.9% per day 

Half-life 2.4 weeks or 
17 days 

Heitkamp et al., 1986 

Aerobic Spiked FLUTH 91.78 % after 25 days Jin 2017 
Aerobic Spiked ANT and NAP Rate NAP 11.70-

8.46% per day 
mineralisation 

ANT 0.03-1.60% after 
7 and 14 days 

Bauer & Capone, 
1988 

Aerobic 2-3 Rings after spill Rate 0.01-0.09 day 
after 5 months 

Hinga, 2003 

Aerobic Following spill 4-6 
ring 

Half-live 0.12-0.70 
year 

Sharma et al.,2001 

Anaerobic  Spiked NAP & PHEN 
Under sulfur reducing  

conditions 
 

60% NAP, 30% PHEN 
in 45 days 

 

Rothermich et al., 
2002 

Anaerobic Chronic ACE, FLU, 
PHEN, ANT, FLUTH, 
PYR, BaA, CHY, BbF, 

BkF & BaP 
Under sulfur reducing 

conditions 

2-86% loss in 220 
days 

9-89% loss in 338 
days 

Rothermich et al., 
2002 

Anaerobic Spiked NAP, PHEN, 
FLU & FLUTH 

Under sulfur reducing 
conditions 

60-120% loss in 37 
days 

Coates et al., 1997 

Anaerobic Spiked NAP, PHEN 
(LW) PYR, BaP (HW) 

LW=55-62% 100 days 
HW=18-30% 100 days 
0.0086-0.0118 k (day) 
58.74-80.60 (half- life) 

Zhang et al., 2019 

Anaerobic Spiked 16 PAH 2-3 ring 41-58% 30 
days 

4 ring 42-55% 30 days 
1st order 2-3 rings 

1.62 x10-2 to 2.77 d-1 
k1 

0 order 4 rings 1.26 to 
1.62 mg/kg/d 

2-3 ring half-lives 
25.0-42.8 days 

4 ring half-lives 31.6-
40.3 days 

Lu et al.,2012 
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There exists considerable research focus on decay rates, decay pathways and whether HMW PAHs 

can be fully biodegraded under anaerobic environmental conditions (Foght, 2008; Haritash & 

Kaushik, 2009; Nzila, 2018; Zhang et al., 2019b). There is now growing evidence to suggest that the 

partial biodegradation of HMW PAHs produce LMW PAHs. For example, PHEN and PYR from B(a)P 

(Liang et al., 2014; Qin et al., 2017) and NAP from PHEN (Lee et al., 2019) have been shown to date. 

By necessity, most mineralisation experiments will be spiked with known PAH concentrations so 

rates and extents of chronic polluted sediments for biodegradation are limited. Therefore, 

questions remain what extent of biodegradation would occur in sediments with a mixture of recent 

and long-term PAH contamination.   

The aim of this chapter is to explore the differences in accumulation and degradation rates and 

extents in sediments impacted by chronic & acute PAH contamination. It is hypothesised that 

sediments become chronically PAH contaminated because the frequency of input outpaces 

degradation rates. To determine theses impacts, a 6-month mesocosm incubation was undertaken 

using environmentally relevant levels of contamination.  

  Method 

The use of mesocosms as experimental tools in environmental research have increased in 

popularity over the last 20 years (Sharma et al., 2021). A mesocosm can be defined as an 

experimental system that simulates the natural environment under controlled conditions. An 

advantage of a mesocosm design is the addition, controlling and sampling of pollutants that cannot 

be released directly into the environment. Furthermore, as a hybrid between laboratory controlled 

and field experimental design any parameter of interest can be controlled under near as possible 

natural environmental conditions. Mesocosms vary in design dependent on the experimental 

outcomes but all are artificially enclosed structures that incorporate some form of electrical and 

mechanical components to mimic natural processes. They have been successfully used to examine 

the implications of heavy metals (Cardoso et al., 2008; Mayor et al., 2013; Tsagaraki et al., 2013) 

ocean acidification (Gazeau et al., 2017) and oil spills (Cappello et al., 2007; Genovesa et al., 2014) 

in marine ecosystems.  

A laboratory sited mesocosm design was used to simulate Portsmouth Harbour’s chronic and acute 

hydrocarbon inputs and sediment dynamics over a 6-month period. The annual spill and emission 

volumes from chapter 2 were used to provide an environmentally relevant volume of inputs for the 

experiment. This volume was halved to represent half a year then scaled to the surface area of each 

mesocosm. This volume was further divided into 1/26th weekly portions to represent frequent 

inputs while the whole 6 month scaled volume represented a large spill.  
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4.2.1.  Mesocosm set up 
 

                                         

Figure 4.1 Mesocosm Set Up (a) Portsmouth International Port. Collection site for mesocosm sediment and 
water (b) Water collection (c) Sediment collection (d) Surface of mesocosm after setting (e) Final mesocosm 
incubation set up. 

Sediment and water were collected from a previous Portsmouth Harbour sampling site (Site 7), 

Portsmouth International Port (Fig 4.1a). The site was chosen due to the logistics of collection 

access. The collection site lay adjacent to a parking bay so necessitating a short walk with minimal 

manual handling of the filled tanks and carboys for transport to the university. Furthermore, on 

previous sampling PIP’s sediment and water quality was considered to be representative of the 

harbour as a whole. The use of actual harbour sediment and water as opposed to artificial seawater 

and sediment strengthens the environmental relevance of the mesocosms for example, the 

inclusion of autochthonous microbial communities and organic matter.    

Unfiltered seawater was decanted from a bucket into clean three 20 L carboys that had been 

previously rinsed with seawater and discarded (Figure 4.1b). Sediment was collected by a Van Veen 

grab to fill three 45 L stack lidded plastic storage boxes (Culec) to approximately 6cm deep (Fig 

a 

b c 

d e 
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4.1c). Each storage box became a mesocosm representing acute, chronic and a control. Mesocosm 

A (acute) would receive the whole 6 months’ worth of inputs and represented a one-off spill. 

Mesocosm B (chronic) would receive the weekly 1/26th dose of inputs while mesocosm C was the 

control and would receive no hydrocarbon inputs. 

The mesocosms were set up and kept in a dark, temperature-controlled room (15oC± 20C). The 

temperature was chosen to represent warm spring and autumn temperatures that would support 

microbial degradation while limiting seawater evaporation. Hydrocarbon volatilisation in warm 

temperatures was a further consideration for the small hydrocarbon volumes added to the chronic 

mesocosm. It was accepted that some volatilisation would occur but the extent would be controlled 

in lower temperatures. The chosen temperature was also constrained by what could be achieved 

by the provided unit. The experiments were kept in the dark to stop photodegradation. 

 To each mesocosm 15L of the collected seawater was added. The remaining water was aeriated 

with a pump (Hidom, 4.0w) and air stones then the mesocosms were left over night to settle (Fig 

4.1d). In the morning the water depths were checked and adjusted with seawater to bring the water 

depth to 9-10 cm. A static water depth was required to represent subtidal conditions. To simulate 

the oxygenated water column and surface sediment found in the harbour each mesocosm was 

aerated. A 9 cm depth allowed for the addition of air stones to oxygenate the water without air 

bubbles causing sediment resuspension with the sediment. Two air lines with stones were taped 

between the waterline and sediment surface then attached to further 4.0w air pumps. To simulate 

a tidal flow, a 6-channel peristaltic pump was set up with purple-white 2 bridge Tygon tubing (Seal 

Analytical). Each mesocosm had two circulation lines taped into place to circulate the water once 

every 2 days.  Figure 4.2 shows in plan and cross section the dimensions of each mesocosm.  
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Figure 4.2 Mesocosm Dimensions (a) plan view (b) Cross section 

 

Two 8cm deep sediment cores from each mesocosm were taken at each sampling point to provide 

temporal and spatial information on PAH accumulation or loss within surface (oxic) and subsurface 

(anoxic) sediment.  

 

4.2.2.  Preparation of fuel and combustion blend (Hydrocarbon Blend) 

Figure 4.3 Hydrocarbon Mixture for Mesocosm Dosing 

The hydrocarbon blend to be used within the mesocosms was made up of red marine diesel, 

unleaded petrol, motor oil and benzo(g,h,i)perylene (BgP) (Fig 4.3). The red diesel and unleaded 

petrol volumes represented the un-combusted fuel (petrogenic) entering the marine environment 

as a consequence of marine traffic activity. Motor oil was assumed to be an input following the 

petrogenic and pyrogenic inventory and was confirmed by the observation of a motor oil spectral 

fingerprint in the screening sediment samples for total petroleum hydrocarbons (TPHs). Figure 4.4 

shows a TPH chromatogram from Gosport Marina, the motor oil hump is indicated.  Motor oil was 

added into the hydrocarbon mixture to represent bilge and engine waste water. The PAH BgP was 

added as a proxy for PAH pyrogenic emissions as firstly, it is only created within engine combustion 

processes (Kado et al., 2000; Ravindra et al., 2008) and secondly, as a HMW PAH it freely adsorbs 

27.5 cm 

40 cm 

Sediment depth 6 cm 

Water column depth 9 cm 

b 
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onto engine emitted particulate matter (Gregoris et al.,2015; King et al., 2004) and lastly, it 

represents the persistent nature of the HMW PAHs (Shahsavari et al., 2019). 

Figure 4.4 Gosport Marina TPH Chromatogram Displaying Characteristic Motor Oil Hump 

Red marine diesel and unleaded petrol were collected from a marine fuel pontoon within 

Portsmouth Harbour.  A diesel mineral engine oil (Daytona 15w-40) was purchased locally and 25 

mg BgP from Sigma-Aldrich.   

In chapter 2 ‘Portsmouth Harbour Inputs’ petrogenic and pyrogenic inputs were calculated for 

Portsmouth Harbour (Chapter 2, Results Section Table 2-7 & Table 2-8). The final volumes included 

marine traffic and road run off to provide an environmentally relevant concentration for mesocosm 

incubation and resuspension experiments. Initially, the calculated Portsmouth Harbour petrogenic 

and pyrogenic inputs were to supply the experimental hydrocarbon volumes. The calculated 

Portsmouth volume of unburnt marine gas oil or diesel (MGO) was increased by 800,000 L this 

volume was taken from reported discharges in Southampton and Liverpool Ports (ACOPS, 2010-

2014). It is acknowledged that these are large container cargo ports (Table 4-2) and therefore not 

truly representative of Portsmouth inputs but experimentally the input volume had to be large 

enough to be detected above MDL. This was of particular concern for the chronic mesocosm that 

was to receive weekly 1/26th of the whole volume.  

Table 4-2  Portsmouth Harbour Calculated Fuel & Combustion BgP Totals.  

Pollutant  Calculated annual value(rounded) 

BgP 170 kg  

MGO *809126 L 

Unleaded Petrol 15488 L 

* This value is for larger container ports following data from ACOPS 2010-2014 

1 0 . 0 0 1 5 . 0 0 2 0 . 0 0 2 5 . 0 0 3 0 . 0 0 3 5 . 0 0

2 0 0 0 0 0

4 0 0 0 0 0

6 0 0 0 0 0

8 0 0 0 0 0

1 0 0 0 0 0 0

1 2 0 0 0 0 0

1 4 0 0 0 0 0

1 6 0 0 0 0 0

1 8 0 0 0 0 0

2 0 0 0 0 0 0

2 2 0 0 0 0 0

2 4 0 0 0 0 0

2 6 0 0 0 0 0

2 8 0 0 0 0 0

3 0 0 0 0 0 0

3 2 0 0 0 0 0

3 4 0 0 0 0 0

3 6 0 0 0 0 0

3 8 0 0 0 0 0

4 0 0 0 0 0 0

4 2 0 0 0 0 0

4 4 0 0 0 0 0

4 6 0 0 0 0 0

4 8 0 0 0 0 0

T im e - - >

A b u n d a n c e

T I C :  g m 1 0 a . D \ d a t a . m s

Motor oil Hump 
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Calculations to determine fuel and emission volumes and masses to mesocosms 

Formula for diesel and petrol 

                         Mv =(
𝑇𝐹𝑑,𝑝

𝐴ℎ
 𝑥 0.001) 𝑥 𝐴𝑚  

Where: 

Mv (ml) = Mesocosm volume  

TF d,p  (L yr)  =  Calculated total fuel input  

Ah (km2) =Surface area of harbour 

Am (m2) = Surface area of mesocosm 

 

Formula for BgP 

                       Mm =(
𝑇𝑒

𝐴ℎ
 𝑥 0.001) 𝑥 𝐴𝑚 

Where: 

Mm (g) = Mesocosm mass 

Te (kg yr) = Calculated total emission input  

Ah (km2) =Surface area of harbour 

Am (m2) = Surface area of mesocosm 

Using formulae, the calculated harbour inputs were scaled down to produce a volume for diesel 

and petrol and a mass input for BgP. The mesocosm experiment ran for 6 months, therefore these 

totals were further halved and Table 4.3 shows the calculated volumes and masses. 

Table 4-3 Final Fuel and BgP Volumes to Mesocosms  

 Volume (µl) Final Volume*1.3(µl) 

Red Marine Diesel 57501 7475 
Unleaded Petrol 120  156 

B(g,h,i)P 2502 325 
Motor Oil 33  43 

Total volume 6153  
   

1volume excludes 250ml that BgP is dissolved in. 2 equalling 1.25 mg  

25 mg of BgP was dissolved into 5ml red diesel to produce a concentration of 5 mg ml-1. 250 µl was 

taken from this stock which equated to the calculated mass of 1.25 mg. 
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The motor oil volume was arrived at by matching the area of the motor oil hump (retention time 

20-30 minutes) of Gosport Marina, Portsmouth harbour chromatogram showing a motor oil input 

with a chromatogram of a TPH 100ng ml standard, produced from 0.012µl of motor oil (Appendix 

4). A simple calculation using the sediment surface 2cm of a mesocosm divided by 3g sized sample 

multiplied by 0.012µl gave a volume of 33µl of motor oil to be added to the fuel mixture 

Mmo (µl) = (
8448 𝑔

3 𝑔
)  𝑥  0.012 

 

Due to these compounds’ viscosity, diesel, petrol, BgP and motor oil volumes were increased by a 

factor of 1.3 to account for any loss to glass vial surfaces and pipette tips during storage and 

addition to the mesocosms. Table 4-2 shows the revised volumes with the factored in loss.  

2 x 10ml glass vials were washed in decon, rinsed with distilled water and then acetone. The 

mesocosm fuel mixture was dispensed following the volumes in table 4.3 into each vial. One vial 

for the acute addition while the other vial was for the chronic addition.  

4.2.3.  Oil Addition Method Trials 

Fuels are immiscible liquids containing hydrophobic compounds that will not mix easily into water.  

For any incorporation of the fuel into the sediment to occur this hydrophobicity would need to be 

accounted for. A method using dried sediment that had been pre-dosed with fuel was tested for its 

suitability for volatile retention and incorporation into the mesocosm sediment.   

Trial 1: Static or agitation incorporation 

A glass beaker was filled with seawater to depth of 9cm. This depth was the same as the water 

depth in the mesocosms. Extra sediment taken at the time of bulk collection for the mesocosms 

was dried at 105oc. 1g of dried ground sediment (<63 µm) was added to the surface of the water 

and left. After 24 hours the sediment had still not fully settled onto the beaker bottom but was 

observed to be floating as an ‘Island’ on the water surface. 

The trial was repeated but this time agitation was supplied by using a stirrer to incorporate the 

sediment into the water column. After 24 hours the sediment had fully settled onto the beaker 

bottom. 

Trial 2: Pre-dosed dry sediment or liquid fuel addition 

Into a glass beaker 6ml diesel and 120µl petrol were added to 26g of pre-dried, ground and sieved 

sediment (<63µm).  The 26g mass of sediment in the trial was chosen for practical considerations 

of using 1g per week to dose the chronic mesocosm. Once the fuel volumes had been added the 
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volume was made up to 20ml with distilled water and mixed into a homogenous paste. 20ml was 

approximately the volume needed to ensure a slurry. The mixture was placed under a fume hood 

with a perforated aluminium lid. The lid was a compromise between allowing some evaporation of 

the water and reduction of fuel volatiles. After 24 hours it was observed that the fuel had split from 

the sediment. Water was rejected as a solvent to distribute the fuel and sediment. As a 

consequence, the frozen portion was not extracted and analysed for concentration level. 

A second test was carried as above but this time the volume was made of acetone (C3H6O). 24 hours 

later the acetone had vented off leaving behind dry sediment. This was wrapped in aluminium foil 

and frozen for storage before extraction, analysis and quantification.   

The test results after extraction, clean up and GCMS quantification revealed that this method of 

pre- dosing sediment with fuel was inefficient. A TPH retention of <5% was observed. As a 

consequence, the method of pre-dosing dried sediment with fuel to apply as a concentration per 

mass was rejected.  

Trial 3: fuel and sediment incorporation 

Into a glass beaker 6ml diesel and 120µl petrol were added to 150ml seawater. 10g dried ground 

sediment (<63µm) was sprinkled on top of the water surface and stirred then diesel was added.  

Within 24 hours the fuel and sediment had been deposited to the beaker’s bottom.  

Consequently, agitation would be required to incorporate the sediment and the fuel blend would 

have to be added from a pipette directly onto the water surface. It was decided that the use of 

dried sediment was not needed as a light resuspension of the sediment surface would have the 

same effect and would simulate real processes.   
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4.2.4.  Mesocosm Sampling 

Prior to sampling, 2 grid coordinates (x axis from 1-8 & y axis 1-12) were generated for 5cm spacing 

by a random number generator (www.random.org). These would be for the core coordinates for 

samples from each mesocosm.  

 

 

 

 

 

 

 

 

 

 

Figure 4.5 Map Grid Method for Mesocosm Sampling. Grid coordinates for 2,2. 

 

Each tank was subdivided into 5cm along the x and y axis and labelled. The quadrant to be sampled 

was found using the marked perimeters with two pieces of string. One length to mark the x axis 

while the other length marking the y axis (Figure 4.5).  

Figure 4.6 Mesocosm Sampling (a) Corer (b) Sediment core with oxic and anoxic layers. (c) Anoxic layer 
extruded (d) Oxic layer extruded. 

y 

x 

a b 

c d 

http://www.random.org/
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Core samples were collected with a 100ml syringe (Fisherbrand) that was adapted by cutting off 

the nozzle leaving a cylindrical corer (Fig 4.6a). Two grid coordinates were generated for two cores 

for each sampling time point to ensure enough oxic sediment for analysis. Each core diameter was 

3cm but a 5cm grid division was adopted to ensure a sediment margin around the extracted core 

that lessened any boundary effects and to help maintain the structural integrity of the acute and 

control mesocosms.  

Prior to sampling the circulation pump was turned off, water pH, temperature and salinity were 

recorded (model 8371, AZ Instrumental Corp). This was to ensure that any re-suspended material 

did not clog up the narrow tubing in the peristaltic pump.  At each time point 2 cores were extracted 

from each condition. The core was gently and smoothly extracted from the sediment and a square 

of metal sheet was quickly placed over the exposed end to stop any core from escaping before 

being lifted through the water column. Once out of the water, the syringe was tipped upright while 

a sheet of aluminium foil was wrapped over the end and barrel to be placed in a labelled plastic 

bag.  All bagged cores were quickly taken to a laboratory to be prepared for storage and extraction. 

All core samples were taken before any fuel blend addition. To simulate fuel and PAHs SPM 

adsorption and deposition, the sediment surface (~2 mm) was lightly agitated to induce 

resuspension then the fuel blend was added.  A 237 µl portion of the fuel was added to the chronic 

mesocosm. This addition was repeated once per week for 26 weeks, while the total volume of 6153 

µl was added in one addition to the acute mesocosm. 

The cores were extruded and cut into oxic and anoxic layers. Sediment colour was used as a guide 

to separate the two zones (Fig 4.6 b,c,d). The oxic layers from both cores were quickly combined 

and placed in an aluminium foil pocket and sealed in a labelled plastic bag. By combining the two 

cores it gave enough sediment for analysis and by using cores from different parts of the mesocosm 

smoothed out sediment heterogeneity.  This was repeated for the anoxic layer. All bags were stored 

at -18o C. The peristaltic pump was restarted the next day after sampling. The water levels in all 

mesocosms were checked weekly and adjusted with distilled water or seawater according to salinity 

and pH readings.   

Samples were taken at time point 0, 1, 2, 4, 7, 14, 21, 28 days then every week to 13 weeks, then 

every two weeks to 22 weeks than monthly to week 26.  
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4.2.5. Extraction for PAH 

Extraction of PAHs followed the sediment method in section 3.4.2 and analysis on GC-MS followed 

as in Chapter 3 Section 3.4.2.  

4.2.6. Data Quality  
Unfortunately, extraction and subsequent analysis could not be fully undertaken due to the 

breakdown and subsequent decommissioning of the laboratory’s ASE at time point 9 (week 7). This 

was resolved by out sourcing the extraction and analysis with ACS Environmental Testing Limited, 

from time point 10 (week 8). ACS in-house extraction method is based on USEPA ultrasonic method 

3550c (USEPA, 2007c). The extraction solvents were hexane and acetone. Analysis was carried out 

on GC-MS. Two CRM samples were run by ACS alongside two sample runs.  Table 4-4 displays the 

CRM values obtained in the two different laboratories. It is can be seen that the two analytical 

methods used resulted in different PAH concentrations from the CRMs.  The values recorded by 

ACS laboratory, with the exception of FLU, were consistently higher than the University. In some 

cases, 16 times greater for BgP and 68 times greater for ACE. Therefore, to minimise any result 

variations triggered by two different laboratories and methods, CRM % recoveries were applied.  

Table 4-4 CRM values from University and ACS 

PAH IAEA-383 University Laboratory values (ng g) ACS values (ng g) 

  1 2 3 4 1 2 

NAP 96 102.63 47.91 58.42 101.14 320 330 

ACY 47 50.40 32.94 37.24 34.94 230 220 

ACE 16 25.47 16.37 14.59 13.20 890 760 

FLU 27 25.31 32.84 15.53 36.74 6 22 

PHE 160 159.83 134.57 95.28 120.17 420 330 

ANT 30 15.81 13.00 10.29 12.70 160 140 

FLUH 290 183.33 192.39 176.90 177.90 670 640 

PYR 280 185.61 156.76 159.51 154.30 730 470 

BaA 105 58.95 48.91 54.32 57.21 560 560 

CHR 170 111.16 89.56 96.36 98.37 160 210 

BbF 150 115.40 80.31 127.63 137.16 250 330 

BkF 73 100.53 68.26 112.47 116.97 140 130 

BaP 120 55.11 41.89 53.27 56.00 190 190 

IDP 150 78.93 50.40 55.87 74.41 1080 1000 

BgP 110 112.71 73.21 72.94 102.98 1220 1110 
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Table 4-5 displays the range of calculated percentage recoveries (CRM value lab / CRM value Ref * 

100). Each PAH concentration was then normalised to the appropriate recovery (CRM value lab 

*(100/CRM % recovery). It is this concentration that is reported.  

Table 4-5 CRM % Recovery Ranges (Minimum-Maximum %)  

PAH University ACS 

 CRM Recovery Range % CRM Recovery Range % 

NAP 49.90 - 105.35 333.33 - 343.75 

ACY 70.10 - 107.24 468.09 - 489.36 

ACE 82.53 - 159.16 4750.00 - 5562.50 

FLU 57.50 - 136.07 22.22 - 81.48 

PHE 59.55 - 99.89 206.25 - 262.50 

ANT 34.32 - 52.71 466.67 - 533.33 

FLUH 61.00 - 66.34 220.69 - 231.03 

PYR 55.11 - 66.29 167.86 - 260.71 

BaA 46.58 - 56.14 533.33 - 533.33 

CHR 52.68 - 65.39 94.12 - 123.53 

BbF 53.54 - 91.44 166.67 - 220.00 

BkF 93.51 - 160.23 178.08 - 191.78 

BaP 34.91 - 46.66 158.33 -158.33 

IDP 33.60 - 52.62 666.67 - 720.00 

BgP 66.31 - 102.46 1009.09 - 1109.09 

 

 4.2.7 Limitations of Experimental Design 
 

Originally, the sampling regime provided enough sediment to permit the oxic layer to be run in 

duplicate and the remaining anoxic sediment to be run in triplicate. All university run samples 

followed that plan but due to budgetary constraints those samples out sourced to ACS were run in 

singles. Singular point data then placed restrictions on the type of statistical analysis that could be 

performed and on the estimation of uncertainty. To give some estimation of uncertainty on plots 

an average percentage error was calculated from the CRM normalised data provided by the 

university run samples.  
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 Results 

4.3.1. Temperature 

The mesocosm experiment commenced in June 2018 and finished in November 2018 over a period 

of 26 weeks. The original experiment design specified a temperature-controlled room with an upper 

temperature set at 15 ± 2 oC. Unfortunately, the air temperature unit malfunctioned within a few 

weeks of starting, so the experiment continued under ambient temperatures. Point sampling of the 

water temperature taken at the time of core sampling was available for analysis. Both mesocosms 

(Fig 4.7) experienced similar water temperature averages (Mesocosm A: �̅� 23.6, �̃� 24.0 oC, n=19; 

Mesocosm B: �̅� 23.9, �̃� 25.0 oC, n=19) and ranges (Mesocosm A: 27.4-16.2 oC, n=19; Mesocosm B: 

27.6- 16.1 oC, n=19). The monthly temperatures built up in June to peak in July then a steady cooling 

to the coolest temperature in November (Table 4-6) 

 

Table 4-6 Mesocosm Monthly Temperature Averages & Ranges 

Month Mean oC Range oC  

Mesocosm A B A B 
June 25.2 25.7 23.1 - 26.3    23.3 - 26.6        
July 27.7 27.9 26.4 - 29.6 26.9 - 29.9 

August 24.7 24.8 23.5 - 27.4 23.6 - 27.3 
September 21.8 21.9 21.2 - 22.4 21.4 - 22.3 

October 20.4 20.3 20.3 - 20.4 20.2 - 20.3 
November 16.4 16.2 16.2 - 16.5 16.1 - 16.3 

 

 

 

 

Figure 4.7 Mesocosm Water Temperature, medians, ranges, upper & lower quartiles 
taken at time of sampling 
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4.3.2. Salinity 

 Both mesocosms (Fig 4.8) experienced similar water salinity averages (Mesocosm A: �̅� 35.3, �̃� 35.8 

PSU, n=19; Mesocosm B: �̅� 35.0, �̃� 35.2 PSU, n=19) and ranges (Mesocosm A: 31.7-36.7 PSU, n=19; 

Mesocosm B: 31.5- 36.6 PSU, n=19). The monthly averages and ranges are in Table 4-7 

Figure 4.8 Mesocosm Salinity (PSU) medians, ranges, upper and lower quartiles taken at time of sampling. * 
denotes outlier 

 

Table 4-7 Mesocosm Monthly Salinity Averages & Ranges (PSU)  

Month Mean PSU Range PSU 

Mesocosm A B A B 
June 33.8 33.4 31.7-35.1 31.5-35.1 
July 35.8 35.0 35.1-36.4 33.9-35.9 

August 35.9 35.4 35.5-36.3 35.0-36.1 
September 35.5 35.6 35.3-35.6 35.3-35.8 

October 36.0 36.3 35.9-36.1 36.2-36.3 
November 36.4 36.3 36.0-36.7 35.9-36.6 
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4.3.3. Organic Matter OM 
 

Due to the method of fuel addition a full set of OM data was not available for oxic layers. Every time 

a dose of oil was added, shallow stirring was applied to the sediment surface to ensure 

incorporation of the fuel blend into the sediment via SPM scavenging. The consequence of this 

method was an initially unconsolidated layer in A and a continuous unconsolidated oxic layer in B, 

that proved to be challenging to obtain enough sediment for analysis. 2 points were missing from 

A but the greatest loss was from B. 25% (5 samples) of OM data points are missing for mesocosm 

B’s oxic layer. It should be acknowledged that these missing data points may have a detrimental 

impact on some aspects of statistical analysis.  OM content (%) distributions as measured by loss 

on ignition, are shown in Figure 4.9 for mesocosm A & B averages (Mesocosm A oxic: �̅� 5.25, �̃� 5.28 

%, n=17; anoxic: �̅� 4.98, �̃� 4.94 %, n=18; Mesocosm B oxic: �̅� 5.43, �̃� 5.35%, n=15; anoxic �̅� 5.00, �̃� 

4.94 %, n=18). In general, the anoxic conditions were lower than the corresponding oxic layers but 

the organic content varied by less than 1% between all conditions. A 1-way independent ANOVA 

showed no significant difference in OM content between all conditions (n=4, p=0.086, where 

p≤0.05). 

OM content did significantly decline (p≤0.05) over time (Fig 4.10) in all conditions except B anoxic. 

Mesocosm A’s oxic layer recorded the greatest loss of 31% while in mesocosm B’s oxic layer a lower 

loss of 12% was seen. Both mesocosm’s anoxic conditions recorded lower losses of 8% and 9% in A 

and B respectively 
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Boxplot of Mesocosms A & B Organic Matter Distributions

Figure 4.9 Mesocosm Organic Matter % distributions, medians, ranges, upper & lower 
quartiles. 
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Figure 4.10 Mesocosm Scatterplots for OM% against Time (a) Pearson coefficient= -0.501, p=0.041, 

n=17, (b) Pearson coefficient =-0.471, p=0.048, n=18; (c) Pearson coefficient =-0.543, p=0.037, n=15. (d) 

Pearson correlation coefficient=-0.162, p=0.521, n=18, not sig)

a b 

c d 
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4.3.4. PAH Accumulation & Loss  

The full 6-month PAH concentrations (ng g) are in Tables 1 to 6 in Appendix 3. All mesocosms are 

shown from Day 1 after addition. The baseline concentrations before addition were subtracted to 

show the experimental PAH additions and   are displayed in tables 4-8 to 4-11. In all of the plots the 

total PAH change over time is also displayed for comparison purposes.  

Table 4-8 Mesocosm A Oxic Layer Baseline PAH concentrations 

 Total PAH 2 Ring 3 Ring 4 Ring 5 Ring 6 Ring 

Concentration ng g 1090.71 37.03 154.89 475.86 290.66 132.27 

 

 

Figure 4.11 Mesocosm A Oxic Total PAH & 2 Ring concentration change over time. Where error bars are 
average % error (2 ring 9.98% & Total PAH 5.29%). The 2 Ring group comprises of NAP only.  

 

Mesocosm A received the full volume of the oil blend in a single addition. In figure 4.12, total PAH 

concentration change over the first 5 weeks (Day 1 to Day 35) appeared to be partially driven by 2 

Ring behaviour. 98 % of Day 1 (1893.66 ng g) addition was lost from the mesocosm within 24 hours 

(21.73 ng g). There was a steady increase in total PAH concentrations to Day 21 then a sharp loss at 

Day 35 to below the baseline. From Day 35, Total PAH changes observed peaks and troughs ending 

in a below baseline negative loss from the mesocosm. A greater concentration of PAHs was lost 

from the mesocosm then was added. There was no significant correlation between total PAH 

concentrations and time at p ≤0.05 level probably due to the increases and loss seen from Day 35.  

2 Ring changes in concentration showed a 95% decrease from Day 1 (703.79 ng g) to Day 182 (10.23 
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ng g) punctuated with increases at Days 4,7 and 21. It appeared that the added 2 Ring NAP was 

quickly lost from the mesocosm within the first 24 hours followed by 5 weeks of dynamic generation 

and loss. After 5 weeks NAP formed a residual fraction with slight natural variation. The decline in 

2 Ring NAP concentration was found to be significant over time at p≤0.05 level (Spearman Rho: -

0.516, p=0.02, n=19).  

 

Figure 4.12 Mesocosm A Oxic total PAH & 3 Ring concentration change over time. Where error bars are 
average % error (Total PAH 5.29% & 3 Ring 5.07%). 3 Ring group comprises of ACY, ACE, FLU, PHE & ANT 

Figure 4.13 displays the concentration changes over the 6 months for the 3 Ring group of PAHs. A 

sharp loss of 93% of 3 Ring PAHs from Day 1 (784.60 ng g) to Day 2 (48.04 ng g) was followed by 2 

weeks of steady low concentrations to finish in an increase peak at Day 21 (403.56 ng g). A general 

trend of loss punctuated by peaks of increase dominate to the end of the experiment. At the end 

of 6 months the 3 ring PAH group were below the baseline indicating total loss of experimental 

addition as well as a fraction from the baseline.  Despite the observed loss over time, no correlation 

with time was found due to the variation in peaks and loss toughs. The 3 Ring concentrations appear 

to partially contribute to total PAH concentrations.   

The addition of 4 Ring PAHs (Figure 4.14) experienced a total loss by 24 hours. Generally, more 4 

Ring PAHs were lost from the mesocosm then added. Increase was observed at Day 14 and Day 21 

but these were quickly lost by Day 35. A trend of loss was observed but due to the variability in 

peaks no significant correlation with time was found.   
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Figure 4.13 Mesocosm A Oxic total PAH & 4 Ring concentration change over time Where error bars are 
average % error (Total PAH 5.29% & 4 Ring 8.33%). 4 Ring group comprises of FLUH, PYR, BaA & CHR. 

 

Figure 4.14 Mesocosm A Oxic total PAH & 5 Ring concentration change over time Where error bars are 
average % error (Total PAH 5.29% & 5 Ring 19.07%). 5 Ring group comprises of BbF, BkF & BaP 

 

5 Ring concentration fell 89 % from Day 1 within 24 hours from 141.31 to 14.60 ng g (Figure 4. 15).  

By Day 4 complete loss of experimentally added 5 Ring PAHs had occurred. Loss continued from the 

baseline sediment punctuated by periodic increases then loss throughout the remaining 25 weeks.   

A trend of decline from Day 1 to Day 128 exists but no significant correlation with time was found   
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Figure 4.15 Mesocosm A Oxic total PAH & 6 Ring concentration change over time Where error bars are 
average % error (Total PAH 5.29% & 6 Ring 6.93%). 6 Ring group comprises of IDP & BgP 

 

6 Ring PAH concentrations (Figure 4.16) fell by 74 % within 24 hours from an addition concentration 

of 197.61 ng g to 51.04 ng g. By Day 7 all of the addition had been lost. A general trend of loss over 

the 6 months was observed punctuated with a few increase peaks such as found at Day 21. Although 

by the end of 6 months loss was occurring from baseline sediment no significant correlation was 

found with time.  

In the oxic layer of mesocosm A there was a general observed trend of PAH loss over the 6 months.  

For all PAH ring groups, except 2 Ring NAP and 3 Ring, addition concentrations were lost within the 

first week.  That loss was not consistent with time instead a variable succession of peak increases 

followed by decreases were observed. With the exception of 2 ring NAP, there were no correlations 

with time due to these peaks but a paired T test was significant for Day 1 and Day 182 for all PAHs 

(T-Value 3.12, p=0.008, n= 15). PAHs declined over 6 months in mesocosm A’s oxic layer. 

In the anoxic layer of mesocosm A (Figures 4-17 to 4.21) a consistently observed large peak in PAH 

concentrations was observed at Day 7. All statistical analysis used Day 7 as addition concentrations  

Table 4-9 Mesocosm A Anoxic Baseline PAH concentrations 

 Total PAH 2 Ring 3 Ring 4 Ring 5 Ring 6 Ring 

Concentration ng g 885.97 18.83 101.28 446.57 222.15 97.14 
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Total PAH concentrations in mesocosm A anoxic layer (Figure 4.17) sharply decline by a third from 

2181.74 ng g to 751.32 ng g within a week. By Day 49 (week 7) all experimentally added PAHs had 

been lost from the sediment. No significant correlation with time exists for Total PAH despite the 

visual trend.  The 2 Ring NAP sharply declined over 6 weeks by 96% from Day 7 to Day 49, then 

became a steady residual fraction to Day 182. No significant correlation at p≤0.05 level was found 

despite a visual trend of loss over the 6-month experiment.  

 

Figure 4.16 Mesocosm A Anoxic Total PAH & 2 Ring concentration change over time Where error bars are 
average % error (2 ring 51.15% & Total PAH 39.95%). The 2 Ring group comprises of NAP only 

 

Figure 4.17 Mesocosm A Anoxic Total PAH & 3 Ring concentration change over time. Where error bars are 
average % error (Total PAH 39.95% & 3 Ring 48.33%). 3 Ring group comprises of ACY, ACE, FLU, PHE & ANT 
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3 Ring concentrations fell from Day 7 (563.48 ng g) by 81 % in the first week after addition (Figure 

4.18). 6 weeks (Day 49) after addition all 3 group PAHs had been lost. During the remaining 20 

weeks 3 Ring concentrations continued to generally decline effected by slight increase and decrease 

variations.  

 

Figure 4.18 Mesocosm A Anoxic Total PAH & 4 Ring concentration change over time. Where error bars are 
average % error (Total PAH 39.95 % & 4 Ring 39.43%). 4 Ring group comprises of FLUH, PYR, BaA & CHR. 

4 Ring group PAH concentrations stayed stable for the first 2 weeks after addition but by 4 weeks 

all had been lost (Figure 4.19). Loss from the baseline continued with increase peaks at Days 77 and 

126.    

The 5 Ring PAHs (Figure 4.20) declined by 92% 1 week after addition (678.57 to 52.02 ng g) and by 

Day 35 all the addition had been lost from the mesocosm. From Day 56 continuous peaks of 

fluctuating increase were observed until the end of the experiment.    
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Figure 4.19 Mesocosm A Anoxic Total PAH & 5 Ring concentration change over time Where error bars are 
average % error (Total PAH 39.95% & 5 Ring 43.77%). 5 Ring group comprises of BbF, BkF & BaP 

 

Figure 4.20 Mesocosm A Anoxic Total PAH & 6 Ring concentration change over time Where error bars are 
average % error (Total PAH 39.95% & 6 Ring 38.91%). 6 Ring group comprises of IDP & BgP 

6 Ring group PAHs (Figure 4.21) decreased by 65% 1 week (Day 14 and Day 21) after addition from 

Day 7 to decrease again to form a steady residual fraction until the end of the experiment.  

In the anoxic layer of mesocosm A there was a general observed trend of PAH loss over the 6 

months.  For all PAH ring groups addition concentrations were lost within the first 6 weeks. That 

loss generally was not consistent with time instead a variable succession of peak increases followed 

by decreases were observed. There were no correlations with time for any PAH group despite the 
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visual trends but a paired T test was significant for Day 7 and Day 182 for all PAHs (T-Value 4.17, 

p=0.001, n= 15). PAHs declined over 6 months in mesocosm A’s anoxic layer. 

Table 4-10 Mesocosm B Oxic Baseline PAH Concentrations 

 Total PAH 2 Ring 3 Ring 4 Ring 5 Ring 6 Ring 

Concentration ng g 744.36 12.64 101.72 398.66 156.47 74.88 

 

 

Figure 4.21 Mesocosm B Oxic Total PAH & 2 Ring concentration change over time. Where error bars are 
average % error (2 ring 23.01 & Total PAH 9.48 %). The 2 Ring group comprises of NAP only. 

Mesocosm B received the PAH oil blend volume in equal weekly additions. Figure 4.22 shows the 

total PAH concentrations increasing over time but impacted by fluctuating concentrations.  It is not 

until Day 2 that the added PAH concentration is above the baseline (117.48 ng g). The Two ring NAP 

appears to slowly build up from 31.34 ng g to peak at Day 21 (268.47 ng g) but by Day 28 that 

concentration had fallen by 75% to 64.36 ng g. NAP concentrations continued to the end of the 6 

months with little variation to finish at a concentration similar to Day 1.  

At the start of the experiment, 3 Ring PAH group concentrations (Figure 4.23) were quickly lost as 

can be seen from Day 1 to Day 7.  It took a couple of additions to register 3 Ring PAHs above the 

baseline.  The concentrations continued through a series of fluctuation accumulations followed by 

loss to finish on a slight accumulation. This trend was not statistically significant with time. Increase 

peaks of note are seen at Days 21 (182.22 ng g) and 56 (462.67 ng g). 

-1000

-500

0

500

1000

1500

2000

2500

0

50

100

150

200

250

300

350

1 2 4 7 14 21 28 35 49 56 63 70 77 84 91 112126140154182

To
ta

l P
A

H
 C

h
n

ag
e 

n
g 

g

C
h

an
ge

  n
g 

g

Day

Mesocosm B Oxic 2 Ring & Total PAH 

 2 Ring Total PAH



110 
 

 

Figure 4.22 Mesocosm B Oxic Total PAH & 3 Ring concentration change over time Where error bars are 
average % error (Total PAH 9.48 % & 3 Ring 9.31 %). 3 Ring group comprises of ACY, ACE, FLU, PHE & ANT 

 

 

Figure 4.23 Mesocosm B Oxic Total PAH & 4 Ring concentration change over time Where error bars are 
average % error (Total PAH 9.48 % & 4 Ring7.88 %). 4 Ring group comprises of FLUH, PYR, BaA & CHR. 

 

The 4 Ring group concentrations (Figure 4.24) took time to establish above the baseline because of 

the quick loss of the first addition. During the timeline some weekly additions were lost within a 

week but at other times there were accumulations. Similar timed peaks of accumulation to the 3 

Ring group PAHs were observed on Days 14 (135.28 ng g), 21 (279.52 ng g) and 56 (508.71 ng g).   
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Figure 4.24 Mesocosm B Oxic Total PAH & 5 Ring concentration change over time. Where error bars are 
average % error (Total PAH 9.48 % & 5 Ring 38.68%). 5 Ring group comprises of BbF, BkF & BaP 

 

The 5 Ring PAH concentrations (Figure 4.25) took a week to establish due to the loss of the first 

addition within a week. A slight accumulation took place over week 2 (Day 14) and 3 (Day 21) 

followed by a short time of weekly losses (Days 28-35). It is from Day 49 that the accumulation of 5 

ringed PAHs is established to end at 214.26 ng g. The trend in accumulation was significant with 

time (Spearman Rho: 0.598, p=0.004, n=20).  

 

Figure 4.25 Mesocosm B Oxic Total PAH & 6 Ring concentration change over time. Where error bars are 
average % error (Total PAH 9.48 % & 6 Ring 11.88 %). 6 Ring group comprises of IDP & BgP 
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The 6 Ring group (Figure 4.26) addition was quickly lost from the first week and mirrored that of 

the 5 Ring group. A slight accumulation took place over week 2 (Day 14) and 3 (Day 21) followed by 

a short time of weekly losses (Days 28-35). It is from Day 49 that the accumulation of 6 ringed PAHs 

is established to end at 92.32 ng g.  Despite the strong trend in accumulation no correlation with 

time was found.  

The PAHs in mesocosm B oxic layer were added in weekly volumes and all showed with the 

exception of 2 ringed NAP, showed a trend for slight accumulation over the 6 months. The 3 to 6 

ring groups and Total PAHs additions were quickly lost within the first week. 3 and 4 ringed PAH 

additions then followed a fluctuating weekly series of accumulations then losses to the end of the 

6-month period. While 5 and 6 ringed PAHs experienced a steady accumulation from Day 49. The 2 

Ring NAP was present in concentrations above the baseline in the first week and showed 

accumulation from the weekly additions until Day 28 when concentrations decreased to ones that 

indicated input was equal to loss. No accumulation or loss trend dominated NAP.  A paired T test 

was conducted on Day 1 and Day 182 and was found to be significant at the p≤0.05 level (T-Test: T-

Value -4.54, P=0.002, n=15). Accumulation occurred over the 6 months but this was driven by 5 and 

6 Ring PAHs and to a lesser extent 4 Ring PAHs. 

 

Table 4-11 Mesocosm B Anoxic Baseline PAH Concentrations 

 Total PAH 2 Ring 3 Ring 4 Ring 5 Ring 6 Ring 

Concentration ng g 655.50 24.27 76.76 318.96 162.41 73.10 

 

Total PAH concentration (Figure 4.27) additions in mesocosm B anoxic layer fluctuate widely to 

incorporate periods of accumulation and loss. Over the 6-month period there was no trend for 

accumulation or loss. The 2 Ring PAH NAP (Figure 4.27) was present in concentrations above the 

baseline in week 1 to 3 (Day 21) and showed accumulation from the weekly additions until Day 28.  

From Day 28 to the end of the timeline, NAP remained at low concentrations levels (50 ng g) above 

the baseline. Overall, no trend in loss or accumulation can be seen 
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Figure 4.26 Mesocosm B Anoxic Total PAH & 2 Ring concentration change over time. Where error bars are 
average % error (2 ring 33.71 & Total PAH 20.49%). The 2 Ring group comprises of NAP only. 

  

Figure 4.27 Mesocosm B Anoxic Total PAH & 3 Ring concentration change over time Where error bars are 
average % error (Total PAH 20.49 % & 3 Ring 18.99 %). 3 Ring group comprises of ACY, ACE, FLU, PHE & ANT 

 

3 Ring PAH concentrations (Figure 4.28) throughout the 6-month experiment showed wide 

fluctuations between accumulation and loss with no discernible trends in accumulation or loss. That 

was repeated for the 4 Ring (Figure 4.29), 5 Ring PAH (Figure 4.30) and 6 Ring (Figure 4.31) weekly 

additions. 
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Figure 4.28 Mesocosm B Anoxic Total PAH & 4 Ring concentration change over time Where error bars are 
average % error (Total PAH 20.49 % & 4 Ring 17.13%). 4 Ring group comprises of FLUH, PYR, BaA & CHR. 

 

Figure 4.29 Mesocosm B Anoxic Total PAH & 5 Ring concentration change over time. Where error bars are 
average % error (Total PAH 20.49 % & 5 Ring 21.22%). 5 Ring group comprises of BbF, BkF & BaP 

 

The anoxic layer in mesocosm B received weekly volumes of oil blend but unlike the oxic layer no 

discernible trends in accumulation or loss could be seen. 
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Figure 4.30 Mesocosm B Anoxic Total PAH & 6 Ring concentration change over time Where error bars are 
average % error (Total PAH 20.49 % & 6 Ring 24.61 %). 6 Ring group comprises of IDP & BgP 

A rate of loss was attempted based upon the plotted half-life of total PAH concentrations within a 

mesocosm. Unfortunately, this was only partially successful due to the wide variations over time 

and then only with the baseline was incorporated.  Loss was only observed in mesocosm A so, a 

loss rate has not been calculated for mesocosm B.  Based on total PAH ng g concentrations from 

Day 1 to 182 in table 4-12 and 4-13, half-lives were plotted in Figures 4.31 & 4.32, then a rate was 

calculated from the line equation.  

Table 4-12 Mesocosm A Oxic Total PAH concentration over time (Baseline incorporated) 

Day Total PAH ng g Day Total PAH ng g 

0 1090.71 63 767.24 

1 2984.37 70 1401.75 

2 1112.44 77 1479.81 

4 1145.88 84 1118.56 

7 1341.70 91 803.64 

14 1441.41 112 1372.49 

21 2281.66 126 1587.27 

35 539.24 140 1147.81 

49 1207.24 154 867.87 

59 1940.57 182 700.94 
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Table 4-13 Mesocosm A Anoxic Total PAH concentration over time (Baseline incorporated) 

Day Total PAH ng g Day Total PAH ng g 

0 885.97 63 1469.32 

1 790.82 70 1016.56 

2 521.02 77 1353.30 

4 643.87 84 1477.61 

7 3067.70 91 747.84 

14 1637.28 112 1185.86 

21 1764.24 126 1946.95 

35 993.84 140 751.61 

49 575.89 154 1130.88 

59 1102.39 182 1050.37 

 

In the oxic layer (Fig 4.31), the rate of loss was calculated at 110 ng g d-1 for the first 14 days after 

hydrocarbon addition to decrease down to 4.4 ng g d-1. Likewise, a similar curve was observed in 

the anoxic layer (Fig 4.32) although the rate was 15% less than the oxic rate at 93.14 ng g d-1 for the 

first 14 days but was followed by 4.46 ng g d-1 a similar rate to the oxic layer. The lower rates of loss 

in both conditions may indicate the beginning of sequestration.  

 

Figure 4.31 Mesocosm A Oxic Biphasic Degradation Curve 
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Figure 4.32 Mesocosm A Anoxic Biphasic Degradation Curve 

 

4.3.5. OM and PAH  

In mesocosm A oxic layer there are significant positive correlations with total PAH (Pearson r: 0.705, 

p=0.002, n=17) ,3 (Spearman Rho: 0.588, p=0.013 n=17) 4 (Pearson r: 0.666, p=0.004, n=17) and 6 

rings (Spearman rho:  0.498. p=0.042, n=17) and a trend in 5 rings (Pearson r: 0.440, p=0.077, n=17) 

with organic matter. Interestingly, 2 ring NAP is an exception with no significant correlation to OM 

(spearman rho: 0.361, p=0.155, n=17). The strong positive association between PAHs and OM in 

the mesocosm A oxic layer is not so clearly observed in the mesocosm A anoxic layer with only 2 

positive significant relationships exist for total PAH (Spearman r:  0.596, p=0.019, n=18) and 3 rings 

(Spearman rho: 0.509, p=0.052, n=18). 

 In mesocosm B despite the loss of 5 data points (Section 4.3.3), OM distributions are similar (Figure 

4.9). Yet there is not a comprehensive statistical correlation between the majority of PAHs and OM 

as seen in mesocosm A. In contrast with A, 2 Ring NAP is the only positively correlated with OM in 

the oxic layer (Spearman rho: 0.775, p= 0.001, n=15) while NAP is the only PAH to be correlated in 

the anoxic layer (Spearman rho= 0.586, p= 0.011, n=18).  

 

 

 

 

 

y = 3123.5e-0.01x

0

500

1000

1500

2000

2500

3000

3500

0 20 40 60 80 100 120 140 160

To
ta

l P
A

H
 n

g 
g

Time (days)

Mesocosm A Anoxic Degradation curve



118 
 

 Discussion 

4.4.1.  Delay in Mesocosm A 

The delay observed in contamination in mesocosm A’s anoxic layer was not seen in mesocosm B 

probably due to the low volume of hydrocarbons added. This delay seen in Mesocosm A’s anoxic 

layer may be the result of the large volume of oil and its addition method and not due to sediment 

heterogeneity. The spike could be due to an isolated particle of black carbon such as soot, which 

have been shown to be very strong sites of PAH adsorption (Belles et al., 2016) but the PAH 

concentration recorded corresponds very closely to that seen on day 1 in the oxic layer for all ring 

groups (Fig 4.11 to 4.20). Therefore, the spike is unlikely to be a result of an isolated particle of 

black carbon. Before the addition of the fuel blend, total PAH concentrations were similar in both 

sediment layers at around 1000 ng g. Despite the raised levels in the core’s oxic layer the anoxic 

layer’s concentrations appear to be consistently low (Figure 4.16-4.20). The trend of loss in the 

anoxic layer then proceeds as in A’s oxic layer. It is more likely, that the abrupt steep rise in 

contamination seen in the anoxic layer is a delayed impact of the addition spike.   

Before the hydrocarbon blend was added, the sediment surface of mesocosm A was disturbed 

down to 2 cm. The stirring caused strong resuspension that resulted in efficient scavenging of the 

PAHs by the suspended particles (Wang et al., 2016). These suspended particles settled out of the 

water column to be deposited as an enriched PAH sediment surface. This would have created a 

concentration gradient between the surface sediment (~1cm) and underlying sediment.  Mass 

transfer to the underlying sediment was then initiated via diffusion and appears to take at least 5 

days to diffuse downwards.  

4.4.2. Temperature, Salinity and OM 

Due to the malfunctioning of the temperature control unit, the ambient temperature and therefore 

water temperature were not controlled variables as planned. It is clear from Table 4-6 that 

temperature declined over the incubation.  

Table 4-14 Mesocosm Monthly Temperature Averages & Ranges 

Month Mean oC Range oC  

Mesocosm A B A B 
June 25.2 25.7 23.1 - 26.3    23.3 - 26.6        
July 27.7 27.9 26.4 - 29.6 26.9 - 29.9 

August 24.7 24.8 23.5 - 27.4 23.6 - 27.3 
September 21.8 21.9 21.2 - 22.4 21.4 - 22.3 

October 20.4 20.3 20.3 - 20.4 20.2 - 20.3 
November 16.4 16.2 16.2 - 16.5 16.1 - 16.3 
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The start of the experiment corresponded with the beginning of warm Summer (June) 

temperatures, peaking on 35 (04/07/18) and 70 days (08/08/18) into the incubation.  At the end of 

the experiment on November 29th (Day 182) the coolest temperatures were recorded (16.1oC). It 

has been shown that PAH solubility increases with temperature and therefore degradation rates 

would increase. Volatilisation of the LMW PAHs would have been enhanced during the warmer 

months and that may be observed in the loss of 2 Ring NAP observed in the loss for all conditions 

(Figure 4.11, 4.16, 4.21 & 4.26).  Lastly, microbial degradation rates would have been encouraged. 

This relationship between time and temperature is helpful to guide discussions on adsorption 

kinetics (Hiller et al., 2008; Tremblay et al., 2005) and microbial degradation rates (Dell'Anno et al., 

2012; Haritash & Kaushik, 2009) during the 26 weeks.  

The importance of salinity has been well researched (Karickhoff, 1984; Means, 1995). PAH 

hydrophobicity increases with a rise in salinity. Salinity range can be considered to be estuarine 

although during October and November the increase to 36 PSU was bordering on becoming a 

metahaline environment which would have encouraged adsorption. Both acute and chronic 

mesocosms experienced a similar range of salinities throughout the 26 weeks. 

 Figure 4.10 Mesocosm Scatterplots for OM% against Time (a) Pearson coefficient= -0.501, p=0.041, n=17, c) 

Pearson coefficient =-0.543, p=0.037, n=15. 

The importance of organic matter (OM) to constrain PAH behaviour has also been well researched 

(Hatzinger & Alexander, 1995; Hiller et al., 2008; Karickhoff, 1984; Karickhoff et al., 1979) therefore 

it is important that its concentrations in the mesocosms was quantified. It was assumed that 

microbial OM mineralisation would occur throughout the experiment. The greater OM % loss in A 

oxic 31 % (Fig 4.10 a) can be accounted for by microbial growth resulting from the large fuel volume 

addition. Once set up, the mesocosms had been left undisturbed for 5 months before the addition 

of the contaminates. It is likely that the introduction of the 6-month single dose of fuel blend into 

A may have initiated a famine to feast scenario which would have encouraged a microbial 

a c 



120 
 

population bloom as the microbes, no longer constrained by an energy and growth source, would 

have erupted (Bosma et al., 1997; Xia et al., 2006). Conversely, in mesocosm B (Figure 4.10 c) only 

a small volume (1/26th) was added weekly and a OM% loss of 12% was seen. This volume was not 

enough to initiate a population bloom but only its maintenance so, B ‘s microbial population was 

constrained by carbon source availability. The OM % loss (A anoxic 8% & B anoxic 9% difference 

between the oxic and anoxic layer can be accounted for by aerobic and anaerobic respiration.  It is 

generally accepted that aerobic respiration is a more efficient strategy than the anaerobic pathway 

which has been shown to be approximately 10 times slower (Arndt et al., 2013; Rasmussen & 

Jorgensen, 1992; Sahm et al., 1999). This does have important implications for coastal sediments 

that receive large reactive algae inputs resulting in anaerobic respiration dominating for the 

majority of the year (Coates et al., 1997; Rothermich et al., 2002;  Zhang et al., 2019a).  

 In summary, microbial degradation was thought to be occurring within mesocosm A’s oxic layer 

characterised by aerobic respiration and a large microbial population bloom resulting in the 

greatest OM loss. Despite the availability of oxygen in mesocosm B’s oxic layer, the loss was less 

due to a growth constrained microbial population. Both anoxic layers showed similar losses that 

were less than the oxic layers (Figure 4.10 b & d) and are consistent with the efficiency of anaerobic 

respiration.  

4.4.3. OM and PAH concentrations 

The relationship between PAHs and OM found in the acute mesocosm is in agreement with 

established research (Bogan and Sullivan, 2003; Hinga, 2003; Karickhoff et al., 1979; Orecchio et al., 

2010; Tremblay et al., 2005; Zhang et al., 2019a). In Saeedi et al., (2018) experiments with clay and 

OM, it was observed that an increase in OM content from 3.2% to 11.2% increased the sorption of 

PAHs by 80% while total PAH concentrations in the field,  were found to be positively  correlated to 

TOC in a Mediterranean coastal lagoon (r=0.839, n=6 p≤0.05) (Marini & Frapiccini, 2014). 

Experimental work in hydrophobic pollutants in sediments predict that if the ratio of clay to OM is 

< 15 then adsorption to OM sites will predominate over mineral  interactions while in OM poor 

sediments (>15) then clay mineral surface area (SSA) interactions will predominate (Karickhoff, 

1984; Saeedi et al., 2018). No mineral characterisation was undertaken on the experimental 

sediment such as X-ray fluorescence, instead a characterisation was made based on particle size 

analysis to characterise the sediment. The size fraction 0.1-4.0 µm is defined as clay sized 

(Wentworth, 1922) but not necessarily mineral clay. Clay size has been used here as a proxy for 

mineral clay as clays will predominate the fraction size ≤4.0 µm (Tan et al., 2017). The clay size 

fraction and OM% in the experimental sediment provide for A, a ratio of 12.6 and 14.1 for oxic and 

anoxic layers. This would, according to the Karickhoff ratio, indicate that sorption behaviour of non-
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polar and neutral PAHs would be expected to be dominated by OM hydrophobic functional groups 

(Ping et al., 2006). It can be assumed based upon the availability of OM, PAH hydrophobic behaviour 

and evidence of correlations that adsorption onto OM did occur.  

Sediment characterisation for Mesocosm B provides a ratio of clay to OM of 13.6 and 14.2 for oxic 

and anoxic layers (Karichoff et al.,1979; Saeedi et al., 2018), therefore OM interactions should 

prevail. Yet, correlations exist with OM % for only a LMW ringed PAHs and none for the more 

hydrophobic HMW PAHs. In both mesocosms OM%, temperature and salinity were similar (Tables 

4-6 & 4-7, Figure 4.9) therefore, the difference between the mesocosms was the frequency and 

volume of hydrocarbon addition. Mass transfer dynamics could account for the differences 

observed in PAH and OM% correlations in both mesocosms. This was observed in mesocosm A, the 

large initial PAH concentration caused a corresponding large concentration gradient resulting in a 

quick  adsorption onto OM as the mass transfer resistance from liquid to solid phase was reduced 

(Lamichhane et al., 2016; Zhang et al., 2019a). Secondly, under these conditions there is 

competition for hydrophobic sites on OM. Those higher ringed PAHs with larger Kow coefficients and 

low solubilities will be squeezed out of solution the fastest to rapidly sorb onto all available 

hydrophobic OM sites. Once the OM becomes saturated with these stronger hydrophobic PAHs, 

those PAHs with smaller Kow and greater solubilities are kept in solution (Mittal & Rockne, 2009; 

White & Pignatello, 1999; Wu et al., 2020). This process would account for the lack of correlation 

between NAP and OM in the acute condition. 

In the chronic mesocosm B, there was no shortage of OM (Figure 4.9) but the relative low volumes 

of fuel blend resulted in no competition for the OM’s hydrophobic sites. A consideration of the 

proportions of PAHs in the fuel blend may account for the few positive correlations with OM that 

did occur in B. The 2 and 3 ringed NAP, ACE and FLU comprised 60% of the weekly total volume 

whereas 4,5 and 6 ringed PAHs ranged from 0.5 to 8% of the total.  NAP, FLU and ACE may have 

been present in sufficient quantities to be statistically significant with OM unlike the higher rings 

which were present initially in below background concentrations. Although, these 4,5 and 6 ring 

PAH gradients would have increased with each addition, any expected correlation between PAH 

and OM would have been skewered by these early data points. As expected, the first 4 sediment 

time points were low in total PAH concentrations, ranging from 324.34 to 897.71 ng g and were 

below or just above background levels (Table 3, Appendix 3).  

In summary, adsorption in both conditions was controlled predominately by PAH aqueous 

coefficients and solubility. The magnitude of adsorption was controlled by volume and frequency 

of PAH addition and distribution of OM which resulted in mass transfer diffusion gradients and   
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competitive adsorption.  In A, acute contamination resulted in large concentration gradients and 

competitive OM adsorption of PAHs with stronger hydrophobicity. Those PAHs with low Kow and 

low solubilities e.g., NAP, were kept predominately in solution by this competitive adsorption and 

so were not correlated with OM. Initially, chronic contamination in B, resulted in below background 

concentrations for the higher ringed PAHs resulting in less competitive adsorption with low ringed 

PAHs e.g., NAP for OM sites.  Therefore, these low ringed PAH were observed to be correlated with 

OM.  

Despite what was found in these incubations, the environmental sampling undertaken in 

Portsmouth Harbour found no correlation between OM and total PAH concentrations (Chapter 3 

results section 3.5). It should be acknowledged that the OM was in finite supply within these 

incubations so, the observed magnitude of competitive adsorption may be greater here within a 

closed system than in the environment where eutrophic coastal waters may be the norm.  

4.4.4. PAH Loss and Accumulation 

One of the aims of the mesocosm experiment was to compare PAH loss or accumulation in acute 

and chronic contamination. There is an existing body of research that has investigated microbial 

degradation rates and their kinetic orders under aerobic and anaerobic conditions (Coates et al., 

1997; Dell’Anno et al., 2012; Heitkamp et al., 1987; Lu et al., 2012; Santisi et al., 2019; Zhang et al., 

2019b). These present mesocosms seek to add to this growing body of knowledge to place 

degradation into a more environmentally relevant context by using a mixture of combusted PAH, 

diesel, petrol and motor oils. This mixture would contain complex chained hydrocarbons and PAHs 

> 6 rings that ought to degrade in an environmentally realistic manner. The term loss will be used 

when describing any decrease in PAH concentrations because potentially any PAH loss could be 

accounted for by physical and chemical pathways not necessarily biological. Under ambient 

summer temperatures low ringed PAHs may have been susceptible to volatilization and, despite 

care taken, some minimal loss could have been experienced through fuel deposition onto the sides 

of the mesocosm.  Photo degradation is not considered to be a factor for any observed PAH loss 

because all mesocosms for the duration of the incubation were kept in the dark. After consideration 

of the potential pathways of loss, it was decided that the main path of loss was via microbial 

degradation (Haritash & Kaushik, 2009). This is based upon firstly, the use of harbour sediment that 

would have experienced regular PAH inputs and therefore should be populated by hydrocarbon 

degrading microbes (Coates et al., 1997; Heitkamp et al., 1987; Santisi et al., 2019). Secondly, the 

temperature range during the incubation would also have suited most mesophilic hydrocarbon 

degrading microbes (Table 4.6) (Haritash & Kaushik, 2009). Thirdly, the presence of OM and the 

introduction of fuel hydrocarbons for microbial growth and energy (Heitkamp et al., 1987; Santisi 
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et al., 2019; K. Zhang et al., 2019) source. Lastly, OM% content in all mesocosms was shown to 

decline over time (Section 4.3.3) suggesting active microbial degradation. It is acknowledged that 

partial PAH degradation may have occurred and produced dead end metabolites (Dell’Anno et al., 

2012; Foght, 2008; Gupta 2017; Nzila 2018) that have been interpreted as PAH loss. Therefore, 

despite microbial degradation to be the main path of PAH loss, it is more appropriate to discuss 

PAH loss in both mesocosms due to quantification uncertainties and the rate and extent of 

microbial mineralisation was not closed experimentally.  

If microbial degradation is taking place as indicated in OM % loss (Figure 4.10) then, PAH loss would 

be expected to be greater in the oxic then anoxic layer. The mesocosm PAH concentrations over 

time suggests that anaerobic PAH respiration is less efficient than aerobic PAH respiration. So, in 

acute and chronic contamination, aerobic mineralisation is still the most efficient pathway while 

anaerobic may result in PAH accumulation within anoxic layers particularly within chronic pollution 

if input frequency is greater than degradation rate. Over the 6-month incubation the rate of long-

term loss total PAH loss in the acute oxic layer declined from 110 ng g d-1 down to 4.4 ng g d-1 (Figure 

4.31). Likewise, in the acute anoxic layer a rate of 93.14 ng g d-1 was followed by 4.46 ng g d-1 (Figure 

4.32). These biphasic rates indicate more efficient loss was observed under aerobic conditions then 

anaerobic.  

Mesocosm A oxic and anoxic conditions experienced short term initial concentration losses of ½ to 

¾ for all ring groups within the first week of addition. Both conditions experienced long term total 

PAH degradation over the 6-month period for all ring groups that was interrupted by variations in 

short term concentration losses and gains.  

Mesocosm B oxic and anoxic conditions experienced an initial week to 2 week time lag before 

concentrations came above the baseline. This may indicate a period when input was less or equal 

to the degradation rate. If the oxic degradation rate from mesocosm A can be applied to B oxic then 

concentration additions would have to surpass 110 ng g d-1. Once achieved, long term accumulation 

was observed in 4-6 rings while input and degradation rates balanced out in 2 & 3 rings resulting in 

no long-term accumulation or loss.   

The most soluble and simplest of the PAHs is 2 Ring NAP. From these incubations NAP did not 

accumulate for long periods in any of the mesocosms before degrading and this is mirrored in the 

environmental sampling. The Harbour petrogenic and pyrogenic hydrocarbon inventory indicated 

a large volume of hydrocarbons from petrogenic spills and released from the leisure sector and 

predicted raised LMW PAH in the marinas. Despite the greater volumes entering the harbour during 

the summer NAP did not accumulate in the harbour sediment. High solubilities and small kow mean 
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NAP readily desorb under concentration gradients into solution where degradation takes place 

(Bosma et al., 1997; Johnsen et al., 2005), also show that NAP is used as an energy and growth 

source by microbes and is preferentially degraded by microbes in the presence of higher ringed 

PAHs (Harmsen & Rietra, 2018). 

It is now confirmed that PAHs can undergo aromatic ring loss via a few microbial pathways (Lee et 

al., 2019; Liang et al., 2014; Nitza, 2018; Qin et al., 2017) forming ‘daughter’ PAHs.  If that is the 

case, then the short term increases of 4, 5 and 6 Ring groups in mesocosm A and B may be the result 

of HMW PAH partial degradation. The oil blend addition contained complex hydrocarbon chains 

and far larger ring groups then analysed. So, the partial degradation of a 20 ring PAH may well result 

in a series of LMW and HMW PAHs. The observed fluctuation in increases seen in these mesocosms 

may be the daughter PAHs (Harmsen & Rietra, 2018).  

The results from Portsmouth Harbour environmental sampling (Chapter 3, section 3.5.2.2, Figure 

3.23) revealed a steady presence of sediment accumulation of 4 and 5 rings throughout the year. 

The mesocosm incubations accumulations maybe reflecting what is observed in the harbour 

environment.  

 

Figure 3.23 Stacked Seasonal Average Sediment Ring Distribution Plot  

Mesocosms were used to simulate a real-world environment through the use of harbour sediment 

and seawater, water aeration, water circulation and environmentally relevant volumes of 

hydrocarbons. The experimental set up was successful in that the acute mesocosm total and LMW   

PAHs followed a predicted biphasic or ‘hockey stick’ degradation curve (Kan et al., 2000; Reid et al., 

2000) therefore giving confidence to the observations in the chronic mesocosm. To extend this 
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research further chronic mesocosm incubations would be undertaken. Using a wide range of 

hydrocarbon volumes over a year any changes linked to volume and time would be observed.   

The use of a hydrocarbon mix of incomplete PAH, diesel, petrol and engine oils taken from the 

inventory and environmental sampling added to the relevance of the incubations but the calculated 

volume had to be revised. The volume calculated for Portsmouth Harbour was increased over 

concern of background concentrations being too high for the addition to be seen. Despite that 

adjustment the incubations are still relevant for PAH chronic dynamics if not for specifically for 

Portsmouth Harbour. A further challenge was the lack of samples for each time point. A more 

robust analysis would have been possible with triplicates for each time point.  

 Conclusions 

 

Figure 4.33 Schematic Diagram for Mesocosm Incubations. Elements outlined in red are the chapter’s 
contribution 

The hypothesis that sediments become chronically PAH contaminated because the frequency of 

input outpaces degradation rates was tested. Figure 4.33 shows a mini synthesis for chronic inputs 

into the marine environment. PAH adsorption to OM in both acute and chronic contaminated 

sediments was controlled by aqueous coefficients and solubility. Within acutely contaminated 

sediments rapid adsorption took place establishing diffusion gradients and competitive adsorption. 

Smaller frequent PAH contamination resulted in less competitive adsorption for OM sites. PAHs 

were lost short term from both the acute and chronic contaminated sediments but only long-term 

loss was observed in mesocosm A. The acute mesocosm loss resembled the classic biphasic curve 

of rapid decline of the more liable and degradable PAHs followed by a slower loss. Whereas, in the 

chronic mesocosm a trend in steady accumulation was seen after 3 months.  Within both acutely 
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and chronically contaminated sediments there was an accumulation of 4 and 5 rings that could be 

the result of HMW > 10 ring PAH partial degradation. This may be a significant driver in the 

accumulation of PAHs in sediments under chronic conditions as the combination of direct and 

degradation additions outpace the rate of breakdown.  
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 Resuspension Experiments 

 Introduction 

 Deposited sediments containing adsorbed and dissolved contaminates, can be physically disturbed 

and uplifted back into the water column to be remobilised (Eggleton & Thomas, 2004; Roberts, 

2012). Within harbours and ports low impact resuspension of  oxic surface sediments (Type 1) is a 

daily occurrence through tidal currents, wind, bioturbation, boat wakes and swing mooring chains 

(Cailleaud et al., 2009; Carlin et al., 2016;Ciutat et al., 2006; Kalnejais et al., 2007; Rapaglia et al., 

2015). While dredging and construction activities, cause type 2 catastrophic bed failure and 

resuspension of anoxic sediment (Cutroneo et al., 2015 Roberts, 2012).  

During sediment resuspension PAHs adsorbed onto suspended particulate matter (SPM) or 

dissolved organic carbon (DOC) and dissolved in porewater enter the water column.  Once in the 

water column the fate of  PAHs are to be desorbed and adsorbed  onto SPM or DOC, (Latimer et al., 

1999; Tremblay et al., 2005), to undergo volatilisation, photo-degradation and micro-degradation 

(Chapter 1, section 1.4). That fate is determined in part by the PAH octanol water partition (Kow) 

and organic matter (Koc) coefficients (Karickhoff et al., 1979) that will constrain partitioning in the 

water column and are further modified by salinity, temperature (Hiller et al., 2008; Means, 1995; 

Turner, 2003)  and the properties of suspended particulate matter (SPM) ( Saeedi et al., 2018; Shang 

et al., 2013). It has been observed in sorption experiments that increased contact time between 

PAHs and OM sorbent causes irreversible sorption (Kan et al., 2000, Zhang et al., 2019a). When 

resuspended recently contaminated sediments will reversibly desorb PAHs into the water column 

but with increasing contact time that labile fraction diminishes to produce a characteristic biphasic 

curve of release (Hiller et al., 2008; Oh et al., 2013). It is understood that intra particle diffusion has 

taken place to create a desorption resistant fraction (Bogan & Sullivan, 2003; Orecchio & Mannino, 

2010). This intra-sediment process is also known as ‘ageing’ (Hatzinger & Alexander, 1995) but there 

is some evidence to suggest that the reworking and mixing of sediments as found in harbours and 

ports prevents ageing therefore PAHs may not be as readily sequestered  in sediments as they are 

in  soils (Jiao et al., 2014; Morales-Caselles et al., 2007).  

The simplistic understanding of sediments as a PAH sink has been replaced to that of also being a 

source for water contamination (Roberts, 2012). SPM has been identified as a  major vector of its 

transport (Cardoso et al., 2016; Latimer et al., 1999).  Latimer et al. (1999) found during 

resuspension of urban Rhode Island sediments a 21-fold increase of PAHs into the water column 

was seen and, Guigue et al’s (2017) remobilisation of Toulon Harbour (France) sediments found a 

10-fold increase.  in contrast, Bancon-Montigny et al’s (2019) investigation in seasonal coastal 



128 
 

resuspension found that dissolved PAH concentrations declined with resuspension events. The 

contrasting conclusions may be due to the lack of timeline between contamination and 

resuspension and this is particularly relevant for chronic contaminated sediments and irreversible 

sorption or ageing. Where timelines have been established between contamination and 

resuspension in sorption experiments (Hiller et al., 2008; Means, 1995; Tremblay et al., 2005; Zhang 

et al., 2019a) they have been conducted in abiotic conditions, under type 2 resuspension and using 

pure PAH compounds.    

The aim of these experiments was to test the hypothesis that increased length of contact time 

between PAH contamination and resuspension event decreases PAH concentration flux to the 

water column. To provide a timeline between PAH sediment contact time and the impact of 

resuspension on their partitioning and concentrations. This is the first time that this author is aware 

of that a timeline has been established using natural harbour sediments, seawater and an 

environmentally relevant blend and volume of hydrocarbon contamination under simulated storm 

conditions.  

 Method 
To simulate the effects of resuspension, erosion calibrated investigations using annular (Thompson, 

et al., 2010; 2013) high-capacity flumes (Couceiro et al., 2009) and erosion chambers (Kalnejais et 

al.,2007; Kalnejais et al., 2010; Latimer et al., 1999) to rudimentary bottle and jar agitation (Guigue 

et al.,2017; Di Leo et al., 2016) designs have been successfully used for nutrients, metals and organic 

pollutants.  

After consideration of space, time, available volumes of harbour sediment and seawater along with 

the objectives for a series of resuspensions the annular and high-capacity flume design was 

rejected. A bottle or jar on a bench agitator would meet the consideration for space, limited 

sediment and seawater while allowing multiple runs but was rejected due to the lack of control 

over the extent of erosion. A design based on an erosion chamber would meet the research 

requirements for controlled erosion while meeting the other requirements. Unfortunately, due to 

budgetary constraints an erosion chamber was not available. The use of a multi-flocculator tester 

and multiple beakers would also meet the considerations. The multi-flocculator’s paddle rotation 

rate and therefore, the amount of sediment shear stress could be externally controlled, while 

allowing beakers to be run in triplicates under the same conditions.  To reproduce environmentally 

relevant data, Portsmouth harbour sediment and seawater were used alongside scaled down 

volumes of the diesel, petrol, motor oil and incomplete combustion PAH blend to mimic a 1 off 

acute spill.     
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5.2.1. Resuspension preliminary trials 

Trials were conducted to determine the optimum conditions for resuspension experiments 

designed to simulate 3 hours of prolonged stormy sea conditions, resulting in 1 – 2 mm of surface 

erosion.  200 mL to 400 mL of PIP sediment were placed in 2 L graduated Pyrex Griffin beakers and 

made up to 1800 mL with seawater. These were left for 24 hours to settle. Resuspension was 

achieved on a 6 jar 2L VELP Scientifica FC6S Flocculation tester (Figure 5.1a). The effect of varying 

rpm was tested along with the position of the paddle to achieve surface type 1a & b resuspension. 

It was particularly important that the threshold at which type 2 occurred be determined as that 

would result in sediment bed failure. Figure 5.1b shows the optimum turbidity for this resuspension 

condition. After some experimental testing and SPM calibration, 1-2 mm of oxic surface erosion 

produced approximately 1-2 g L-1 of SPM.   

From the trials, it was found that due to the cohesiveness of the sediments the critical shear stress 

needed to overcome the electrostatic attraction and water tension between the clay particles 

occurred at the 120-rpm mark. This setting was required for 10 minutes then reduced to 90 rpm to 

keep the sediment suspended.  When the beakers were run in further triplicates, the erosion rates 

and entrainment times over the 3 beakers varied. Despite treating the sediment receiving the same 

treatment, the triplicate beakers did not behave in a similar manner. This may be due to the 

heterogeneity from surface roughness and possible bacteria/algae mucous secretions. It was hoped 

prior to these pre-tests that all experimental triplicate jars would erode to the same depth at the 

same paddle velocity but after calculating the differing erosion depths, the paddle velocity did not 

consistently produce the same depth of erosion. Therefore, for each experimental beaker a SPM 

curve calibrated to surface erosion would be required.  

5.2.2. SPM Calibration 

A 2 L graduated Pyrex Griffin beaker was filled with 400 mL of well mixed PIP sediment. To minimise 

sediment resuspension during water addition, a circle of bubble wrap was placed over the sediment 

and seawater was carefully poured into the beaker to the 1800 mL mark (Fig 5.1c). The circle was 

removed. This was repeated for a further 2 beakers then left overnight. The next day the beakers 

were subjected to an 8-hour resuspension event following the rpm settings in table 5-1. The paddle 

stirrer was set 3 cm above the sediment. 50 mL water samples were taken at time points (Table 5-

1) and filtered through pre weighed GF filters (Fisherbrand MF 300) through 50 mL syringe and 

Swinnex filter holder (Merck) (Fig 5.1.d&e). The water was replaced to maintain 1400 mL. The filters 

were dried overnight in a drying oven at 105oC then reweighed to calculate the SPM (Fig 5.1f). 
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Figure 5.1 Resuspension Erosion Calibration (a)Flocculation Tester(b)Optimum Turbidity (c) Prepared Beaker 
(d) Filtering Equipment of syringe and Swinnex (e) Sampling SPM at start (f) Filters in trays ready for drying  

Table 5-1 Time points and rpm settings in Erosion Calibrations  

 

 The SPM was used to produce a calibration curve following the equation (Thompson et al., 2011) 

Time (minutes) RPM Sampling Times 

0-10 120 1,2,3,4,5,6,7,8,9,10 

10-70 90 15,20,25,30,35,40,45,50,55,60,65,70 

70-120 60 80,90.100.110.120 

120-180 60 155,150,165,180 

180-300 60 210,240,270,300 

360-480 60 360,420,480 

a b c 

d 

e 

f 



131 
 

Erosion mm ={[ 
(Fspm|Fvol) Jvol

1000
]/(ρsed*JSA)} 1000 

Where: 

Fspm is spm on the dry filter (g)    Fvol is volume filtered (l)  Jvol is volume in jar (l) 

 ρsed is bulk density of sediment (kg m3) JSA is surface area in jar (m2) 

Figure 5.2 Test Erosion Calibration SPM Curves 
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As can be seen in figure 5.2 despite the same treatment the SPM calibration clearly shows different 

extents of erosion. It was decided, that all the experimental beakers would have separate 

calibrations for erosion depth. Following the procedure as above but with modified time points 

(Table 5-2) calibration was done. Appendix 7 contains all the SPM and erosion curves. 

Table 5-2 Erosion Calibration Sampling Time Points & rpm 

Time (minutes) RPM Sampling Time 

0-1 120 1 

1-60 90 10,20,30,40,50,60 

60-120 90 80,100,120 

120-240 60 150,180,210,240 

420 settling 0 420 

 

5.2.3. Resuspension Timeline Experiments 

All glass ware was washed in 2% decon, rinsed in Type 1 ultra-pure water (18.2 M Ω.cm, TOC <5ppb) 

(Milli-Q Merck). All water and sediment samples were placed in clean amber glass jars, labelled and 

frozen at -18 oC to await dispatch to ACS for analysis.  

 Sediment from PIP was used throughout. The consolidated sediment was vigorously mixed to a 

slurry texture (Fig 5.3a). A portion was taken to calculate density for later erosion and mass balance 

calculations. 400 mL of slurry was placed into 15 2L glass beakers for the experimental conditions 

while 200 mL was placed in 15 1L glass beakers to act as controls. 

Figure 5.3Resuspension Beaker Preparation (a) Slurry (b) Dosing with hydrocarbon PAHs (c) Beakers with air 
lines and stones (d) All prepared Beakers awaiting resuspension 

a 

b 

c 

d 
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Using the previous mesocosm hydrocarbon fuel mixture (Chapter 4, Section 4.2), portions were 

added to the beakers based upon the mesocosm acute concentration and scaled to the surface area 

of the beakers. Each beaker received 0.39 µL fuel blend per mL of sediment (Fig 5.3.b).  These were 

mixed into the slurry and portions were taken from each beaker, placed in amber jars and frozen 

at -18oC for PAH analysis. Further samples were taken for OM analysis by loss on ignition following 

procedure set out in Chapter 3, section 3.4.6. The sediment baseline was designated as Slurry TA 

(Timepoint Addition). Fresh sea water was collected from near Sultan Ferry Jetty, PO12 4LF, a 

sampling site used in the environmental field sampling campaign (Chapter 3, section 3.2). Before 

use, triplicate samples were taken and frozen at -18oC. These samples were designated as Water 

TA. Salinity and temperature were taken using a water quality meter (AZ Instrumental Corp, model 

8371). The beakers were filled to the 1800 mL (2 L) or 900 mL (1 L) mark, using a circle of bubble 

wrap to stop sediment disturbance. Each beaker was aerated with pre-soaked new air stones 

connected to a variety of air pumps (16 channel ponddpro air lab EV80 power 55w, 2 channel Hidom 

HD-603 power 4.0w, 1 channel Hidom HD-602 power 2.5 w) with silicone air lines (Fig 5.3c). All air 

stones were held at the top of the beakers with tape to prevent slippage and resuspension. Cling 

film was wrapped over each beaker to prevent evaporation. Three 2 L beakers were assigned as 

day 1, 3, 7, 14 or 28 and separated into A, B or C. Three 1 L beakers were designated as controls 

and assigned as days 1, 3, 7, 14 or 28 and separated into D, E, F. The beakers were left on a 

laboratory room bench until required on the day of resuspension (Fig 5.3d).  

5.2.4. Running Experiments and Sampling                                                                                

In order to establish a timeline between PAH contamination and resuspension event all beakers 

were dosed and set up at the same time then designated a day for resuspension. As an example, 

Day 1 resuspension took place took place 1 day after hydrocarbon addition to the sediment This 

was then repeated 3, 7, 14 and 28 days after hydrocarbon addition. 

As previously, all glass ware and plastic syringes, tubing and filtering apparatus were washed in 2% 

decon, rinsed in Type 1 ultra-pure water (18.2 M Ω.cm, TOC <5ppb) (Milli-Q Merck) before and 

between sampling. All water and sediment samples were placed in clean amber glass jars, labelled 

and frozen at -18 oC to await analysis.  

Each resuspension experiment was divided into sampling phases: a pre (T0), just after (T1) and post 

settling (T2). A further sampling of the seawater and slurry as a baseline addition were taken at 

time of setting up (TA).   
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Just before resuspension water samples (100 mL) were siphoned from the middle of the water 

column of experimental and control beakers. These samples were designated water T0. These were 

placed in amber jars and frozen for PAH analysis.  A further 50 mL were taken from the resuspension 

beakers and filtered following the procedure for the SPM erosion calibration (Section SPM 

Calibration). Temperature and salinity were recorded from all beakers. The water was decanted off 

the controls and 20g of sediment from each beaker was placed into amber jars and frozen. These 

samples would act as a proxy for the experimental sediment just before resuspension (Time point 

sediment T0).  

Figure 5.4 Resuspension Experiments (a) Beakers ready for resuspension (b)Filtration rig (c) SPM loaded filter 
after filtration (d) SPM loaded filters before drying (e) Beaker before resuspension (g) Beaker after 
resuspension and settling 

The beakers were placed into position on the Flocculation tester (Fig 5.4a). Resuspension was 

started and followed rpm set out in Table 5-2 for 4 hours, while 10 mL samples were taken at set 

timepoints (Table 5-2), filtered, dried over night at 105oC and reweighed for SPM calibration 

(Section 5.2.2, SPM Calibration).  

At 4 hours a 100 mL sample was siphoned mid beaker and put through a pre-ashed (4 hours at 

440oC), cooled and weighed 47 mm GF filter. The sample was vacuum pumped using a Nalgene 

filter holder and receiver attached to a Welch 2511 dry vacuum pump (Fig 5.4.b-d). The SPM 

entrained in the resuspension phase was dried overnight at 40oC, reweighed and packed in plastic 

a b c 

d e f 
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petri dishes, aluminium foil wrapped, labelled, boxed and stored in cool and dark conditions 

awaiting PAH analysis. The filtrate was retained, placed into an amber glass jar and frozen. This 

sample was designated water T1.  

The flocculator was switched off and left undistributed for 3 hours. Figure 5. 4 e and f show a beaker 

before resuspension and the same beaker after 4 hours of resuspension and 3 hours of settling. A 

further 100 mL of water sample was taken and treated as previously. This was designated water T2. 

Once the final 50 mL of sample for the SPM calibration was taken for T420, the remaining water 

was disposed and a final 20g of sediment was taken as previously and labelled as sediment T2. The 

sediment was then disposed.  

The resuspension experiment was repeated for each designated day. While awaiting resuspension 

a few of the jars experienced a slight loss of seawater. The salinity was checked and distilled water 

(Type 3) was gently added so not to cause any sediment disturbance.  

Therefore, the main time points are TA, T0, T1 and T2. TA to T0 is a static phase lasting between 1 

and 28 days. T0-T1 is the resuspension phase, T0 is immediately before resuspension and T1 

immediately after 4 hours of resuspension. T1 is only available for the water column as the 

sediment could not be sampled at this time. T1-T2 is the settling phase with T2 taken 3 hours after 

resuspension has been stopped. For the mass balance T0-T2 is the resuspension and settling stage 

combined.   

5.2.5. Extraction for PAH 

All water, sediment and SPM samples were sent to ACS Environmental Testing Limited. Chapter 3, 

Section 3.4.4. provides information on methods  

5.2.6. Statistical methods 

Statistical analysis was carried out using all triplicate data while plots and mass balance were based 

upon triplicate averages. Section 3.4.8 provides further statistical information.  

 Results 

PAH concentrations from all days and phases are in Tables 1 to 10 Appendix 8.  All experimental 

and control beakers experienced similar temperature (range 19.1-20.2oC, n=30) and salinity (range 

35.2-36.3 PSU, n=30) (Table 1 Appendix 9). OM % content (Table 1 Appendix 10) in control and 

experimental beakers (�̅� 5.8 %, S.D 0.51, S.E 0.09, n=30) ranged from 4.8-6.9 % which at first glance 

is an appreciable difference but is in the range observed in Portsmouth Harbour (Table 3-7 Chapter 

3, section 3.5)  
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5.3.1. Erosion and SPM Calibration  

Each experimental beaker produced an erosion curve against resuspension time based upon the 

mass of SPM in the water column. This data was used to place PAH distributions and mobility into 

a context of surface erosion depth and SPM concentration. Table 5-3 provides the extent of erosion 

experienced in all the resuspended beakers for each day. There is some variation but with the 

exception of Beaker A Day 7, approximately <1mm of erosion was experienced. That depth would 

place surface erosion within most harbours’ oxic layer. So, any discussion on PAH mobility from 

these experiments can be confidently placed within the context of oxic surface sediments. Day 7 

beaker A was excluded from all subsequent analysis due to type 2 erosion bed failure that brought 

up 126.53 g L-1 of SPM. The erosion experienced of 24.83 mm was not comparable to the other 

beakers. Figure 5.5 displays the colour and density difference between the oxic resuspension in Day 

7 beaker C and the anoxic resuspension experienced in beaker A. The erosion curves from Day 7 

are included in the appendix (Appendix 7). 

Table 5-3 Beaker Sediment Erosion Depth (mm) 

Day Beaker Erosion mm 

1 A 0.47 

 B 0.37 

 C 0.43 

3 A 0.67 

 B 0.31 

 C 0.34 

7 A 24.83* 

 B 0.40 

 C 0.55 

14 A 0.30 

 B 0.30 

 C 0.31 

28 A 0.35 

 B 0.84 

 C 1.03 

*Removed from data set 
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Figure 5.5 Day 7 Resuspension Beakers (a)Beaker C oxic and Beaker A anoxic (b) resuspension 

The exclusion of Beaker A Day 7 was justified on the grounds of type 2 bed failure erosion. Type 2 

can be defined as mass erosion resulting from a plane of failure deep in the bed that results in 

sudden entrainment of sediment (Mehta et al., 1982). This occurred in Beaker A when the 

flocculator paddle slipped into the sediment while rotating.  A comparison could be made with the 

effects of dredging or construction into a sediment bed.  

5.3.2. Mass Balance 

A mass balance analysis was undertaken based on TA (hydrocarbon addition), T0 (before 

resuspension), T1 (immediately after resuspension) and T2 (after settling) time points. This was 

conducted to observe if the increase of time between contamination and resuspension event 

impacted on the PAH flux to the water column while investigating PAH degradation.  

To confirm that all the prepared sediment slurries at TA were of similar PAH concentrations a 

Kruskal-Wallis test was undertaken on all the slurries. The total PAH concentrations was not 

significantly different between all test beakers at p=0.05 level (H=3.61, df=4, n=28, p=0.461). All 

baseline additions were statistically similar.   

Mass balance calculations used the combined PAH concentrations at TA sediment and seawater (TA 

sediment + TA water) as the starting 100%. Each PAH concentration at each water and sediment 

sampling point was expressed as a percentage of this TA mass balance total.  In all mass balances 

the hydrophobicity of PAHs resulted in greater sediment percentages compared to the water 

percentages. Therefore, it may be more instructive to focus on the sediment in these mass 

balances. 

 

  

  

a b 



138 
 

 

Figure 5.6 Total PAH Resuspension Mass Balance for Sediment & Water. Initial hydrocarbon addition 100% 
(TA), before resuspension (T0) and after resuspension and settling (T2). Where n=3 except for Day 7 n=2. Error 
bars are standard error %.   

 

Total PAH concentrations offer an overview (Figure 5.6) for the impact of time between 

contamination and resuspension. The greatest percentage loss in total PAH is experienced on Day 

3 and the least on Day 14 therefore no consistent decline is correlated with time. The static phase 

between contamination and resuspension (T0) showed a % loss for all days although again the 

greatest loss is seen at Day 3 and the least at Day 14. Resuspension and settling (T2) after 24 hrs (1 

Day) appeared to enhance previous loss in the static (T0) phase but that does not appear to be the 

case for all days.  A consideration of ring groups may provide some insights into the impact of 

contact time and resuspension.  

 

2 Ring NAP (figure 5.7) percentage loss was observed across the 28-day timeline from before and 

after resuspension.  The greatest % loss was seen at Day 28 while the least was seen at Day 1. This 

percentage loss did not follow a consistent decline over the 28 days and appeared to fluctuate at 

Day 14 with a decline in % loss. NAP was lost from T0 timepoint throughout the 28 days and the 

percentage loss declined with length of contamination. The observation was significant at p≤0.05 

level (Spearman rho: -0.775, P=0.001, n=15). T2 timepoint also was significant for an increasing  

percentage loss with length of contamination (Spearman rho: -0.847, p=0.000, n=15) despite the 

presence of a slight increase in sediment percentage after each resuspension.  
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Figure 5.7. 2 Ring Resuspension Mass Balance for sediment & water Initial hydrocarbon addition 100% (TA), 
before resuspension (T0) and after resuspension and settling (T2). Where n=3 except for Day 7 n=2. Error bars 
are standard error %.   

 

 

Figure 5.8. 3 Ring Resuspension Mass Balance for sediment & water. Initial hydrocarbon addition 100% (TA), 
before resuspension (T0) and after resuspension and settling (T2). Where n=3 except for Day 7 n=2. Error bars 
are standard error %.   
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A 3 Ring group (figure 5.8) percentage loss was observed across the 28-day timeline from before 

(T0) and after resuspension (T2) with the exception of Day 14. At Day 14 there appeared to be no 

overall percentage gains or losses on the mass balance and that is most likely due to creation and 

degradation of 3 rings occurring in equal measure. Resuspension (T2) within the first 24 hours of 

contamination enhanced the loss of 3 rings from the sediment but then after, slight percentage 

gains were observed.  

 

Figure 5.9. 4 Ring Resuspension Mass Balance for sediment & water. Initial hydrocarbon addition 100% (TA), 
before resuspension (T0) and after resuspension and settling (T2). Where n=3 except for Day 7 n=2. Error bars 
are standard error %.   

Greater partitioning between the sediment and water phase was observed in the 4 ring mass 

balances than for any other group (Figure 5.9) as seen in the mass balance water percentages. The 

mass balance percentages fluctuate throughout the 28 days from greatest loss at Day 1 and Day 3 

to a 44% gain in sediment 4 ringed PAHs at Day 14. Resuspension within 24 hours of contamination 

continued to enhance the static loss of 4 rings.  

The 5-ring mass balance fluctuates over the 28-day period (Figure 5.10) and is similar to that of the 

4-ring group. There continued to be a very slight percentage loss at T0 before resuspension for Day 

1 and Day 3. Thereafter, percentage gains are observed at T0 for DAY 7 to Day 28 of 5%, 80% and 

55%. With increased length of contamination, the percentage loss at T2 increased and was 

significant (Spearman rho=-0.549, p=0.042, n=15). Resuspension within 24 hours, 14 and 28 days 

of contamination enhanced the loss from the static phase (T0) but due to the large uncertainties at 

Day 3 and 7 it is unclear what the impact of resuspension have on 5 rings.  
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Figure 5.10. 5 Ring Resuspension Mass Balance for Sediment & Water. Initial hydrocarbon addition 100% (TA), 
before resuspension (T0) and after resuspension and settling (T2). Where n=3 except for Day 7 n=2. Error bars 
are standard error %.   

 

 

Figure 5.11. 6 Ring Resuspension Mass Balance for Sediment & Water. Initial hydrocarbon addition 100% (TA), 
before resuspension (T0) and after resuspension and settling (T2). Where n=3 except for Day 7 n=2. Error bars 
are standard error %.   
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6 ring mass balance loss (Figure 5.11) fluctuated as seen in previous ring groups across the 28-day 

time line. Within the first week of contamination 6 rings were lost from the mass balance before 

resuspension took place. By 14 days after contamination, no mass balance change was observed 

followed by a 25% sediment gain in 6 rings at Day 28. With increased length of contamination, the 

percentage loss at T2 increased and was significant (Spearman rho=-0.614, p=0.020, n=15).   

In summary, all mass balance percentages appear to fluctuate between gains and losses for all ring 

groups across the 28-day timeline. For all rings, there appear to be steady losses for the first 3 days 

after contamination followed by percentage gains at Day 14. Despite the Day 14 gains, Kruskal-

Wallis Tests for all days showed none were found to be significantly different for any ring group. An 

increase in percentage loss for 2,5 and 6 ring groups with increased length of contamination was 

observed.  

5.3.3. Water column rates of change  

Changes within the water column were analysed by rate of change between static, resuspension 

and settling. The static phase is defined by the rate of change during TA (fuel addition) and T0 

(before resuspension) divided into the contact time (hours) before resuspension. The Resuspension 

phase is defined as the rate of change during T0 and T1 (filtrate) taken immediately at the end of 

resuspension divided by 4 hours (length of time for resuspension). Settling is defined as the rate of 

change during T2 (settling) and T1 divided by the settling period of 3 hours. A further rate of change 

is included on the plots of resuspension and settling (R & S). This is a combination of the two last 

phases defined as the rate of change during T2 and T0 divided by 7 hours. 

 
 Figure 5.12 Total PAH Rates of Change Within the Water Column. Where n=3 exception at 72 =2, error bars 
are standard error. 24 hr=1, 72 hr=3, 168 hr=7, 336=14 and 672=28 days. R&S= Sum of resuspension & 
Settling rates. 
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Total PAH rate of changes to the water column are shown in Figure 5.12. Whereas, at 24 hours 

resuspension had enhanced the loss rate from the water column, by 72 hours to 336 hours 

resuspension now caused a slight increase in total PAH rates into the water column. At 672 hours 

the rate per hour during all phases resulted in a loss from the water column. So, after contamination 

the cumulative effect of resuspension and settling (R & S) resulted in a loss rate from the water 

column at 24hrs (Day 1) and 672 hrs (Day 28) but produced total PAH input into the water column 

at 72 hrs (Day 3) to 336 hrs (Day 14). Statistically significant at p≤0.05 level were the static rates 

throughout the timeline that showed a decline with time (Spearman rho: -0.851, p=0.000, n=14). 

Figure 5.13. 2 Ring Rates of Change Within the Water Column Where n=3 exception at 72 =2, error bars are 
standard error. 24 hr=1, 72 hr=3, 168 hr=7, 336=14 and 672=28 days R&S= Sum of resuspension & Settling 
rates. 

 The rates of dissolved 2 Ring NAP (Figure 5.13) into and out of the water column across all stages 

are dynamic during the first 168 hours of contamination but by 672 hrs the rates had become small 

losses. During the static stage, there was a slight input rate during the first 24 hrs then continued 

to become a loss rate that declined with time. The resuspension stage resulted in significant 

declining rates of release into the water column (Spearman rho: -0.728, p=0.003, n=14). Although 

after 336 hrs (14 Days) of contamination there appeared to be a sharp increase back into the water 

column.  

The 3-ring rates of change in the water column are shown in Figure 5.14. The rates for dissolved 3 

rings into and out of the water column become more dynamic with increased time of 

contamination. Whereas, at 24 hours all stages of resuspension had enhanced the loss rate from 

the water column, by 72 hrs to 672 hrs R & S now caused an increase in 3 ring rates into the water 
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column. Statistically there was a decline in dissolved 3 rings into the water column during the static 

phase (Spearman rho: -0.945, p=0.000, n=14) only. 

Figure 5.14. 3 Ring Rates of Change Within the Water Column. Where n=3 exception at 72 =2, error bars are 
standard error. 24 hr=1, 72 hr=3, 168 hr=7, 336=14 and 672=28 days. R&S= Sum of resuspension & Settling 
rates. 

The 4-ring rate changes to the water column are shown in Figure 5.15. The most striking feature of 

this data is the lack of rates of change during resuspension. The rates during resuspension for all 28 

days were significantly lower than the settling rates over the same period (Paired T test T=-2.70, 

n=5, p=0.018). It is during the settling phase that 4 rings are released into the water column and 

settling drives the R & S rates. Whereas, at 24 hrs and 672 hrs the R & S phase had enhanced the 

loss rate from the water column, by 72 hrs to Day 168 hrs, R & S now caused an increase in 4 ring 

rates into the water column. A decreased rate into the water during the static phase was the only 

stage to be significant with time (Spearman rho: -0.923, p=0.000, n=14). 
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Figure 5.15. 4 Ring Rates of Change Within the Water Column Where n=3 exception at 72 =2, error bars are 
standard error. 24 hr=1, 72 hr=3, 168 hr=7, 336=14 and 672=28 days. R&S= Sum of resuspension & Settling 
rates. 

The 5-ring rate changes to the water column are shown in Figure 5.16. Within 24 of contamination 

all stages of resuspension result in loss of 5 rings from the water column. After 1 Day these rates 

become more dynamic with gains and losses into and out of the water column. After 672 hrs of 

contamination dissolved 5 ring rates had become small losses. A declining rate of loss was found to 

be significant with time during the static phase only (Spearman rho: -0.981, p=0.000).  

Figure 5.16. 5 Ring Rates of Change Within the Water Column Where n=3 exception at 72 =2, error bars are 
standard error. 24 hr=1, 72 hr=3, 168 hr=7, 336=14 and 672=28 days. R&S= Sum of resuspension & Settling 
rates. 

The 6-ring rate changes to the water column are shown in Figure 5.17. A similar 24 hrs loss from 

the water column across all stages is observed as in previous ring groups. Rates into the water 

column during resuspension are observed at 72 hrs to 168 hrs. These rates are greater than the 

settling rates as previously seen in 4 and 5 rings and result in cumulative R & S inputs. The rate gain 

into the water column during the R & S phase significantly increases across the timeline (Spearman 

rho:  0.585, p=0.028, n=14).  A decreased rate of loss from the water column during the static phase 

was observed and was significant (Spearman rho: -0.982, P-Value = 0.000, n=14).   
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Figure 5.17. 6 Ring Rates of Change Within the Water Column Where n=3 exception at 72 =2, error bars are 

standard error. 24 hr=1, 72 hr=3, 168 hr=7, 336=14 and 672=28 days. R&S= Sum of resuspension & Settling 

rates. 

In summary, with increased length of contamination the rate of loss from the water column for all 

rings decreased during the static stage. All ring groups were lost from the water column if 

resuspension and settling took place within 24 hours of contamination. Although NAP was seen to 

be released during resuspension but after settling there was an overall loss from the water column. 

After 24 hrs all dissolved ring group PAHs were released into the water column during resuspension 

and settling. The greatest rates of input into the water column occurred 336 hrs (14 days) after 

contamination. The 4-ring group was the only group not to be driven by active resuspension and 

instead was released into the water column during the settling stage.   

5.3.4. Comparison of PAH Ring Groups During Resuspension Timeline 

The consistent increase in sediment percentages observed at Day 14 and to a lesser extent at Day 

7 and Day 28 could be due to partial breakdown of HMW PAHs into LMW PAHs (Lee et al., 2019; 

Liang et al., 2014; Nitza, 2018; Qin et al.,2017). Figure 5.18 displays all the ring group distributions 

from T0 and T2 from the resuspension experiments. 6 ring PAHs appear to be stable throughout 

the 28 days, while 5, 4 and 3 ring PAHs appear to increase in percentages from Day 14. The 2 ring 

NAP can be seen to decline in percentages from Day 1 to Day 28. Despite a visible trend of shifting 

ring group proportions across the timeline there are no statistical or plotted correlations between 

the ring groups nor individual PAHs to suggest creation of daughter PAHs for instance, a 6 ringed 

PAH has partially degraded to produce a 5 ring PAH.  
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Figure 5.18 PAH Ring Sediment % Distribution During Resuspension Timeline. Before Resuspension T0; After 
resuspension & Settling T2.   

  Discussion 

Over the 28 days PAHs were lost from both the sediment and from the water column during the 

static phase before resuspension. During that period, PAHs are assumed to be lost through 

volatilisation, photo degradation and microbial degradation. Once set up, the beakers were covered 

and artificially aerated and kept under ambient light and temperature conditions that are suitable 

for volatilisation, photo and microbial degradation. When considering volatilisation half-life’s of just 

0.4 to 3.2 hrs for NAP and 17 hours for ANT (Chapter 1, section 1.4 Table 1-1), it is very likely that 

volatile loss would have occurred under these conditions. Photo degradation half-life’s have been 

found to be 30 minutes for NAP, 36.5 for ANT and 8.6 days for B(a)P (Chapter 1, section 1.4 Table 

1-2). Loss by microbial degradation may be of less importance for the first 24 hours for most of the 

PAH groups except for NAP. That assumption is based upon NAP as an example of the simplest PAH 

with a microbial degradation half-life of 18 hr (CCEC, 2008).  The importance of abiotic degradation 

and loss during static standing conditions decreases over time once the LMW PAHs have been lost 

and microbial degradation grows but these degradation processes will still be active.  

Sediment microbial degradation appears to become more important from Day 3 as evidenced by a 

slowing rate of loss followed by increasing gains during the static phase for all rings except for NAP. 

Research into HMW biodegradation pathways have reported the creation of NAP from PHEN, PHEN 

and PYR from B(a)P (Lee et al., 2019; Liang et al., 2014; Nitza, 2018; Qin et al.,2017). Within the 28-

day timeline sediment microbial degradation could have reached a peak from Day 14 as evidenced 

by the increase in the mass balance plots. There may be a suggestion of similar gains in PAHs found 
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in the oxic layer of mesocosm A from Day 14-21 (Section 4.3.4: Figures 4.11 to 4.15: Appendix 3 

Table 1). A similar increase in hydrocarbon concentrations had been observed in total petroleum 

hydrocarbon (TPH) metabolites between 15-30 days during incubation experiments (Dell’Anno et 

al., 2012) although because no separate PAH analysis was carried out it cannot be confirmed 

whether PAHs were part or not of the derivative increase. Furthermore, it is understood that some 

PAH degradation metabolites are not only degradation dead-ends but are considered to be more 

toxic than the parent PAHs (Lee, 2003; Lundstedt et al., 2007; Nzila 2018). The incidence of 

increasing NAP concentrations alongside HWM ring decrease has been observed in other studies 

within contaminated sediments. Within coal tar contaminated harbour sediments, the percentage 

of NAP degradation was 22% comparable to B(a)P 24% loss. Other LMW PAHs loss varied from 89% 

for ACE to PHEN 58 %. The authors concluded that NAP had been aged onto OM and was not 

available for biodegradation (Rothermich et al., 2002). A different interpretation is offered here, 

that the partial degradation of B(a)P and other HMW PAHs generated NAP. NAP could have been 

created within the sediments while its degradation slightly lagged behind resulting in the apparent 

low percentage loss. Further evidence for the creation of daughter LMW PAHs from parent HMW 

PAHs was observed in Kahkashan et al. (2019)’s research comparing the Tasman Spirit wreck 11 

years after the event found the composition of the rings in the remaining PAH changed from a fairly 

equal composition of rings to one dominated by 2 and 3 rings. These had increased at the expense 

of the HMW 5 and 6 rings.  

Sediment ring group PAH proportions over the 28 days were investigated for production of 

daughter PAHs (Figure 5.18). A decreasing loss and corresponding increasing accumulation of PAHs 

could be an indication of ‘daughter’ ring generation through partial degradation of very HMW rings 

from the fuel blend. Despite the visual fluctuations between the ring groups no significant negative 

correlations were found. That result was expected because of the experimental design that used 

an addition of blend of fuels and oils. Fossil fuel and its products contain PAHs > 6 benzene rings 

such as coronene and a hydrocarbon range up to C40. PAH analysis did not quantify any PAH larger 

than 6 rings nor was it exhaustive. Target PAHs for analysis in these experiments are reproduced in 

Table 3-6. It is conceivable that a fraction of the accumulation at Day 14 may be a result of 

degradation of non-quantified hydrocarbons from the experimental fuel blend and harbour 

sediment. It is concluded here that the observed mass balance increase during these resuspension 

experiments is from the partial degradation of target PAHs through biotic and abiotic degradation.  
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Table 5-4 Target PAHs, GC-MS ions & Retention Times  

Target PAH Target Ion Retention Time (min) 

Naphthalene (NAP) 128 5.08 

Acenaphthylene (ACY) 152 7.46 

Acenaphthene (ACE) 153 7.84 

Fluorene (FLU) 166 9.02 

Phenanthrene (PHE) 178 11.81 

Anthracene (ANT) 178 11.96 

Fluoranthene (FLUH) 202 16.61 

Pyrene (PYR) 202 17.58 

Benz(a)anthracene (BaA) 228 23.83 

Chrysene (CHR) 228 24.03 

Benzo(b)fluoranthene (BbF) 252 29.43 

Benzo(k)fluoranthene (BkF) 252 29.57 

Benzo(a)pyrene (BaP) 252 30.92 

Indeno(1,2,3c-d)pyrene (IDP) 276 36.30 

Dibenz(a,h)anthracene (DBA) 278 36.60 

Benzo(g,h,i)perylene (BgP) 276 37.65 

 

If resuspension occurs in the first 24 hours after contamination it will enhance the PAH loss rates 

from the sediment and water as observed in the rates of change and mass balance plots. The water 

resuspension and settling rates for total and 3-6 rings after 1 day all record loss rates from the water 

column. A gain is observed for NAP during resuspension but generally there are corresponding 

sediment losses for all ring groups except 2 and 6 rings. Therefore, PAHs continue to be lost from 

the water column through volatilisation and partial abiotic degradation. The resuspension phase 

appeared to generate 2 rings whatever the contact time likely through the promotion of desorption, 

breakdown of higher ringed PAHs into 2 ring NAP and of NAP enriched pore water (Belles et al 

2016). During settling SPM scavenges desorbed PAHs back into the sediment. Although, at 24 hours 

that only appears to be the case for NAP and 6 rings. Therefore, real losses for most ring groups not 

just partitioning between water and sediment took place after 1 day. 

After 24 hours, PAH ring group mobility into and out of the water column becomes more 

complicated due to ring hydrophobicity. It would be expected that the higher rings would be 

scavenged from the water column into the sediment once resuspension had ceased due to stronger 

adsorption coefficients and is observed for 5 and 6 rings. Generally, from Day 3 to Day 14 all ring 
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groups except 2 rings appear to show a trend of accumulation in the sediment resulting in increased 

rates and volumes into the water column. One of the most interesting results from these 

experiments was the mobility of 4 rings during resuspension, this group was not released into the 

water column during resuspension instead concentrations of these rings increased in the water 

column during the 3-hour settling period. This observation was also recorded by Dong et al., (2016) 

who found 4 ring concentrations increased to reach a maximum value 4 hours after resuspension. 

The conclusion drawn by the authors was 4 ring PAHs were being desorbed from larger SPM which 

had a slower desorption rate, although it is just as conceivable that 4 ringed PAHs may be adsorbed 

on to dissolved organic carbon (DOC) such as colloidal material. Means (1995) experiments into the 

influence of salinity upon PYR partitioning found a strong effect of colloids on PYR coefficients. 

Within these experiments PYR was found to exist in increasing concentrations, possibly due to 

degradation of HMW PAHs, and was preferentially partitioned into the water column. Either bound 

to colloidal material or desorbed from large SPM within these experiments PYR remained in the 

water column 3 hours after resuspension.  The partitioning behaviour of 4 ring PAHs is an area for 

further research. 

It has been noted in previous research that with increasing contaminate contact time rates of 

desorption decrease during resuspension (Oh et al 2013). Known as irreversible sorption where OM 

and sediments adsorb more PAHs than they release. The process is well researched and 

parameterised for static long-term contaminated soils (Hatzinger & Alexander, 1995; Kan et al., 

2000; Reid et al., 2000). It is understood that through intraparticle diffusion PAH compounds are 

sequestered.  Within marine sediments undergoing resuspension irreversible sorption or ageing 

has not be so well researched. It was hoped that these resuspension experiments would provide 

more information on PAH desorption with increasing contact time prior to resuspension. The water 

column rates for all resuspension and settling phases have declined by 28 days. This could be an 

indication that ageing has taken place. By Day 28 the majority of the labile fraction of PAHs would 

have undergone degradation and loss during the static phase leaving a desorption resistant 

fraction. Equally, the decline in rates at Day 28 may be due to a degradation lag or pause between 

pulses in degradation of higher rings. During the 28-day experimental timeline there appeared to 

be a wave or pulse of PAH accumulation from partial degradation of other PAHs that were 

subsequently degraded or lost from the system. Within the mesocosm incubations a similar 

tentative degradation pulse was observed in the oxic layer of the acute mesocosm but due to its 

large heterogeneity the trend is slight. Further work is required to clarify our understanding of 

ageing in marine sediments under resuspension by extending the timeline to confirm whether the 
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rates of change remain low or to confirm the pulse in generation, accumulation and degradation of 

lower ring PAH from higher rings.  

During resuspension, PAH loss over time appeared to decline in the mass balance due to 

accumulations of PAHs during the static phase. Rates of change show that probably during 

resuspension PAHs are being lost from the water column from degradation and adsorption but also 

are generated through partial degradation and desorption. Consequently, from Day 7, to peak at 

Day 14 resuspension appeared to no longer result in net loss or gain from the sediment.  Indeed, 

the inputs to the water column through resuspension have a far greater environmental impact. In 

the environment these peaks of release would result in pulsed exposures to organisms. Throughout 

the resuspension timeline PAHs were increasingly released into the water column but the largest 

rates were observed from Day 7 and Day 14. Sediment microbial degradation may be causing a 

toxicity hazard by producing lower ring group PAHs that in acute one-off spills will be at their most 

threat at 7 to 14 days after contamination if a resuspension event such as dredging were to take 

place. Furthermore, the exposure in the water column may last far longer than during SPM 

entrainment as observed by 4 ring behaviours.   

  Conclusions 

A 28-day timeline between PAH contamination and resuspension was investigated to test the 

hypothesis that increased length of contact time between PAH contamination and a resuspension 

event decreases PAH concentration flux to the water column.  

 

Figure 5.19 Schematic Diagram of Impact of Contamination Time & Resuspension in the Environment. 
Elements outlined in red are the chapter’s contribution. 
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A synthesis of the impact of contact time and resuspension are shown in figure 5.19. To investigate 

the mobility of PAHs a simulated 4-hour storm producing 1 mm erosion of oxic surface sediment 

was conducted.  It was found that PAHs were lost from harbour sediments and the water column 

through abiotic and biotic processes regardless if resuspension occurred or not, but resuspension 

did enhance the rates of volatilisation and degradation. Under warm ambient air and water 

temperatures PAH loss was strongly observed when resuspension occurred after 24 hours after 

contamination.  It is from 3 days post contamination that resuspension stopped enhancing loss and 

began to facilitate PAH input into the water column.  Sediment microbial degradation become more 

important at this time as evidenced by a slowing rate of loss and the beginning of accumulation in 

sediments peaking 14 days after contamination.  This PAH accumulation may be the product of 

partial degradation of very HMW PAHs (>6 rings) into metabolites and lower ringed ‘daughter 

PAHs’, it is during this period 14 days post contamination that resuspension has the most 

environmental impact as LMW PAHs and metabolites such as oxy-PAHs are noted for their toxicity 

to marine organisms. Furthermore, sediments may experience pulses or waves of degradation 

activity. Each pulse releasing LMW PAHs and derivates into the water column during resuspension 

to be either scavenged, volatised or to be further degraded.  These fluxes into the water column 

may not be short lived.  In particular, the 4-ring influx into the water column was shown to increase 

3 hours after resuspension had stopped.  By Day 28 the PAH influx into the water column had 

declined. This could be an indication that ageing or irreversible sorption had occurred or there 

occurred a degradation lag before further degradation. Due to PAH degradation processes, the time 

at which resuspension occurs post contamination dictates if it will enhance dissolved PAH 

concentrations or increase their breakdown.   
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 Conclusions and Future work 

 Summary 

This thesis focuses on polycyclic aromatic hydrocarbon chronic and acute contamination in urban 

harbours and ports. Portsmouth Harbour was used as a case study as an example of a chronically 

contaminated urban harbour. It acts as a commercial port for cargo, cruise and ferry traffic and is a 

popular location for recreational boating. The harbour also acts as a home port for the Royal Navy.  

A petrogenic (non-combusted fuel) and pyrogenic (air emission) hydrocarbon inventory was 

undertaken to calculate the air emissions from incomplete combustion and fuel inputs received 

from marine traffic. An environmental seasonal sampling of water and sediment was undertaken 

to bring context and to confirm sites of PAH accumulation predicted from the inventory. To explore 

accumulation and degradation rates and extents in harbour sediments impacted by chronic PAH 

contamination, a 6-month mesocosm incubation was undertaken. Lastly, to provide a timeline 

between PAH sediment contact time and the impact of resuspension on their partitioning and 

concentrations.  

 Discussion 

At present, marine traffic is acknowledged to be a source of atmospheric pollution through 

incomplete combustion (pyrogenic) of fossil fuel (Nunes et al., 2017). Within the last 20 years, steps 

have been made to control gas and particulate matter emission concentrations through the 

introduction of low sulfur fuels, exhaust scrubbers and sulfur emission control areas (SECA) (Trozzi 

& De Lauretis., 2016).  The adoption of mandatory inventories to calculate marine traffic 

greenhouse emissions are primary to provide totals for government emission targets but have also 

been used to monitor the International Marine Organisation (IMO) marine pollution (MARPOL) 

interventions. Air emission inventory methods were developed originally with commercial and 

military vessels as the primary focus while a generic local fuel sale calculation was added to cover 

recreational traffic.   

A marine traffic air emission inventory adapting the European Environment Agency approved 

method (Trozzi & De Lauretis 2016) was conducted in 2017 within Portsmouth Harbour. The 

adaption was not to use local fuel sales to calculate recreation air emissions but to apply the same 

method used for commercial vessels.  Using this method, a total mass of 85,0000 (11,050 to 

158,950) kg of particulate matter (PM) and 8,500 (1,105 to 15,895) kg of the PAH benzo(g,h,i)pyrene 

(BgP) were produced by marine traffic. Commercial and military traffic produced 99% and 1% from 

recreational craft. In this instance the input from recreational craft may appear insignificant set 

against the commercial input but there is an uncertainty of 69% attached to recreational 
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calculations for PM and BgP. Extrapolating from Portsmouth Harbour, 1000 tonnes per year of BgP 

and 10,000 tonnes of PM are released annually in national harbours and ports.  

These PM and PAH levels within marine sediments are set to increase with the adoption of air 

cleaning scrubber technology. Fleet owners currently have the option to use sulfur rich heavy fuel 

oils if scrubbers are installed to clean the exhaust. The options available are the open loop and 

closed loop system. As the name suggests, the open loop uses seawater to flush the filters and 

deposits the wash water with entrained PM directly into the water column while the closed loop is 

contained in a tank. Unfortunately, the closed loop is sophisticated in design and harder to retrofit 

into existing ship engine exhaust designs while the open is more easily adopted. Despite meeting 

air emission regulations, open loop scrubber technology is a cause for concern.  It has been 

modelled that if a fleet uses heavy fuel and open loop sea scrubbers then the levels of PM deposited 

into the water column could reach the same levels as seen in 1970-1990s (Claremar et al., 2017). 

Further work is required to assess the potentially greater PAH concentrations deposited directly 

into the water column compared to atmospheric deposition from low sulfur fuels.   

At present it is not mandatory to calculate non-combusted (petrogenic) fuel and motor oil releases 

in coastal waters. When an oil spill occurs the harbour authorities are notified, it is recorded and 

the appropriate intervention is carried out. These occurrences are treated as isolated incidents, 

measure in m3   and are disproportionately reported by the commercial and military sectors (ACOPS, 

2017). The inefficiency of the leisure outboard motor, that can lose up to 30% of fuel, is well 

documented (Law et al., 1997; Lico, 2004) as a source of hydrocarbon pollution in coastal waters 

but non-combusted fuel inputs from leisure craft remain unmonitored. Yet, this research shows 

that non-combusted fuel inputs from operational activities in Portsmouth Harbour were calculated 

at 25403 ± 58% Litres. The greater percentage produced by recreational craft (82%). Extrapolating 

from Portsmouth Harbour, 3 million m3± 58% were released in all national ports and harbours in 

2018. Particulate matter from engine exhaust emissions contain PAHs as does unburnt fuel and 

motor oils. Both sources of PAHs will enter the water column, undergo similar biogeochemical and 

physical processes to potentially become toxic, carcinogenic and mutagenetic hazards to biota and 

the public (Nicolaus et al., 2015).   

This research has shown that operational, small scale but frequent inputs from incomplete 

combustion (pyrogenic) and non-combusted (petrogenic) fuel are occurring in harbours and ports 

from marine traffic. The adaption of an air emission inventory to calculate non-combusted fuel 

inputs has shown the extent of what is ‘unseen’ pollution and the importance of including the 

leisure sector in any inventory to fully capture the extent of chronic hydrocarbon inputs.         
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The aim of the environmental sampling was to determine if the chronic inputs established through 

the petrogenic and pyrogenic inventory resulted in chronic PAH contaminated sediments. Despite 

identifying recreational craft as the source for much of the non-combusted fuel inputs into the 

harbour, no corresponding peaks in diesel associated PAHs were found solely in marinas. Although 

dissolved 2-6 ring group PAH distributions did peak in summer at all sites corresponding with the 

peak in summer marine traffic activity. There was some indication that incomplete combustion 

inputs were associated with sediment concentrations. Increases of 4 to 6 ring group PAHs were 

located at commercial ferry sites but these sediment concentrations showed no summer seasonal 

peak as seen in the water column. The concentrations of 3 to 6 ring PAHs did not change with 

season but remained stable throughout the year implying that either chronic inputs may result in 

sediment accumulation or resistance to degradation.  From seasonal site sampling a disconnect was 

found between input, water column and sediment. Dissolved concentrations of PAHs were 

seasonally dynamic while sediment concentrations remained seasonally stable. Figure 6.1 

summaries the biogeochemical and physical processes that act on petrogenic and pyrogenic chronic 

inputs to cause a disconnect between input, water column and sediment.  

 

Figure 6.1: Updated PAH Transport & Biogeochemical Transformations in the Marine Environment. Elements 
outline in orange are this research’s contribution. (Adapted from Eggleton & Thomas, 2004). 

Chapter 1, section 1.4.2 provides an overview into biogeochemical processes of photo degradation, 

volatilisation, partitioning, microbial degradation and physical processes of resuspension and 

sediment transport that act on PAHs in the marine environment.  
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Chronic non-combusted and incomplete combusted inputs alongside a 1 off acute event were 

reproduced in mesocosm incubation experiments to investigate sediment PAH accumulation. A 

steady accumulation of 3-6 ring group PAHs were seen after 3 months receiving chronic inputs. The 

seasonal environmental sediment sampling also indicated the persistence of 3-6 ring group PAHs 

throughout the year. An explanation of continuous replenishment from frequent direct inputs 

coupled with longer HMW rates of microbial degradation can result in chronically contaminated 

sediments when inputs outpace degradation (Chapter 4, Mesocosms). Further evidence exists to 

support that PAH accumulation in the environment also occurs as a consequence of the partial 

breakdown of direct inputs, thereby, adding to the reservoir of PAHs. It is now accepted that higher 

ringed PAHs can be partially degraded to produce ‘daughter PAHs’ (Lee et al., 2019; Liang et al., 

2014; Nitza, 2018; Qin et al.,2017). It was observed during resuspension experiments that an 

increase in the mass balance of 3, 4 and 5 rings appeared 2 weeks after hydrocarbon contamination. 

It has been concluded that this increase is due to HMW > 10 ring PAH partial degradation. The oil 

blend addition mirroring inputs into the harbour, contained complex hydrocarbon chains and far 

larger ring groups then analysed. So, the partial degradation of a 20 ring PAH may well result in a 

series of LMW and HMW PAHs. Therefore, this research concludes that the accumulation of 3-6 

ring group PAHs is the combination of direct chronic inputs and degradation additions outpacing 

the rate of microbial breakdown (Figure 6.1).  

The disconnect observed in Portsmouth Harbour between input, water column and sediment is 

further consolidated by the process of resuspension. In chapter 5, a timeline between sediment 

contamination and resuspension was established to investigate if length of contact time impacted 

on the PAH flux to the water column. Due to PAH degradation processes already discussed, the time 

at which resuspension occurs post contamination dictates if it will enhance dissolved PAH 

concentrations or increase their breakdown. If resuspension took place 24 hours after 

contamination, then the concentrations of all ring groups were removed from the water column 

but after 24 hrs there was an increased dissolve PAH flux to the water column. This appears to be 

due to sediment microbial degradation that becomes more important with time. As seen in the 

mesocosm incubations, PAHs may be accumulating from partial degradation of HMW PAHs into 

metabolites and lower ringed ‘daughter PAHs’, it is during 14 days post contamination that 

resuspension has the most environmental impact. Furthermore, degradation may experience 

pulses or waves of activity producing LMW PAHs and metabolites such as oxy-PAHs that are noted 

for their toxicity to marine organisms. These fluxes into the water column may not be short lived.  

In particular, 4 ring influxes into the water column was shown to increase 3 hours after 

resuspension had stopped. By Day 28 the PAH influx into the water column had declined. There are 
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limitations to transferring these experimental observations to real harbours. These observations 

are based upon storms that erode at least 1mm depth of sediment and the time of resuspension 

was controlled from 24 hours to 28 days after contamination. In real harbours resuspension would 

be a frequent occurrence and will not erode down to 1mm and consequently the magnitude of the 

observed flux to the water column would be less as the products of microbial degradation would 

not have had time to accumulate.  Despite these limitations, the resuspension experiments do 

emphasise the importance of resuspension to produce circular process of products of degradation 

from direct and indirect inputs into the water column to be either transported, deposited or 

undergo further degradation. The implications from the input inventory, environmental sampling, 

mesocosm and resuspension experiments is that sediments in urban harbour and ports do not have 

time to recover between each contamination event and the impact is cumulative.        

Inputs from marine traffic are dispersed once in the water column by waves, currents, tidal flushing 

and bottom sediment transport. These physical processes were highlighted in the environmental 

sampling (Chapter 3) and resulted in some adjacent sites displaying similar dissolved distributions 

for example Haslar and Gosport marinas. While a strong sediment transport flow alongside the 

western side of the harbour carried sediment, SPM and PAHs up to the north of the harbour and 

across to the eastern side. Within Portsmouth harbour it is the commercial eastern side where areas 

of PAH accumulation are observed. The heavily modified commercial port, naval docks and ferry 

terminus incorporate infrastructure that interrupts tidal flow becoming sediment traps for PAH 

loaded SPM to settle.  

PAH mobility within urban harbours and ports impacted by chronic inputs has been shown to be 

complex and therefore has implications for environmental monitoring.  The disconnect between 

source of input, water column and sediment concentrations may result in an under estimation of 

chronic sediment accumulation if based on infrequent sampling from the same station. That could 

be partly resolved through further work on the role of SPM as a vector of PAH transport within the 

harbour. It would be useful to identify sites of PAH accumulation that could be transferred onto a 

map to be used to inform future marine infrastructure planning and for identifying areas of likely 

accumulation.  

This research has highlighted the necessity to discuss urban harbours and ports in terms of 

environmental capacity. Usually, capacity in harbours and ports is associated to numbers of vessels 

a port can handle, what vessel tonnage or length can be berthed and available marina berths. That 

discussion is important because currently PIP have taken advantage of the deeper navigation 

channel and developed a new berth to accommodate larger cruise ships. Expansion into the larger 
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cruise ship market is economically sound but chronic inputs will increase especially if open loop 

scrubbers are use. Liverpool port has extended its container ship capacity to accommodate the new 

generation of super container ships at Liverpool2. Should urban harbours and ports be thought of 

in terms of finite resources and environmental resilience? Further work on developing   

management policy may be to investigate the environmental sensitivity of a port and harbour to 

develop marine traffic capacity based upon the volume of incomplete combustion emissions and 

non-combusted fuel inputs from all marine traffic. To incorporate a biogeochemical model linked 

to resuspension to estimate PAH fluxes to the water column from direct and indirect inputs.  That 

could place limits on the number and size of passenger and cruise ships and the number of marinas. 

 Concluding Comments & Future Work 

This research has shown the complexity of PAH biogeochemistry and transport in urban harbours 

and ports. It has shown that any environmental monitoring of PAHs cannot be determined by 

seasonal sampling of water and sediment at limited sites due to the disconnect between point 

source, water column and sediment. That is due in part to microbial degradation producing 

‘daughter PAHs’ that add to the reservoir of directly deposited PAHs coupled with degradation 

pulses or peaks that through resuspension will influx the water column to mix with any recently   

PAH inputs.  This research has shown that an adaption of an air emission inventory to calculate non-

combusted fuel inputs has shown the extent of what is ‘unseen’ pollution and the importance of 

including the leisure sector in any inventory to fully capture the extent of chronic hydrocarbon 

inputs. Further work to develop this research would be to assess the potentially greater PAH 

concentrations deposited directly into the water column compared to atmospheric deposition from 

low sulfur fuels. Further work is required to fully investigate the suggestion of generation of 

‘daughter’ PAHs observed in the mesocosm and resuspension experiments indicate that further 

research is needed to confirm degradation rates and to provide experimental data that could be 

fully incorporated into a biogeochemical model. Further work on the role of SPM as a vector of PAH 

transport within the harbour. It would be useful to identify sites of PAH accumulation that could be 

transferred onto a map to be used to inform future marine infrastructure planning and for 

identifying areas of likely accumulation. Lastly, further work on developing management policy to 

investigate environmental capacity to limit marine traffic numbers.  
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 Appendices 
 Appendix 1 Sources for Air Emission Data 

 

Table 1: Sources for Emission Data  

Source Information collected References 

AIS Operational 

movements 

www.marinetraffic.com 

Lloyd’s shipping 

register 

Vessel Specifications www.Ir.org 

Harbour Master 

Shipping Movements 

Operational 

movements 

particularly for military 

www.royalnavy.mod.uk 

MMO fishing Licences Small boat fishing 

Population 

www.gov.uk/government/statistical-

data-sets/vessel-lists-10-metres-

and-under 

Passenger Ferry 

Timetables 

Operational 

movements 

www.wightlink.co.uk 

www.brittany-ferries.co.uk 

Fleet owner webpages Vessel Specifications www.star-reefers.com 

www.james-fisher.com 

Engine Manufactures 

webpages 

Engine power and fuel 

specifications 

www.ship-technology.com 

www.cummins.com 

 

Naval fleet information 

webpage 

Naval vessel and 

engine specifications 

www.seaforce.org 

 

Technical reports, 

guides and research 

papers 

Engine loading factors 

Emission factors 

Trozzi & De Lauretis (2016), Motelay-

Massen et al (2006), Winther & Nielsen 

(2006) 

Observational Survey Recreational boat 

numbers 

Data contained within results 

  

http://www.marinetraffic.com/
http://www.ir.org/
http://www.royalnavy.mod.uk/
http://www.gov.uk/government/statistical-data-sets/vessel-lists-10-metres-and-under
http://www.gov.uk/government/statistical-data-sets/vessel-lists-10-metres-and-under
http://www.gov.uk/government/statistical-data-sets/vessel-lists-10-metres-and-under
http://www.wightlink.co.uk/
http://www.brittany-ferries.co.uk/
http://www.star-reefers.com/
http://www.james-fisher.com/
http://www.ship-technology.com/
http://www.cummins.com/
http://www.seaforce.org/
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 Appendix 2 Seasonal water & Sediment PAH concentrations 
Table 1 Seasonal Environmental Sediment Data HMS Bristol 

ng g Winter n=3 Spring n=3 Summer n=3 Autumn n=3 
 

Mean ST.D ST.E Mean ST.D ST.E Mean ST.D ST.E Mean ST.D ST.E 

NAP  50.48 21.30 12.30 111.36 24.96 14.41 0.51 0.88 0.51 94.59 83.87 48.42 

ACY  5.57 1.40 0.81 4.02 0.97 0.56 3.28 0.38 0.22 6.31 1.53 0.88 

ACE  6.65 1.28 0.74 5.05 2.04 1.18 3.47 1.20 0.69 7.51 6.62 3.82 

FLU  15.10 4.62 2.66 9.35 5.25 3.03 6.56 0.32 0.18 18.19 15.87 9.17 

PHE  55.31 12.54 7.24 33.05 13.98 8.07 31.88 3.13 1.81 46.00 30.58 17.66 

ANT  17.83 2.36 1.36 11.30 2.41 1.39 14.29 1.85 1.07 15.73 4.90 2.83 

FLUTH 94.63 20.42 11.79 70.24 18.67 10.78 70.56 5.70 3.29 87.98 27.28 15.75 

PYR  121.64 21.00 12.13 96.37 19.02 10.98 83.56 11.04 6.38 93.00 25.05 14.46 

B(a)A 51.67 7.33 4.23 36.54 8.85 5.11 34.53 6.46 3.73 48.79 12.19 7.04 

CHR  56.43 8.40 4.85 46.89 10.67 6.16 38.00 7.75 4.48 54.03 12.76 7.37 

B(b)F 71.85 10.44 6.03 38.52 7.74 4.47 40.43 5.91 3.41 54.32 11.90 6.87 

B(k)F 33.54 27.47 15.86 24.77 20.12 11.62 35.74 5.51 3.18 49.98 14.41 8.32 

B(a)P  63.27 8.91 5.15 36.16 5.48 3.17 42.63 6.28 3.63 54.71 17.07 9.85 

IDP  57.56 10.76 6.21 29.14 3.02 1.74 49.37 2.73 1.57 48.45 13.31 7.68 

BgP 38.16 6.49 3.75 26.36 2.68 1.55 36.56 1.72 1.00 40.57 10.92 6.30 

 

Table 2 Seasonal Environmental Sediment Data Gosport Marina 

ng g Winter n=3 Spring n=3 Summer n=3 Autumn n=3 
 

Mean ST.D ST.E Mean ST.D ST.D Mean ST.D ST.E Mean ST.D ST.E 

NAP  45.03 6.76 3.90 63.44 10.76 6.21 21.97 16.32 9.42 2.45 3.72 2.15 

ACY 1.76 1.53 0.89 0.71 0.66 0.38 0.99 0.69 0.40 1.81 0.70 0.40 

ACE 6.40 1.75 1.01 4.26 3.04 1.75 3.75 0.95 0.55 4.85 1.67 0.96 

FLU  14.46 2.38 1.37 3.94 0.94 0.54 6.90 1.24 0.72 7.60 5.66 3.27 

PHE  47.51 8.90 5.14 30.16 25.04 14.46 25.45 5.98 3.45 19.63 17.00 9.81 

ANT  9.38 2.01 1.16 7.52 4.39 2.54 7.65 0.85 0.49 9.25 5.92 3.42 

FLUT 81.60 31.81 18.37 55.48 24.46 14.12 53.71 4.15 2.39 41.46 33.73 19.47 

PYR  72.07 23.09 13.33 50.32 15.39 8.89 50.33 5.77 3.33 39.60 24.17 13.95 

B(a)A  36.37 18.15 10.48 20.57 5.78 3.34 21.52 4.46 2.57 19.96 12.77 7.37 

CHR  44.25 15.61 9.01 27.10 10.16 5.87 24.99 5.28 3.05 24.69 11.83 6.83 

B(b)F  50.12 18.86 10.89 24.09 4.41 2.55 30.72 5.84 3.37 23.48 11.33 6.54 

B(k)F 25.86 22.98 13.27 16.58 11.55 6.67 9.94 15.41 8.89 23.06 10.92 6.31 

B(a)P  39.20 18.41 10.63 19.70 4.65 2.68 30.63 5.04 2.91 22.06 10.96 6.33 

IDP  39.53 13.89 8.02 20.26 1.14 0.66 40.10 4.85 2.80 19.42 6.84 3.95 

BgP 25.29 9.88 5.70 17.35 0.48 0.28 28.86 3.01 1.74 15.43 5.31 3.07 
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Table 3 Seasonal Environmental Sediment Data Haslar Marina 

ng g Winter n=3 Spring n=3 Summer n=3 Autumn n=3 
 

Mean ST.D ST.E Mean ST.D ST.E Mean ST.D ST.E Mean ST.D ST.E 

NAP  40.66 8.51 4.92 93.94 10.02 5.78 25.38 13.04 7.53 5.85 7.53 4.35 

ACY 2.65 0.98 0.56 1.45 1.35 0.78 1.99 0.57 0.33 1.10 0.01 0.01 

ACE 4.01 0.35 0.20 2.63 0.79 0.46 5.28 4.64 2.68 3.58 0.59 0.34 

FLU  13.90 2.01 1.16 4.09 2.84 1.64 14.24 7.95 4.59 2.78 0.85 0.49 

PHE  39.24 3.17 1.83 18.55 1.87 1.08 61.31 34.19 19.74 4.37 0.56 0.33 

ANT  7.66 1.98 1.14 4.77 1.07 0.62 8.22 3.59 2.07 2.32 0.20 0.12 

FLUT 60.67 5.94 3.43 45.12 6.06 3.50 68.77 27.81 16.06 16.20 2.67 1.54 

PYR  59.04 1.41 0.81 45.91 10.02 5.78 60.69 22.55 13.02 16.76 1.67 0.97 

B(a)A  28.12 3.80 2.19 17.50 4.18 2.41 24.05 8.84 5.10 7.83 1.93 1.12 

CHR  36.77 3.27 1.89 26.32 4.80 2.77 28.79 10.97 6.33 10.75 1.71 0.99 

B(b)F  40.16 5.91 3.41 20.42 4.56 2.63 30.35 9.98 5.76 11.53 1.60 0.92 

B(k)F 21.79 15.52 8.96 10.32 11.19 6.46 17.75 17.50 10.10 7.25 4.74 2.73 

B(a)P  31.50 2.25 1.30 18.01 3.88 2.24 30.01 9.41 5.43 9.62 2.03 1.17 

IDP  33.98 3.08 1.78 16.22 4.30 2.48 38.34 10.07 5.81 12.69 1.67 0.96 

BgP 24.13 2.93 1.69 14.85 3.07 1.77 28.45 6.31 3.64 10.76 1.02 0.59 

 

Table4 Seasonal Environmental Sediment Data PIP 

ng g Winter n=3 Spring n=3 Summer n=3 Autumn n=3 
 

Mean ST.D ST.E Mean ST.D ST.E Mean ST.D ST.E Mean ST.D ST.E 

NAP  43.30 13.25 7.65 67.47 22.08 12.75 25.43 8.82 5.09 39.77 23.36 13.49 

ACY 7.08 1.17 0.67 7.63 2.79 1.61 8.47 0.44 0.25 7.24 3.81 2.20 

ACE 16.47 12.39 7.15 8.61 5.97 3.44 6.80 1.14 0.66 8.40 2.01 1.16 

FLU  21.02 8.16 4.71 11.39 9.89 5.71 5.60 1.71 0.99 7.96 0.75 0.43 

PHE  73.24 22.58 13.03 37.62 26.36 15.22 35.94 3.47 2.00 31.15 10.23 5.91 

ANT  18.12 1.84 1.06 15.00 6.15 3.55 15.56 0.45 0.26 12.66 4.16 2.40 

FLUT 89.04 18.24 10.53 87.52 52.79 30.48 81.04 4.31 2.49 68.98 20.97 12.10 

PYR  100.77 7.30 4.21 103.30 55.23 31.89 134.35 7.41 4.28 92.20 16.37 9.45 

B(a)A  52.40 7.86 4.54 62.03 56.19 32.44 49.45 3.85 2.22 39.18 13.96 8.06 

CHR  56.13 7.16 4.13 69.22 58.54 33.80 54.75 3.01 1.74 45.93 15.00 8.66 

B(b)F  101.30 4.03 2.32 77.42 54.52 31.48 78.70 2.65 1.53 51.63 16.28 9.40 

B(k)F 47.96 36.44 21.04 33.13 51.04 29.47 46.71 37.85 21.85 48.04 16.40 9.47 

B(a)P  92.61 4.35 2.51 73.48 50.52 29.17 80.10 4.62 2.67 47.29 15.35 8.86 

IDP  85.27 1.65 0.96 55.29 33.07 19.10 84.66 2.22 1.28 42.18 12.75 7.36 

BgP 55.69 0.56 0.32 47.78 25.44 14.69 61.44 2.27 1.31 34.28 9.18 5.30 
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Table5 Seasonal Environmental Sediment Data Sultan Jetty (*) lost sample 

ng g Winter n=3 Spring n=3 Summer n=3 Autumn *n=2 
 

Mean ST.D ST.E Mean ST.D ST.E Mean ST.D ST.E Mean ST.D ST.E 

NAP  11.80 10.59 6.11 56.77 4.19 2.42 0.00 0.00 0.00 100.65 0.09 0.07 

ACY 0.97 1.06 0.61 3.29 5.58 3.22 0.51 0.47 0.27 36.48 14.90 10.54 

ACE 3.21 1.61 0.93 26.25 45.47 26.25 0.51 0.86 0.50 20.84 1.80 1.27 

FLU  5.67 3.70 2.14 52.31 26.80 15.47 2.13 3.02 1.74 18.87 10.12 7.15 

PHE  35.61 14.70 8.49 72.50 16.46 9.50 39.19 51.80 29.91 89.93 61.76 43.67 

ANT  8.65 2.85 1.65 14.96 3.24 1.87 6.77 2.96 1.71 82.42 102.50 72.48 

FLUT 69.23 24.71 14.27 119.15 32.18 18.58 45.06 18.86 10.89 113.69 2.70 1.91 

PYR  61.55 20.21 11.67 125.45 22.41 12.94 38.89 10.08 5.82 85.43 15.78 11.16 

B(a)A  35.08 15.90 9.18 57.37 8.35 4.82 14.70 0.16 0.09 35.84 29.66 20.98 

CHR  40.08 13.55 7.82 65.42 10.04 5.80 14.87 0.19 0.11 38.55 26.09 18.45 

B(b)F  48.48 15.50 8.95 54.08 4.61 2.66 21.55 0.21 0.12 37.50 21.11 14.93 

B(k)F 10.56 11.54 6.66 54.78 7.59 4.38 11.71 9.02 5.21 31.18 17.63 12.46 

B(a)P  39.02 14.11 8.14 51.85 5.59 3.22 22.73 0.17 0.10 35.28 25.65 18.14 

IDP  39.36 11.17 6.45 41.93 3.23 1.86 32.63 1.79 1.03 37.53 18.11 12.81 

BgP 24.38 6.62 3.82 34.40 1.91 1.10 23.10 1.46 0.84 27.71 13.39 9.47 

 

Table 6 Seasonal Environmental Sediment Data The Hard (*) Outlier removed 

ng g Winter n=3 Spring *n=2 Summer n=3 Autumn n=3 
 

Mean ST.D ST.E Mean ST.D ST.E Mean ST.D ST.E Mean ST.D ST.E 

NAP  32.38 8.19 4.73 53.55 11.62 8.22 4.06 7.03 4.06 10.50 18.19 10.50 

ACY 4.26 1.89 1.09 0.00 0.00 0.00 10.57 4.25 2.45 3.17 0.69 0.40 

ACE 20.65 15.42 8.90 0.66 0.47 0.33 11.35 5.82 3.36 5.37 1.92 1.11 

FLU  23.25 8.95 5.17 0.00 0.00 0.00 23.60 16.57 9.56 6.42 2.50 1.45 

PHE  114.14 33.72 19.47 1.01 1.43 1.01 231.74 125.08 72.22 34.10 20.47 11.82 

ANT  32.07 17.08 9.86 2.96 2.43 1.72 41.09 15.89 9.18 10.89 5.58 3.22 

FLUT 169.55 146.10 84.35 14.79 12.52 8.86 331.96 128.44 74.16 100.06 70.17 40.51 

PYR  218.44 93.06 53.73 17.69 12.80 9.05 402.05 75.21 43.42 113.32 78.91 45.56 

B(a)A  104.73 68.60 39.60 14.44 8.36 5.91 129.56 38.76 22.38 49.70 39.15 22.60 

CHR  108.86 55.48 32.03 18.32 9.92 7.02 122.59 31.29 18.07 52.65 38.83 22.42 

B(b)F  114.75 21.42 12.37 18.47 3.36 2.38 127.65 32.77 18.92 55.14 38.20 22.05 

B(k)F 64.44 58.07 33.52 15.38 8.62 6.09 119.86 30.89 17.84 48.85 41.33 23.86 

B(a)P  91.23 32.18 18.58 13.98 6.33 4.47 135.35 33.97 19.61 56.59 43.79 25.28 

IDP  94.95 19.18 11.07 13.64 2.80 1.98 131.83 38.56 22.26 59.98 37.27 21.52 

BgP 57.00 10.47 6.04 11.05 1.47 1.04 83.99 24.45 14.12 42.81 24.67 14.25 
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Table 7 Seasonal Environmental Sediment Data Wicor Marina (*) Lost sample 

ng g Winter n=3 Spring n=3 Summer n=3 Autumn *n=2 
 

Mean ST.D ST.E Mean ST.D ST.E Mean ST.D ST.E Mean ST.D ST.E 

NAP  12.41 10.76 6.21 99.17 28.22 16.29 0.19 0.33 0.19 27.24 38.52 27.24 

ACY 2.54 0.41 0.23 0.34 0.58 0.34 0.33 0.57 0.33 5.77 2.56 1.81 

ACE 3.11 0.50 0.29 2.16 1.43 0.82 1.11 1.93 1.11 8.13 0.35 0.25 

FLU  6.97 3.12 1.80 3.19 4.23 2.44 2.99 5.18 2.99 3.57 0.08 0.06 

PHE  50.60 12.46 7.19 20.94 12.53 7.24 28.19 25.55 14.75 67.75 61.34 43.37 

ANT  12.52 2.13 1.23 6.56 1.89 1.09 6.76 2.97 1.71 14.38 15.80 11.17 

FLUT 118.39 31.53 18.20 66.87 17.87 10.32 0.00 0.00 0.00 158.83 139.90 98.93 

PYR  110.21 29.65 17.12 65.43 16.60 9.58 54.55 12.49 7.21 169.47 162.62 114.99 

B(a)A  61.66 21.06 12.16 28.11 6.38 3.68 22.25 0.81 0.47 72.72 67.67 47.85 

CHR  68.00 17.01 9.82 37.25 8.93 5.16 24.51 1.40 0.81 78.51 68.78 48.63 

B(b)F  88.22 16.27 9.39 34.30 9.89 5.71 32.04 2.77 1.60 76.01 64.81 45.83 

B(k)F 45.94 40.04 23.12 13.51 15.64 9.03 1.13 0.29 0.17 63.35 54.18 38.31 

B(a)P  79.24 21.69 12.52 30.16 6.71 3.88 32.10 2.45 1.42 68.46 60.70 42.92 

IDP  80.54 17.42 10.06 31.02 6.63 3.83 44.55 5.04 2.91 65.47 48.25 34.12 

BgP 50.35 10.02 5.78 26.58 5.66 3.27 31.77 3.84 2.22 48.08 35.00 24.75 

 

Table 8 Winter Environmental Water Data.   n=1, N.D = Not detected 

ng L H G SJ CM WM B PIP TH 

NAP 1013.44 945.82 811.24 2217.42 1202.81 597.23 130.69 1130.61 

ACY 2.38 6.01 5.42 14.24 10.74 2.19 1.67 8.81 

ACE 4.29 17.21 14.77 47.63 33.94 3.87 3.99 28.7 

FLU  3.21 29.25 25.23 92.05 66.74 2.61 6.02 55.54 

PHE 4.07 2.73 3.01 27 18.77 4.01 4.05 9.9 

ANT 3.83 2.44 3.56 7.59 4.25 3.38 3.07 2.45 

FLUTH 4.47 2.41 1.09 5.76 7.22 3.6 3.71 4.09 

PYR 3.75 3.77 4.39 5.22 5.81 4.57 5.08 0 

B(a)A 3.43 3.25 0.9 3.62 3.61 3.36 3.77 3.31 

CHR 2.01 4.09 4.12 3.25 3.28 4.09 81.1 4.08 

B(b)F 1.9 1.88 1.23 1.82 10.68 2.92 59.44 2.04 

B(k)F 7.31 7.09 6.87 5.15 3.91 6.51 43.03 3.2 

B(a)P 9.86 11.33 10.83 7.86 11 9.44 62.95 10.82 

IDP N.D N.D N.D N.D 15.92 12.72 10.84 11.49 

BgP N.D N.D N.D N.D 10.01 N.D N.D 19.5 
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Table 9 Spring Environmental Water Data.   n=1, N.D = Not detected 

ng L H G SJ CM WM B PIP TH 

NAP 909.83 858.83 987.83 2454.83 892.83 1083.83 1165.83 1315.83 

ACY 50.58 45.98 46.48 55.38 45.88 51.08 52.38 46.78 

ACE 41.31 41.11 41.71 58.91 41.01 44.61 45.81 41.81 

FLU  36.5 34.9 35.8 103.4 34.5 43.5 44.4 42.5 

PHE 26.26 23.66 30.76 247.56 20.86 50.66 49.76 32.66 

ANT 13.3 14.5 13.7 61.8 18.5 19.2 13.4 16.9 

FLUTH 1.83 1.98 1.9 15.85 2.15 4.24 2.49 2.25 

PYR 2.27 2.29 2.22 14.22 2.53 5.17 2.97 2.53 

B(a)A 3.32 3.32 3.32 4.61 3.42 3.84 3.37 3.42 

CHR 2.48 2.47 2.44 4.42 2.42 2.96 2.29 2.42 

B(b)F 0.45 0.47 0.41 2.07 0.73 0.68 1.32 0.73 

B(k)F 2.3 2.68 2.93 3.79 2.05 2.27 2.4 2.05 

B(a)P 3.02 2.99 N.D. 3.92 3.16 3.18 3.02 3.16 

IDP N.D. N.D. N.D. 1.31 N.D. N.D. N.D. N.D. 

BgP N.D. N.D. N.D. 0.73 N.D. N.D. N.D. N.D. 

 

Table 10 Summer Environmental Water Data.   n=1, N.D = Not detected 

ng L H G SJ CM WM B PIP TH 

NAP 374.34 357.48 261.51 312.82 3239.73 2226.53 3223.23 29584.12 

ACY 34.22 35.23 35.92 33.61 96.76 118.39 77.73 304.66 

ACE 55.7 94.77 83.9 71.92 289.24 315.59 251.17 917.42 

FLU  254.98 277.2 296.47 246.03 2030.27 2052.07 99.78 9311.585 

PHE 167.37 327.43 171.91 170.98 375.55 353.21 332.92 1280.225 

ANT 195.58 202.71 194.26 196.66 196.37 209.76 207.04 233.745 

FLUTH 193.78 257.19 185.96 187.34 191.37 187.63 217.91 210.55 

PYR 178.91 208.72 177.8 178.32 183.28 180.76 192.19 189.7 

B(a)A N.D. N.D. N.D. 668.91 669.09 N.D. 669.82 671.36 

CHR N.D. N.D. N.D. 563.97 564.48 N.D. 564.69 565.445 

B(b)F N.D. N.D. 512.34 N.D. 513.42 N.D. 511.83 256.39 

B(k)F N.D. N.D. 6.44 N.D. 6.77 N.D. 7.21 6.72 

B(a)P N.D. N.D. N.D. N.D. N.D. N.D. 9.41 N.D. 

IDP N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 

BgP N.D. N.D. N.D. N.D. N.D. N.D. N.D. 272.225 
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Table 11 Autumn Environmental Water Data.   n=1, N.D = Not detected 

ng L H G SJ CM WM B PIP TH 

NAP 72.96 79.65 233 102.16 357.57 954.79 171.49 410.88 

ACY 274.57 262.7 2.34 275.74 2.02 2.73 1.89 4.9 

ACE 871.89 1289.53 3.66 1490.02 8.66 9.94 8.38 11.13 

FLU  52.05 66.23 9.68 62.07 31.17 10.51 12.87 34.89 

PHE 517.98 621.28 4.99 760.03 4.12 12.02 12.33 18.81 

ANT 17.71 21.48 3.29 29.32 3.26 3.17 3.14 3.1 

FLUTH 6.24 7.37 2.32 11.01 2.1 2.18 1.73 2.87 

PYR 4.09 4.59 2.98 7.26 1.92 4.01 4.13 4.09 

B(a)A 0.98 1.09 0.76 0.48 0.62 1.09 1.09 1.21 

CHR 3.21 3.77 4.2 3.25 4.39 4.36 4.51 4.33 

B(b)F 1.57 0.99 1.99 1.82 0.55 2.06 2.01 2.09 

B(k)F 7.23 6.49 7.27 5.15 6.39 9.11 7.07 7.22 

B(a)P 10.62 11.01 9.58 7.86 10.75 N.D. N.D. N.D. 

IDP 18.99 N.D N.D 14.52 N.D N.D. N.D. N.D. 

BgP 19.27 N.D N.D N.D 19.59 N.D. N.D. N.D. 
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 Appendix 3 Mesocosm PAH Concentrations 
Table 1 Mesocosm A Oxic concentrations 

Days Total PAH ng g 2 Ring ng g 3 Ring ng g 4 Ring ng g 5 Ring ng g 6 Ring ng g 

1 2984.36 740.82 939.49 542.21 431.97 329.88 

2 1112.43 70.89 202.93 350.04 305.26 183.32 

4 1145.88 384.19 204.28 242.04 186.01 129.35 

7 1341.69 329.80 184.37 423.24 273.47 130.82 

14 1441.40 111.68 254.82 681.55 280.69 112.67 

21 2281.65 444.80 558.45 606.50 345.77 326.14 

35 539.23 122.22 170.07 186.21 60.60 63.29 

49 1207.23 59.08 169.24 529.24 313.20 136.48 

56 1940.56 94.52 424.64 501.48 717.07 202.85 

63 767.23 71.56 164.45 286.01 164.52 80.70 

70 1401.74 67.94 263.86 408.75 481.22 179.98 

77 1479.81 76.80 331.02 378.05 497.22 196.72 

84 1118.56 56.12 173.92 442.90 307.75 137.87 

91 803.63 41.35 147.83 215.53 252.90 146.02 

112 1372.48 79.75 250.69 381.76 455.44 204.85 

126 1587.27 70.89 400.75 465.97 476.45 173.20 

140 1147.80 50.22 286.32 424.58 237.89 148.80 

154 867.86 41.35 124.56 283.15 259.81 159.00 

182 700.93 47.26 117.10 285.90 139.07 111.62 

       

Days B(g,h,i)P ng g IND ng g B(a)P ng g B(k)F ng g B(b)F ng g CHR ng g 

1 201.97 127.90 291.58 48.84 91.55 82.43 

2 70.82 112.50 160.42 35.19 109.66 17.46 

4 55.57 73.78 91.85 27.01 67.15 37.10 

7 46.53 84.29 131.08 46.80 95.59 70.70 

14 40.19 72.48 145.95 48.38 86.36 100.56 

21 177.46 148.68 206.40 68.82 70.55 100.70 

35 37.37 25.92 26.15 12.54 21.91 11.41 

49 55.71 80.77 145.26 43.80 124.14 60.65 

56 80.26 122.60 416.84 124.37 175.86 31.24 

63 30.00 50.70 84.96 25.60 53.96 43.78 

70 68.93 111.06 240.00 75.70 165.52 35.84 

77 89.70 107.02 198.95 118.96 179.31 72.59 

84 58.54 79.33 138.95 75.70 93.10 64.32 

91 59.48 86.54 145.26 24.87 82.76 11.03 

112 76.48 128.37 193.68 151.41 110.34 20.22 

126 82.15 111.06 202.63 151.41 122.41 84.05 

140 65.15 83.65 101.05 54.07 82.76 84.54 

154 59.48 99.52 164.21 33.53 62.07 14.70 

182 48.15 63.46 69.47 30.28 39.31 16.65 
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Days B(a)A ng g PYR ng g FLUTH ng g ANT ng g PHE ng g FLU ng g 

1 79.58 254.21 125.99 42.19 427.19 372.27 

2 60.00 135.33 137.25 26.00 98.13 36.64 

4 45.39 110.65 48.91 7.75 109.93 50.84 

7 69.36 192.47 90.71 15.08 99.92 41.94 

14 100.02 281.65 199.31 33.63 150.53 35.50 

21 101.81 267.79 136.20 31.87 287.43 154.26 

35 14.32 107.45 53.04 3.07 81.57 57.52 

49 56.25 270.67 141.68 22.00 72.53 44.36 

56 63.75 242.67 163.82 30.00 123.73 231.43 

63 48.54 144.68 49.01 14.15 103.57 27.94 

70 48.75 191.33 132.82 22.00 93.87 117.64 

77 73.13 128.67 103.66 24.00 106.53 150.71 

84 63.75 182.00 132.82 24.00 72.53 42.43 

91 45.00 88.67 70.84 11.40 68.27 42.43 

112 71.25 135.33 154.96 22.00 106.67 69.43 

126 67.50 175.33 139.08 40.00 172.00 125.71 

140 52.50 168.00 119.54 36.00 102.40 102.71 

154 48.75 140.00 79.69 14.20 64.00 15.43 

182 43.13 152.00 74.12 18.20 51.20 21.21 

 

 

Days ACE ng g ACY ng g NAP ng g 

1 52.69 45.15 740.82 

2 8.73 33.42 70.89 

4 13.87 21.91 384.19 

7 12.40 15.02 329.80 

14 16.32 18.84 111.68 

21 40.93 43.97 444.80 

35 11.63 16.28 122.22 

49 7.37 22.98 59.08 

56 8.15 31.33 94.52 

63 10.61 8.17 71.56 

70 7.37 22.98 67.94 

77 10.08 39.69 76.80 

84 9.89 25.07 56.12 

91 7.56 18.17 41.35 

112 8.73 43.87 79.75 

126 8.73 54.31 70.89 

140 9.70 35.51 50.22 

154 7.95 22.98 41.35 

182 8.73 17.76 47.26 
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Table 2 Mesocosm A Anoxic concentrations  

Days Total PAH ng g 2 Ring ng g 3 Ring ng g 4 Ring ng g 5 Ring ng g 6 Ring ng g 

1 790.82 45.26 109.44 399.27 163.84 73.01 

2 521.02 20.66 68.83 242.27 132.35 56.90 

4 643.87 109.02 70.98 226.65 156.92 80.30 

7 3067.70 414.14 664.75 638.59 900.72 449.50 

14 1637.28 324.51 205.42 615.27 274.17 217.92 

21 1764.24 337.99 307.79 618.96 283.50 216.00 

35 993.84 158.98 152.43 453.65 132.39 96.39 

49 575.89 35.45 70.36 178.91 179.91 111.27 

56 1102.39 59.08 183.69 333.03 381.96 144.63 

63 1469.32 53.17 155.77 293.97 817.40 149.01 

70 1016.56 44.31 121.16 253.16 456.58 141.35 

77 1353.30 53.17 230.71 553.37 384.30 131.76 

84 1477.61 67.94 174.58 322.39 759.86 152.84 

91 747.84 44.31 100.61 277.21 228.92 96.80 

112 1185.86 53.17 155.77 310.51 517.40 149.01 

126 1946.95 76.80 288.38 784.93 641.11 155.73 

140 751.61 50.22 106.03 301.58 195.93 97.85 

154 1130.88 62.03 138.35 361.34 400.11 169.05 

182 1050.37 47.26 142.95 299.72 419.59 140.86 

 

Days B(g,h,i)P ng g IDP ng g B(a)P ng g B(k)F ng g B(b)F ng g CHR ng g 

1 21.70 51.31 104.73 19.39 39.72 65.69 

2 15.42 41.48 67.64 19.81 44.89 35.91 

4 21.69 58.61 76.00 24.21 56.72 35.04 

7 118.96 330.54 220.58 259.20 420.94 107.04 

14 71.37 146.55 202.30 25.61 46.26 120.17 

21 69.77 146.23 171.33 44.75 67.41 96.92 

35 35.79 60.60 60.81 32.96 38.61 28.86 

49 40.60 70.67 120.00 21.63 38.28 9.19 

56 56.65 87.98 221.05 36.77 124.14 30.32 

63 53.82 95.19 429.47 118.96 268.97 22.97 

70 51.93 89.42 277.89 64.89 113.79 19.30 

77 50.99 80.77 157.89 91.93 134.48 101.08 

84 54.76 98.08 416.84 156.81 186.21 36.76 

91 43.43 53.37 107.37 59.48 62.07 20.22 

112 53.82 95.19 129.47 118.96 268.97 39.51 

126 54.76 100.96 167.37 189.26 284.48 284.86 

140 38.71 59.13 75.79 27.04 93.10 44.11 

154 62.32 106.73 147.37 102.74 150.00 24.81 

182 52.88 87.98 177.89 86.52 155.17 24.81 
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Days B(a)A ng g PYR ng g FLUTH ng g ANT ng g PHE ng g FLU ng g 

1 75.16 113.89 144.53 23.62 55.79 12.05 

2 38.48 109.56 58.33 9.52 42.68 8.00 

4 36.35 107.94 47.32 6.71 40.92 13.65 

7 116.94 240.83 173.78 320.78 120.41 98.88 

14 125.38 270.17 99.55 29.45 114.80 31.09 

21 93.91 276.98 151.16 45.34 149.36 79.03 

35 40.95 214.50 169.35 11.09 87.37 32.31 

49 37.50 74.67 57.56 9.60 35.41 3.86 

56 52.50 130.67 119.54 26.00 85.33 40.50 

63 52.50 116.67 101.83 22.00 85.33 17.36 

70 43.13 93.33 97.40 15.60 76.80 1.08 

77 63.75 238.00 150.53 30.00 98.13 65.57 

84 45.00 116.67 123.97 22.00 85.33 28.93 

91 46.88 126.00 84.12 22.00 42.67 5.79 

112 52.50 116.67 101.83 22.00 85.33 17.36 

126 67.50 233.33 199.24 46.00 123.73 73.29 

140 46.88 135.33 75.27 18.60 51.20 9.64 

154 54.38 149.33 132.82 16.00 76.80 13.50 

182 43.13 116.67 115.11 16.20 93.87 5.79 

 

Days ACE ng g ACY ng g NAP ng g 

1 9.45 8.53 45.26 

2 3.71 4.92 20.66 

4 3.08 6.62 109.02 

7 108.68 16.00 414.14 

14 14.73 15.35 324.51 

21 15.11 18.95 337.99 

35 9.56 12.10 158.98 

49 5.82 15.67 35.45 

56 6.79 25.07 59.08 

63 6.01 25.07 53.17 

70 6.79 20.89 44.31 

77 7.76 29.24 53.17 

84 6.98 31.33 67.94 

91 7.18 22.98 44.31 

112 6.01 25.07 53.17 

126 7.76 37.60 76.80 

140 7.37 19.22 50.22 

154 6.98 25.07 62.03 

182 6.21 20.89 47.26 
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Table 3 Mesocosm B Oxic concentrations  

Days Total PAH ng g 2 Ring ng g 3 Ring ng g 4 Ring ng g 5 Ring ng g 6 Ring ng g 

1 660.50 43.97 96.34 296.77 152.24 71.18 

2 861.85 52.80 114.62 421.50 187.65 85.26 

4 324.34 97.30 50.60 101.97 53.59 20.88 

7 897.71 90.74 119.19 412.56 180.66 94.56 

14 1350.31 203.49 194.49 533.94 252.80 165.60 

21 1789.17 281.11 283.94 678.18 310.68 235.26 

28 682.56 77.00 115.37 294.51 129.24 66.43 

35 337.98 63.17 66.09 127.50 49.72 31.50 

49 1079.98 41.35 116.47 474.09 298.21 149.85 

56 2707.20 73.85 564.38 907.37 934.32 227.27 

63 1422.83 62.03 148.45 418.32 627.92 166.11 

70 1526.14 64.98 242.40 504.64 527.91 186.20 

77 911.93 50.22 139.70 273.36 271.11 177.55 

84 1668.38 64.98 192.02 490.32 716.26 204.79 

91 1215.99 44.31 145.16 488.60 370.73 167.19 

112 848.94 41.35 97.09 333.97 241.94 134.59 

126 1546.29 67.94 176.77 430.92 686.30 184.36 

140 953.74 41.35 115.04 393.88 231.11 172.36 

154 1227.00 47.26 147.96 387.77 457.97 186.04 

182 1267.35 44.31 144.13 540.98 370.73 167.19 

 

Days B(g,h,i)P ng g IDP ng g B(a)P ng g B(k)F ng g B(b)F ng g CHR ng g 

1 20.59 50.58 76.56 23.50 52.19 40.20 

2 24.30 60.96 100.95 17.17 69.53 64.92 

4 8.27 12.61 17.94 14.48 21.17 13.91 

7 26.97 67.59 110.90 33.01 36.75 62.16 

14 53.87 111.73 149.59 50.08 53.13 76.69 

21 95.16 140.10 176.22 46.05 88.42 104.25 

28 24.12 42.32 66.54 19.62 43.08 39.13 

35 11.60 19.91 20.33 10.30 19.09 7.37 

49 60.43 89.42 120.00 54.07 124.14 66.16 

56 85.92 141.35 461.05 178.44 294.83 248.11 

63 65.15 100.96 334.74 81.11 212.07 36.76 

70 70.82 115.38 258.95 118.96 150.00 84.54 

77 70.82 106.73 151.58 36.77 82.76 29.41 

84 79.31 125.48 391.58 91.93 232.76 59.73 

91 84.98 82.21 145.26 70.30 155.17 36.76 

112 53.82 80.77 145.26 34.61 62.07 17.46 

126 66.09 118.27 366.32 102.74 217.24 55.14 

140 91.59 80.77 120.00 33.53 77.59 66.16 

154 79.31 106.73 240.00 52.45 165.52 35.84 

182 84.98 82.21 145.26 70.30 155.17 89.14 
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Days B(a)A ng g PYR ng g FLUTH ng g ANT ng g PHE ng g FLU ng g 

1 43.76 136.75 76.05 12.10 54.12 15.03 

2 63.90 181.49 111.19 11.81 70.47 16.07 

4 13.20 48.18 26.67 1.77 29.70 15.02 

7 62.26 193.15 94.99 15.93 63.70 19.76 

14 72.04 266.44 118.78 25.02 94.79 40.23 

21 107.51 285.97 180.45 34.23 137.92 78.07 

28 41.12 146.18 68.08 10.46 64.41 20.53 

35 9.99 79.03 31.10 0.93 35.32 21.30 

49 56.25 210.00 141.68 20.00 64.00 1.93 

56 99.38 298.67 261.22 76.00 230.40 192.86 

63 52.50 200.67 128.40 19.60 85.33 5.79 

70 69.38 191.33 159.39 36.00 98.13 63.64 

77 52.50 107.33 84.12 14.40 85.33 5.79 

84 71.25 186.67 172.67 19.20 110.93 23.14 

91 73.13 219.33 159.39 26.00 85.33 1.93 

112 45.00 200.67 70.84 11.40 55.47 1.38 

126 71.25 154.00 150.53 26.00 106.67 5.79 

140 58.13 163.33 106.26 20.00 64.00 3.86 

154 56.25 154.00 141.68 24.00 81.07 11.57 

182 73.13 219.33 159.39 26.00 85.33 0.90 

 

Days ACE ng g ACY ng g NAP ng g 

1 6.20 8.90 43.97 

2 8.34 7.93 52.80 

4 2.44 1.66 97.30 

7 9.67 10.13 90.74 

14 11.72 22.74 203.49 

21 15.81 17.90 281.11 

28 8.03 11.94 77.00 

35 3.61 4.93 63.17 

49 7.56 22.98 41.35 

56 8.73 56.40 73.85 

63 6.40 31.33 62.03 

70 9.12 35.51 64.98 

77 9.12 25.07 50.22 

84 9.50 29.24 64.98 

91 8.92 22.98 44.31 

112 7.95 20.89 41.35 

126 6.98 31.33 67.94 

140 7.76 19.43 41.35 

154 8.34 22.98 47.26 

182 8.92 22.98 44.31 
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Table 4 Mesocosm B Anoxic concentrations  

Days Total PAH ng g 2 Ring ng g 3 Ring ng g 4 Ring ng g 5 Ring ng g 6 Ring ng g 

1 882.11 60.64 132.11 377.52 216.40 95.44 

2 1037.98 46.85 147.25 456.38 264.55 122.95 

4 636.12 121.33 69.73 231.35 143.98 69.72 

7 1092.98 86.61 117.13 451.56 294.64 143.03 

14 2137.16 180.87 241.32 835.56 551.37 328.04 

21 1263.90 182.71 200.27 509.41 186.36 185.15 

28 650.57 64.44 90.12 300.61 133.61 61.79 

49 679.20 35.45 86.10 195.47 233.76 128.43 

56 1433.66 62.03 216.09 399.74 578.20 177.60 

63 1951.39 56.12 412.49 743.65 564.87 174.27 

70 1307.85 50.22 149.92 298.20 644.25 165.27 

77 679.59 32.49 97.70 204.77 221.43 123.21 

84 609.39 35.45 68.20 234.03 162.43 109.28 

91 797.73 35.45 113.17 366.88 172.06 110.17 

112 1430.64 47.26 230.70 530.80 448.17 173.72 

126 1299.60 59.08 119.59 255.75 723.28 141.90 

140 635.32 29.54 86.77 275.84 147.76 95.41 

154 1477.42 70.89 151.74 375.20 695.27 184.31 

182 865.23 35.45 81.25 362.16 254.51 131.86 

 

Days B(g,h,i)P ng g IDP ng g B(a)P ng g B(k)F ng g B(b)F ng g CHR ng g 

1 27.92 67.51 110.92 32.99 72.49 61.12 

2 35.75 87.20 138.82 42.69 83.03 72.99 

4 17.84 51.89 70.92 17.43 55.63 36.13 

7 43.01 100.02 139.10 52.15 103.39 78.42 

14 100.18 227.86 290.23 97.33 163.80 135.48 

21 58.92 126.23 142.01 24.24 20.12 81.53 

28 17.75 44.05 71.55 18.99 43.07 42.46 

49 49.10 79.33 157.89 31.90 43.97 9.19 

56 67.98 109.62 309.47 113.56 155.17 63.41 

63 66.09 108.17 296.84 97.33 170.69 183.78 

70 58.54 106.73 360.00 113.56 170.69 21.14 

77 45.32 77.88 132.63 31.90 56.90 12.86 

84 44.38 64.90 107.37 17.30 37.76 5.51 

91 48.15 62.02 82.11 22.71 67.24 45.03 

112 69.87 103.85 221.05 108.15 118.97 83.62 

126 48.15 93.75 397.89 108.15 217.24 17.46 

140 40.60 54.81 69.47 16.22 62.07 32.16 

154 68.93 115.38 404.21 151.41 139.66 34.92 

182 45.32 86.54 151.58 35.69 67.24 183.78 
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Days B(a)A ng g PYR ng g FLUTH ng g ANT ng g PHE ng g FLU ng g 

1 64.71 183.31 68.39 18.18 74.92 19.61 

2 79.83 226.33 77.23 32.29 78.40 16.23 

4 39.04 106.41 49.76 5.80 40.80 14.07 

7 66.40 201.97 104.77 16.38 61.01 18.96 

14 134.24 390.50 175.34 44.00 116.34 38.97 

21 80.01 224.73 123.15 29.79 99.51 50.07 

28 45.02 140.55 72.57 9.33 51.24 14.89 

49 35.63 88.67 61.98 10.60 42.67 11.57 

56 63.75 135.33 137.25 30.00 89.60 54.00 

63 80.63 280.00 199.24 56.00 166.40 138.86 

70 54.38 112.00 110.69 18.60 76.80 15.43 

77 41.25 88.67 61.98 10.40 51.20 9.64 

84 35.63 135.33 57.56 7.40 36.69 0.71 

91 52.50 158.67 110.69 14.20 68.27 5.79 

112 67.50 238.00 141.68 36.00 115.20 46.29 

126 43.13 93.33 101.83 18.20 68.27 1.46 

140 43.13 112.00 88.55 12.60 51.20 0.74 

154 58.13 149.33 132.82 24.00 85.33 3.86 

182 41.25 84.00 53.13 11.20 39.68 5.79 

 

Days ACE ng g ACY ng g NAP ng g 

1 8.61 10.79 60.64 

2 6.98 13.35 46.85 

4 3.92 5.14 121.33 

7 9.29 11.48 86.61 

14 14.29 27.73 180.87 

21 8.01 12.88 182.71 

28 6.38 8.28 64.44 

49 6.01 15.25 35.45 

56 6.98 35.51 62.03 

63 7.37 43.87 56.12 

70 7.76 31.33 50.22 

77 6.40 20.05 32.49 

84 5.43 17.96 35.45 

91 7.37 17.55 35.45 

112 8.15 25.07 47.26 

126 6.59 25.07 59.08 

140 6.98 15.25 29.54 

154 9.31 29.24 70.89 

182 6.21 18.38 35.45 
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Table 5 Mesocosm C Oxic concentrations  

Days PAH total ng g  2 Ring ng g 3 Ring ng g 4 Ring ng g 5 Ring ng g 6 Ring ng g 

0 990.63 37.84 115.00 486.50 237.78 113.51 

1 763.50 63.67 123.91 342.02 158.69 75.20 

2 625.88 34.64 76.71 298.28 152.16 64.09 

4 1870.00 76.80 222.28 458.44 952.54 159.95 

7 682.99 35.45 105.98 147.03 242.13 152.39 

14 666.41 38.40 78.40 219.28 202.79 127.53 

21 716.06 70.12 151.80 313.20 119.02 61.92 

28 842.41 44.31 140.37 254.62 263.60 139.52 

35 989.87 44.31 134.12 399.02 279.82 132.60 

49 1229.05 41.35 123.16 551.52 373.10 139.91 

56 1470.10 53.17 194.60 403.64 648.64 170.04 

63 1556.53 70.89 154.34 500.89 631.77 198.63 

70 1222.16 41.35 87.92 500.49 462.58 129.82 

77 2353.90 64.98 488.78 941.82 650.64 207.68 

84 1414.56 47.26 287.86 451.79 450.89 176.76 

91 1622.49 70.89 173.04 369.03 852.81 156.72 

112 1403.76 56.12 289.05 499.23 390.80 168.55 

126 2607.31 82.71 509.91 754.33 1084.61 175.76 

140 1343.40 62.03 167.92 281.98 695.73 135.74 

154 2587.29 76.80 666.90 1000.37 646.03 197.19 

182 1019.46 53.17 134.76 404.18 268.34 159.00 

 

Days B(ghi)P ng g IDP ng g BaP ng g B(k)F ng g B(b)F ng g CHR ng g 

0 33.86 79.65 119.55 37.36 80.87 71.70 

1 22.06 53.14 78.72 24.37 55.60 49.98 

2 17.77 46.32 77.10 22.82 52.25 45.31 

4 60.43 99.52 486.32 135.19 331.03 54.22 

7 52.88 99.52 157.89 22.17 62.07 5.51 

14 45.32 82.21 113.68 27.04 62.07 11.03 

21 17.24 44.68 62.23 18.07 38.71 43.56 

28 47.21 92.31 157.89 28.12 77.59 33.08 

35 57.60 75.00 126.32 44.88 108.62 65.24 

49 51.93 87.98 183.16 50.29 139.66 71.68 

56 60.43 109.62 328.42 108.15 212.07 36.76 

63 74.59 124.04 315.79 129.78 186.21 39.51 

70 51.93 77.88 252.63 70.30 139.66 229.73 

77 79.31 128.37 258.95 205.48 186.21 312.43 

84 61.37 115.38 240.00 91.93 118.97 110.27 

91 52.88 103.85 448.42 140.59 263.79 41.35 

112 63.26 105.29 221.05 97.33 72.41 119.46 

126 63.26 112.50 543.16 200.07 341.38 248.11 
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140 43.43 92.31 360.00 108.15 227.59 28.49 

154 74.59 122.60 240.00 178.44 227.59 312.43 

182 59.48 99.52 145.26 35.15 87.93 48.70 

 

Days B(a)A ng g PYR ng g FLUH ng g ANT ng g PHE ng g FLU ng g 

0 74.44 201.88 138.48 21.85 64.45 12.70 

1 50.05 143.42 98.57 15.09 69.16 19.97 

2 43.67 132.35 76.95 8.84 47.27 10.66 

4 67.50 177.33 159.39 32.00 106.67 42.43 

7 43.13 45.27 53.13 6.80 42.67 28.93 

14 48.75 88.67 70.84 9.80 46.93 0.86 

21 43.54 147.80 78.29 13.18 80.90 44.37 

28 48.75 88.67 84.12 12.60 81.07 15.43 

35 60.00 158.67 115.11 20.00 81.07 1.93 

49 61.88 294.00 123.97 20.00 64.00 3.86 

56 61.88 163.33 141.68 24.00 106.67 23.14 

63 63.75 242.67 154.96 20.00 93.87 3.86 

70 52.50 112.00 106.26 12.20 51.20 1.93 

77 97.50 270.67 261.22 72.00 192.00 169.71 

84 73.13 140.00 128.40 48.00 115.20 81.00 

91 60.00 126.00 141.68 26.00 89.60 21.21 

112 75.00 158.67 146.11 34.00 136.53 77.14 

126 93.75 186.67 225.80 80.00 200.53 173.57 

140 54.38 84.00 115.11 22.00 85.33 28.93 

154 90.00 350.00 247.94 80.00 204.80 308.57 

182 63.75 163.33 128.40 22.00 72.53 9.64 
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Days ACE ng g ACY ng g NAP ng g 

0 6.34 9.67 37.84 

1 8.63 11.06 63.67 

2 3.50 6.43 34.64 

4 7.76 33.42 76.80 

7 7.95 19.64 35.45 

14 6.40 14.41 38.40 

21 7.20 6.16 70.12 

28 6.21 25.07 44.31 

35 8.15 22.98 44.31 

49 8.15 27.16 41.35 

56 7.37 33.42 53.17 

63 7.37 29.24 70.89 

70 5.04 17.55 41.35 

77 9.12 45.96 64.98 

84 8.15 35.51 47.26 

91 6.98 29.24 70.89 

112 7.95 33.42 56.12 

126 7.76 48.04 82.71 

140 6.59 25.07 62.03 

154 10.86 62.67 76.80 

182 9.70 20.89 53.17 
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Table 6 Mesocosm C anoxic  

Days PAH total ng g 2 Ring ng g 3 Ring ng g 4 Ring ng g 5 Ring ng g 6 Ring ng g 

0 1109.82 56.58 148.16 583.96 290.81 130.31 

1 816.08 35.45 80.06 417.10 166.76 125.09 

2 603.02 32.89 79.61 277.70 142.78 70.05 

4 649.68 35.45 80.06 165.67 241.94 124.20 

7 910.78 121.76 597.95 417.10 166.76 125.09 

14 518.73 35.45 65.48 132.72 159.05 126.04 

21 910.78 35.45 138.77 363.17 140.81 105.02 

28 518.73 35.45 97.80 324.71 230.30 127.82 

35 1133.17 35.45 168.61 523.37 289.25 116.49 

49 1114.85 41.35 153.34 440.21 335.20 144.74 

56 985.35 41.35 107.52 282.02 407.28 147.18 

63 1060.00 50.22 133.18 319.79 412.13 144.69 

70 1469.50 41.35 120.60 648.86 495.90 162.78 

77 520.76 38.40 78.87 114.97 165.36 123.15 

84 1128.56 38.40 101.50 570.67 291.06 126.93 

91 935.94 38.40 104.44 379.35 282.04 131.70 

112 1228.31 41.35 157.64 478.69 381.18 169.44 

126 2714.65 67.94 537.93 786.88 1109.39 212.50 

140 591.94 38.40 75.10 159.29 197.84 121.32 

154 1436.97 56.12 198.84 378.22 641.46 162.33 

182 2255.14 62.03 651.95 1018.49 378.93 143.74 

 

Days B(g,h,i)P ng g IDP ng g BaP ng g B(k)F ng g B(b)F ng g CHR ng g 

0 38.44 91.87 146.80 45.12 98.90 93.69 

1 47.21 72.12 120.00 64.89 51.72 40.43 

2 20.27 49.79 68.77 21.68 52.33 41.16 

4 43.43 80.77 145.26 34.61 62.07 19.30 

7 84.24 77.88 471.77 28.66 18.10 192.97 

14 48.15 77.88 107.37 22.71 28.97 10.11 

21 32.20 72.82 88.62 20.42 31.77 53.80 

28 55.71 288.27 113.68 132.27 184.48 364.48 

35 44.38 72.12 126.32 59.48 103.45 79.03 

49 50.99 93.75 151.58 59.48 124.14 56.97 

56 49.10 98.08 221.05 36.23 150.00 9.19 

63 53.82 90.87 233.68 59.48 118.97 27.57 

70 63.26 99.52 265.26 70.30 160.34 248.11 

77 48.15 75.00 113.68 22.71 28.97 5.51 

84 51.93 75.00 138.95 48.67 103.45 25.73 

91 53.82 77.88 132.63 45.96 103.45 37.68 

112 67.04 102.40 170.53 86.52 124.14 71.68 

126 78.37 134.13 524.21 254.15 331.03 229.73 

140 43.43 77.88 126.32 27.04 44.48 10.11 
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154 61.37 100.96 353.68 75.70 212.07 50.54 

182 52.88 90.87 151.58 113.56 113.79 275.68 

 

Days B(a)A ng g PYR ng g FLUH ng g ANT ng g PHE ng g FLU ng g 

0 93.55 150.05 146.67 25.81 84.25 17.01 

1 46.88 140.00 97.40 13.00 59.73 0.78 

2 40.19 123.32 73.03 9.12 49.43 10.95 

4 35.63 44.33 66.41 14.00 41.81 3.86 

7 45.00 126.00 53.13 6.40 46.93 1.93 

14 39.38 34.53 48.70 7.20 40.53 1.02 

21 51.72 167.85 89.81 15.76 75.46 34.80 

28 349.18 585.81 161.82 115.37 345.54 27.15 

35 60.00 242.67 141.68 24.00 85.33 28.93 

49 63.75 186.67 132.82 28.00 85.33 11.57 

56 45.00 126.00 101.83 12.00 64.00 1.76 

63 50.63 135.33 106.26 17.60 68.27 17.36 

70 56.25 242.67 101.83 15.60 72.53 1.93 

77 33.75 34.53 41.18 7.40 46.93 0.80 

84 56.25 378.00 110.69 15.00 59.73 0.79 

91 48.75 186.67 106.26 14.40 64.00 1.93 

112 65.63 182.00 159.39 24.00 89.60 13.50 

126 106.88 233.33 216.95 64.00 192.00 231.43 

140 35.63 56.00 57.56 8.60 41.81 0.84 

154 54.38 149.33 123.97 24.00 93.87 44.36 

182 80.63 480.67 181.53 78.00 196.27 308.57 
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Days ACE ng g ACY ng g NAP ng g 

0 8.26 12.82 56.58 

1 7.37 16.92 35.45 

2 4.11 5.99 32.89 

4 5.62 17.13 35.45 

7 6.21 18.59 121.76 

14 1.69 15.04 35.45 

21 6.61 6.13 35.45 

28 102.01 7.87 35.45 

35 7.37 22.98 35.45 

49 7.76 20.68 41.35 

56 6.79 22.98 41.35 

63 6.98 22.98 50.22 

70 7.56 22.98 41.35 

77 6.40 17.34 38.40 

84 7.18 18.80 38.40 

91 6.98 17.13 38.40 

112 7.56 22.98 41.35 

126 8.73 41.78 67.94 

140 5.04 18.80 38.40 

154 7.37 29.24 56.12 

182 8.53 60.58 62.03 
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 Appendix 4 Two chromograms used to calculate final motor oil volume 
 

 

 

Figure 1: Two chromograms used to calculate final motor oil volume for mesocosm hydrocarbon 

dosing. (a) 100 ng ml standard of TPH blend of red diesel, unleaded petrol and motor oil (b) 

Gosport Marina.  
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 Appendix 5 Resuspension Temperature & Salinity  
 

Table 1 Resuspension Salinity and Temperature  

Day Beaker Salinity PSU Temperature oC 

1 A 35.6 19.8 

 B 35.6 19.8 

 C 35.7 19.6 

 D 35.5 19.5 

 E 35.6 19.8 

 F 35.5 19.5 

3 A 35.6 19.1 

 B 35.6 19.5 

 C 35.2 19.8 

 D 35.6 19.5 

 E 35.5 19.8 

 F 35.6 19.2 

7 A  36.1*  20.1* 

 B 35.9 19.8 

 C 35.6 19.5 

 D 35.6 19.8 

 E 35.7 19.5 

 F 35.6 19.5 

14 A 36.1 19.5 

 B 35.9 19.5 

 C 35.6 19.6 

 D 35,6 19.8 

 E 35.8 19.8 

 F 35.9 19.5 

28 A 35.8 20.1 

 B 36.3 20.1 

 C 35.7 20.1 

 D 35.9 20.0 

 E 35.8 20.2 

 F 36.1 20.1 

 *Removed from data analysis 
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 Appendix 6 Resuspension OM%  
 

Table 1 OM% for all beakers where n=2 ±SE % 

Day Beaker OM % 

1 A 5.5 ±0.4 

 B 6.0 ±0.1 

 C 6.3 ±0.5 

 D 5.9 ±0.0 

 E 6.3 ±0.3 

 F 5.6 ±0.2 

3 A 6.5 ±0.5 

 B 5.9 ±0.5 

 C 6.2 ±0.3 

 D 6.2 ±0.0 

 E 5.5 ±0.5 

 F 5.3 ±0.7 

7 A  6.0 ±0.0* 

 B 5.5 ±0.7 

 C 5.4 ±0.4 

 D 5.1 ±0.4 

 E 5.3 ±0.5 

 F 5.1 ±0.2 

14 A 5.0 ±0.5 

 B 6.9 ±0.6 

 C 6.3 ±0.4 

 D 6.4 ±0.3 

 E 6.0 ±0.1 

 F 6.2 ±0.6 

28 A 5.3 ±0.2 

 B 6.5 ±0.6 

 C 4.8 ±0.3 

 D 5.2 ±0.2 

 E 5.5 ±0.2 

 F 5.4 ±0.2 

*Removed from data analysis 
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 Appendix 7 SPM Calibration Curves 
 

 Calibration SPM curves for triplicate jars  
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DAY 7 
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Day 28 
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 Appendix 8 Resuspension PAH Concentrations 
Table 1 Day 1 Sediment Resuspension Data 

Day 1 TA n=3 T0 n=3 T2 n=3 

ng g Mean St.D St.E Mean St.D St.E Mean St.D St.E 

NAP 1487.38 630.69 364.13 1324.95 141.48 81.68 2473.84 1467.83 847.45 

ACY 54.00 20.53 11.85 39.77 7.22 4.17 44.30 32.59 18.81 

ACE 374.27 39.54 22.83 379.12 29.87 17.24 300.78 103.44 59.72 

FLU  334.23 251.37 145.13 226.84 69.46 40.10 408.50 326.36 188.43 

PHE 315.68 171.20 98.84 313.27 90.76 52.40 533.31 201.39 116.27 

ANT 88.20 27.02 15.60 75.76 15.86 9.16 111.82 69.85 40.33 

FLUTH 129.46 32.74 18.90 129.86 23.84 13.76 132.76 17.39 10.04 

PYR 160.88 35.40 20.44 138.76 50.15 28.95 150.59 2.93 1.69 

B(a)A 232.75 35.16 20.30 214.97 14.75 8.52 221.70 22.35 12.90 

CHR 50.45 22.22 12.83 36.80 10.69 6.17 32.10 2.79 1.61 

B(b)F 70.31 32.01 18.48 55.24 18.96 10.95 43.64 13.72 7.92 

B(k)F 26.97 14.27 8.24 26.21 6.78 3.91 20.20 8.03 4.63 

B(a)P 36.30 9.71 4.86 37.59 10.02 5.79 36.82 1.71 0.99 

DBA 19.10 14.12 8.15 13.01 4.32 2.49 36.01 40.02 23.11 

IDP 27.35 11.27 6.50 11.52 0.54 0.31 25.06 10.75 6.21 

BGP 88.56 62.03 35.81 53.09 10.32 5.96 83.69 37.47 21.63 

Total 
PAH 

3495.89 346.94 86.74 3076.75 311.89 77.97 4655.11 582.28 145.57 

2 Ring 1487.38 630.69 364.13 1324.95 141.48 81.68 2473.84 1467.83 847.45 

3 Ring 1166.39 134.20 60.02 1034.76 131.53 58.82 1398.71 181.63 81.23 

4 Ring 573.54 65.43 32.71 520.39 63.21 31.61 537.15 67.73 33.87 

5 Ring 152.69 19.53 9.76 132.05 15.51 7.75 136.66 8.59 4.30 

6 Ring 115.91 30.61 21.64 64.60 20.78 14.70 108.75 29.31 20.73 

 

 

 

 

 

 

 

 

 

 

 

 



190 
 

Table 2 Day 1 Water Resuspension Data 

Day1 TA n=3 T0 n=3 T1 n=3 T2 n=3 

ng g Mean St.D St.E Mean St.D St.E Mean  St.D St.E Mean St.D St.E 

NAP 715.2 132.3 76.4 816.9 47.9 27.6 1203.3 92.2 53.2 611.5 68.9 39.8 

ACY 159.4 117.5 67.9 47.7 67.5 38.9 <LOD <LOD <LOD <LOD <LOD <LOD 

ACE 2624.0 166.0 95.9 2554.0 124.9 72.1 2657.0 96.7 55.8 2523.7 77.2 44.6 

FLU  48.8 69.0 39.8 <LOD <LOD <LOD 134.1 15.1 8.7 <LOD <LOD <LOD 

PHE 1692.0 252.6 145.8 1165.4 301.2 173.9 1015.5 182.7 105.5 712.3 136.4 78.7 

ANT 261.7 120.3 69.5 203.0 34.5 19.9 40.4 57.2 33.0 128.9 22.7 13.1 

FLUTH 1845.0 381.1 220.0 1240.3 135.3 78.1 1054.0 102.3 59.1 907.8 96.5 55.7 

PYR 841.4 357.2 206.2 482.1 209.1 120.7 342.8 40.2 23.2 271.7 43.5 25.1 

B(a)A 841.4 357.2 206.2 1917.0 331.1 191.2 1697.3 109.1 63.0 1820.0 155.8 90.0 

CHR 2356.0 71.5 41.3 323.3 66.3 38.3 287.9 27.8 16.0 191.0 24.3 14.0 

B(b)F 973.2 437.7 252.7 146.4 32.3 18.6 102.1 73.0 42.2 52.0 73.5 42.5 

B(k)F 257.4 82.0 47.3 73.9 52.6 30.4 <LOD <LOD <LOD <LOD <LOD <LOD 

B(a)P 217.8 76.2 44.0 <LOD <LOD <LOD 33.7 47.7 27.5 <LOD <LOD <LOD 

DBA 486.4 360.2 207.9 143.1 27.9 16.1 157.7 46.4 26.8 39.3 55.5 32.1 

IDP 187.5 165.4 95.5 104.5 75.3 43.4 <LOD <LOD <LOD <LOD <LOD <LOD 

BGP 486.4 360.2 207.9 188.0 54.0 31.2 106.2 79.4 45.8 38.1 53.8 31.1 

Total 
PAH 

13434.0 792.8 198.2 9405.7 737.7 184.4 8832.0 746.8 186.7 7296.2 715.5 178.9 

2 Ring 715.2 132.3 76.4 816.9 47.9 27.6 1203.3 92.2 53.2 611.5 68.9 39.8 

3 Ring 4785.9 1026.0 458.8 3970.2 977.0 436.9 3847.0 1014.9 453.9 3364.8 962.1 430.3 

4 Ring 6015.6 655.0 327.5 3962.7 637.3 318.6 3382.0 577.2 288.6 3190.5 652.3 326.1 

5 Ring 1149.0 300.6 150.3 363.4 59.9 30.0 293.5 61.0 30.5 91.3 23.3 11.6 

6 Ring 768.3 149.5 105.7 292.5 41.8 29.5 106.2 53.1 37.5 38.1 19.0 13.5 
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Table 3 Day 3 Sediment Resuspension Data      

Day3 TA n=3 T0 n=3 T2 n=3 

ng g Mean St.D St.E Mean St.D St.E Mean  St.D St.E 

NAP 1694.07 584.18 337.28 777.13 156.50 90.36 868.33 156.77 90.51 

ACY 54.92 20.32 11.73 25.24 10.00 5.77 21.30 0.77 0.44 

ACE 389.61 10.99 6.34 370.63 30.80 17.78 387.17 5.15 2.97 

FLU  296.01 102.40 59.12 82.77 41.17 23.77 127.89 35.80 20.67 

PHE 372.99 102.03 58.90 152.63 57.98 33.47 204.07 18.84 10.88 

ANT 118.15 26.89 15.52 32.27 2.37 1.37 42.28 17.28 9.98 

FLUTH 143.62 25.31 14.62 75.06 12.22 7.06 81.59 11.43 6.60 

PYR 120.60 27.52 15.89 45.85 6.25 3.61 82.80 25.85 14.92 

B(a)A 200.40 27.27 15.75 193.73 21.84 12.61 162.66 17.73 10.24 

CHR 38.53 5.24 3.03 24.74 17.43 10.06 20.43 6.80 3.93 

B(b)F 41.48 12.28 7.09 25.43 8.68 5.01 25.33 2.84 1.64 

B(k)F 15.07 0.56 0.32 14.81 4.69 2.71 14.04 5.23 3.02 

B(a)P 29.67 7.41 4.28 18.60 3.48 2.01 16.44 3.89 2.25 

DBA 9.12 1.97 1.14 9.11 1.46 0.84 23.42 16.87 9.74 

IDP 16.24 4.46 2.58 10.34 2.63 1.52 11.03 0.67 0.39 

BGP 59.21 15.22 8.79 26.10 11.89 6.86 35.38 6.06 3.50 

Total 
PAH 

3599.70 398.36 99.59 1884.44 193.51 48.38 2124.16 212.95 53.24 

2 Ring 1694.07 584.18 337.28 777.13 156.50 90.36 868.33 156.77 90.51 

3 Ring 1231.68 135.73 60.70 663.55 127.39 56.97 782.72 132.37 59.20 

4 Ring 503.16 58.15 29.08 339.38 65.35 32.68 347.48 50.50 25.25 

5 Ring 95.34 12.64 6.32 67.95 5.93 2.97 79.22 4.70 2.35 

6 Ring 75.45 21.49 15.19 36.44 7.88 5.57 46.41 12.17 8.61 
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Table 4 Day 3 Water Resuspension Data 

Day3 TA n=3 T0 n=3 T1 n=3 T2 n=3 

ng g Mean St.D St.E Mean St.D St.E Mean  St.D St.E Mean  St.D St.E 

NAP 715.2 132.3 76.4 575.3 48.1 27.8 990.4 396.8 229.1 882.8 551.0 318.1 

ACY 159.4 117.5 67.9 <LOD <LOD <LOD <LOD <LOD <LOD 51.2 72.4 41.8 

ACE 2624.0 166.0 95.9 2637.7 225.4 130.1 2470.0 165.0 95.3 2529.3 86.1 49.7 

FLU  48.8 69.0 39.8 <LOD <LOD <LOD 58.9 83.3 48.1 66.0 93.3 53.9 

PHE 1692.0 252.6 145.8 695.1 59.2 34.2 1023.2 77.7 44.9 850.8 75.5 43.6 

ANT 261.7 120.3 69.5 37.8 53.5 30.9 145.8 26.3 15.2 153.6 27.1 15.7 

FLUTH 1845.0 381.1 220.0 979.4 45.3 26.1 1254.4 331.2 191.2 1228.3 130.1 75.1 

PYR 841.4 357.2 206.2 322.6 35.0 20.2 496.2 192.4 111.1 2251.7 2509.8 1449.0 

B(a)A 841.4 357.2 206.2 1795.0 80.7 46.6 1895.0 324.6 187.4 1800.3 111.9 64.6 

CHR 2356.0 71.5 41.3 184.9 35.1 20.3 324.6 66.5 38.4 292.1 45.5 26.3 

B(b)F 973.2 437.7 252.7 88.2 66.7 38.5 93.1 131.6 76.0 86.0 61.1 35.3 

B(k)F 257.4 82.0 47.3 <LOD <LOD <LOD 62.0 87.7 50.6 <LOD <LOD <LOD 

B(a)P 217.8 76.2 44.0 <LOD <LOD <LOD 41.5 58.7 33.9 <LOD <LOD <LOD 

DBA 486.4 360.2 207.9 <LOD <LOD <LOD 40.2 56.8 32.8 78.6 57.4 33.2 

IDP 187.5 165.4 95.5 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

BGP 486.4 360.2 207.9 120.4 11.3 6.5 194.8 26.3 15.2 140.8 35.1 20.3 

Total 
PAH 

13434.0 792.8 198.2 7436.3 754.2 188.5 9090.1 731.4 182.9 10411.6 832.7 208.2 

2 Ring 715.2 132.3 76.4 575.3 48.1 27.8 990.4 396.8 229.1 882.8 551.0 318.1 

3 Ring 4785.9 1026.0 458.8 3370.6 1016.8 454.7 3697.9 942.1 421.3 3650.9 947.2 423.6 

4 Ring 6015.6 655.0 327.5 3281.9 637.7 318.9 3970.2 627.6 313.8 5572.4 731.8 365.9 

5 Ring 1149.0 300.6 150.3 88.2 38.2 19.1 236.8 21.4 10.7 164.6 41.2 20.6 

6 Ring 768.3 149.5 105.7 120.4 60.2 42.6 194.8 97.4 68.9 140.8 70.4 49.8 
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Table 5 Day 7 Sediment Resuspension Data      

Day 7 TA n=2 T0 n=3 T2 n=2 

ng g Mean St.D St.E Mean St.D St.E Mean St.D St.E 

NAP 2149.14 585.84 414.25 910.40 168.83 97.47 1157.32 46.98 33.22 

ACY 68.25 14.61 10.33 24.90 5.37 3.10 27.88 5.99 4.23 

ACE 407.59 54.45 38.50 379.53 87.02 50.24 344.80 29.94 21.17 

FLU  332.03 165.86 117.28 141.14 38.02 21.95 231.67 19.99 14.14 

PHE 389.87 128.09 90.58 205.25 27.70 15.99 297.73 19.09 13.50 

ANT 46.09 18.80 13.29 31.36 3.77 2.18 38.99 3.50 2.48 

FLUTH 102.47 10.42 7.37 82.90 16.39 9.46 70.71 12.02 8.50 

PYR 84.41 30.78 21.77 63.40 11.95 6.90 124.31 78.10 55.22 

B(a)A 199.17 8.18 5.78 210.78 23.45 13.54 157.82 23.93 16.92 

CHR 26.48 2.34 1.65 26.45 5.60 3.23 20.08 5.79 4.09 

B(b)F 24.10 10.56 7.46 19.88 5.74 3.31 14.05 1.19 0.84 

B(k)F 13.26 2.73 1.93 15.55 4.02 2.32 11.16 4.82 3.41 

B(a)P 20.41 5.07 3.58 17.11 7.54 4.35 12.59 2.95 2.08 

DBA 7.16 4.41 3.12 17.29 5.86 3.38 7.95 2.72 1.92 

IDP 10.00 4.20 2.97 11.96 6.36 3.67 9.63 1.77 1.25 

BGP 62.60 18.78 13.28 32.05 5.90 3.41 40.31 14.10 9.97 

Total 
PAH 

3943.02 509.01 127.25 2189.95 222.93 55.73 2567.00 278.28 69.57 

2 Ring 2149.14 585.84 414.25 910.40 168.83 97.47 1157.32 46.98 33.22 

3 Ring 1243.83 158.58 70.92 782.18 130.64 58.42 941.06 131.44 58.78 

4 Ring 412.53 62.15 31.07 383.53 69.36 34.68 372.93 52.43 26.22 

5 Ring 64.92 6.53 3.26 69.83 1.56 0.78 45.76 2.26 1.13 

6 Ring 72.60 26.30 18.59 44.01 10.05 7.11 49.94 15.34 10.85 
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Table 6 Day 7 Water Resuspension Data 

Day 7 TA n=3 T0 n=2 T1 n=2 T2 n=2 

ng g Mean St.D St.E Mean St.D St.E Mean St.D St.E Mean St.D St.E 

NAP 715.2 132.3 76.4 513.2 27.7 19.6 560.6 50.1 35.4 520.0 38.1 26.9 

ACY 159.4 117.5 67.9 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

ACE 2624.0 166.0 95.9 2490.5 103.5 73.2 2527.5 79.5 56.2 2410.0 89.0 62.9 

FLU  48.8 69.0 39.8 66.9 66.9 47.3 0.0 0.0 0.0 53.4 53.4 37.7 

PHE 1692.0 252.6 145.8 973.4 502.7 355.4 769.6 103.3 73.0 1180.7 448.4 317.0 

ANT 261.7 120.3 69.5 122.2 122.2 86.4 138.2 3.4 2.4 151.1 8.4 5.9 

FLUTH 1845.0 381.1 220.0 1535.0 768.1 543.1 1009.5 60.6 42.8 1440.1 477.9 337.9 

PYR 841.4 357.2 206.2 555.4 405.1 286.4 712.6 234.0 165.4 2004.1 1337.9 946.0 

B(a)A 841.4 357.2 206.2 1754.0 166.0 117.4 1891.5 60.5 42.8 1982.5 244.5 172.9 

CHR 2356.0 71.5 41.3 173.4 173.4 122.6 226.9 69.1 48.9 226.9 25.0 17.7 

B(b)F 973.2 437.7 252.7 64.0 64.0 45.3 61.6 61.6 43.5 67.8 67.8 47.9 

B(k)F 257.4 82.0 47.3 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

B(a)P 217.8 76.2 44.0 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

DBA 486.4 360.2 207.9 <LOD <LOD <LOD <LOD <LOD <LOD 55.0 55.0 38.9 

IDP 187.5 165.4 95.5 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

BGP 486.4 360.2 207.9 126.8 17.8 12.6 138.8 15.2 10.7 155.5 1.9 1.3 

Total 
PAH 

13434.0 792.8 198.2 8374.6 743.3 185.8 8036.6 727.0 181.7 10246.9 830.6 207.7 

2 Ring 715.2 132.3 76.4 513.2 27.7 19.6 560.6 50.1 35.4 520.0 38.1 26.9 

3 Ring 4785.9 1026.0 458.8 3652.9 948.8 424.3 3435.3 963.3 430.8 3795.1 932.4 417.0 

4 Ring 6015.6 655.0 327.5 4017.7 658.7 329.4 3840.4 606.0 303.0 5653.6 721.3 360.7 

5 Ring 1149.0 300.6 150.3 64.0 27.7 13.9 61.6 26.7 13.3 122.7 31.0 15.5 

6 Ring 768.3 149.5 105.7 126.8 63.4 44.8 138.8 69.4 49.1 155.5 77.8 55.0 
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Table 7 Day 14 Sediment Resuspension Data      

Day 14 TA n=3 T0 n=3 T2 n=3 

ng g Mean St.D St.E Mean St.D St.E Mean St.D St.E 

NAP 1138.58 346.17 199.86 720.35 161.13 93.03 772.32 79.60 45.95 

ACY 19.09 5.05 2.91 28.82 10.04 5.80 25.89 6.61 3.82 

ACE 325.74 64.29 37.12 359.11 47.47 27.41 345.62 39.79 22.97 

FLU  154.62 63.60 36.72 107.93 47.49 27.42 131.20 28.34 16.36 

PHE 227.64 62.38 36.01 214.84 87.76 50.67 226.42 24.90 14.38 

ANT 32.00 9.11 5.26 64.92 36.65 21.16 35.37 7.92 4.57 

FLUTH 89.36 10.88 6.28 104.07 25.43 14.68 89.88 23.67 13.66 

PYR 80.21 28.58 16.50 200.31 141.45 81.66 101.23 30.91 17.85 

B(a)A 163.54 5.81 3.35 199.94 30.92 17.85 166.45 19.47 11.24 

CHR 26.53 8.53 4.93 26.61 8.48 4.90 23.71 2.39 1.38 

B(b)F 19.57 3.84 2.22 55.53 25.69 14.83 33.16 19.28 11.13 

B(k)F 12.44 2.38 1.37 19.07 6.11 3.53 28.43 22.26 12.85 

B(a)P 16.58 6.17 3.56 27.42 11.31 6.53 20.06 8.23 4.75 

DBA 13.93 5.44 3.14 14.89 2.55 1.47 6.08 2.19 1.26 

IDP 8.09 1.78 1.03 12.49 0.69 0.40 5.24 4.54 2.62 

BGP 36.33 5.43 3.14 33.20 11.84 6.84 21.95 7.63 4.40 

Total 
PAH 

2364.26 270.93 67.73 2189.50 178.26 44.56 2033.04 189.98 47.49 

2 Ring 1138.58 346.17 199.86 720.35 161.13 93.03 772.32 79.60 45.95 

3 Ring 759.09 116.60 52.15 775.63 119.58 53.48 764.50 120.80 54.02 

4 Ring 359.64 48.82 24.41 530.93 72.74 36.37 381.28 50.63 25.31 

5 Ring 62.53 2.71 1.36 116.90 15.84 7.92 87.74 10.29 5.14 

6 Ring 44.42 14.12 9.98 45.69 10.36 7.32 27.19 8.35 5.91 
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Table 8 Day 14 Water Resuspension Data 

 

 

 

 

 

 

Day 
14 

TA n=3 T0 n=3 T1 n=3 T2 n=3  

ng g Mean St.D St.E Mean St.D St.E Mean St.D St.E Mean St.D St.E 

NAP 715.17 132.34 76.41 389.13 95.09 54.90 486.70 33.38 19.27 599.70 128.65 74.28 

ACY 159.40 117.53 67.86 43.30 61.24 35.35 <LOD <LOD <LOD 35.60 50.35 29.07 

ACE 2624.00 166.04 95.87 2065.67 261.02 150.70 2252.67 115.02 66.41 2235.00 149.24 86.17 

FLU  48.80 69.01 39.85 66.50 94.05 54.30 <LOD <LOD <LOD 93.33 68.48 39.54 

PHE 1692.00 252.56 145.81 462.03 329.86 190.45 684.97 12.54 7.24 768.90 275.15 158.86 

ANT 261.70 120.30 69.45 61.40 86.83 50.13 34.50 48.79 28.17 45.37 64.16 37.04 

FLUTH 1845.00 381.12 220.04 677.90 418.11 241.40 1300.67 177.72 102.61 1396.67 438.41 253.12 

PYR 841.37 357.20 206.23 158.00 154.50 89.20 544.90 54.16 31.27 1312.13 992.80 573.19 

B(a)A 841.37 357.20 206.23 1230.10 653.38 377.23 1495.67 54.21 31.30 1413.33 58.40 33.72 

CHR 2356.00 71.47 41.27 82.87 117.19 67.66 149.37 40.68 23.49 413.80 261.74 151.12 

B(b)F 973.20 437.68 252.69 58.50 82.73 47.77 <LOD <LOD <LOD 162.07 123.35 71.22 

B(k)F 257.37 81.96 47.32 <LOD <LOD <LOD <LOD <LOD <LOD 69.10 97.72 56.42 

B(a)P 217.80 76.20 43.99 82.67 116.91 67.50 43.53 61.57 35.54 47.37 66.99 38.67 

DBA 486.37 360.15 207.93 39.03 55.20 31.87 39.13 55.34 31.95 77.87 110.12 63.58 

IDP 187.47 165.37 95.48 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

BGP 486.37 360.15 207.93 57.23 80.94 46.73 123.80 21.92 12.66 168.47 83.38 48.14 

Total 
PAH 

13433.97 792.83 198.21 5474.33 547.07 136.77 7155.90 654.22 163.55 8838.70 660.70 165.17 

2 Ring 715.17 132.34 76.41 389.13 95.09 54.90 486.70 33.38 19.27 599.70 128.65 74.28 

3 Ring 4785.90 1026.02 458.85 2698.90 778.94 348.35 2972.13 869.27 388.75 3178.20 845.96 378.33 

4 Ring 6015.57 654.98 327.49 2148.87 461.01 230.50 3490.60 548.16 274.08 4535.93 417.56 208.78 

5 Ring 1149.00 300.64 150.32 180.20 30.26 15.13 82.67 20.73 10.36 356.40 43.57 21.78 

6 Ring 768.33 149.45 105.68 57.23 28.62 20.24 123.80 61.90 43.77 168.47 84.23 59.56 
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Table 9 Day 28 Sediment Resuspension Data      

Day 28 TA n=3 T0 n=3 T2 n=3 

ng g Mean St.D St.E Mean St.D St.E Mean St.D St.E 

NAP 1352.05 475.22 274.37 438.83 73.03 42.16 461.02 122.21 70.56 

ACY 24.02 12.70 7.33 26.30 5.42 3.13 15.76 0.89 0.51 

ACE 373.37 19.47 11.24 369.77 31.60 18.24 357.42 57.71 33.32 

FLU  153.02 92.34 53.31 147.01 79.56 45.93 114.11 43.31 25.01 

PHE 304.04 100.43 57.98 171.27 22.78 13.15 271.22 90.84 52.45 

ANT 63.99 27.87 16.09 58.81 16.73 9.66 46.11 10.04 5.80 

FLUTH 111.28 27.53 15.89 95.71 23.99 13.85 84.10 12.69 7.33 

PYR 109.19 50.59 29.21 104.57 38.67 22.33 71.82 6.62 3.82 

B(a)A 201.06 28.73 16.59 226.39 24.72 14.27 187.50 29.82 17.22 

CHR 23.71 3.13 1.81 30.43 14.40 8.31 12.07 2.23 1.29 

B(b)F 31.62 9.59 5.54 66.88 40.75 23.53 15.73 9.07 5.24 

B(k)F 29.03 18.24 10.53 29.50 12.41 7.16 12.77 1.15 0.67 

B(a)P 26.67 21.73 12.54 46.48 25.45 14.69 15.93 5.78 3.34 

DBA 7.89 2.06 1.19 6.06 2.30 1.33 9.45 2.87 1.66 

IDP 11.68 3.46 2.00 17.30 10.11 5.84 10.93 5.57 3.22 

BGP 37.03 9.80 5.66 45.23 18.28 10.55 30.72 3.39 1.95 

Total 
PAH 

2859.67 320.77 80.19 1880.53 123.88 30.97 1716.69 135.65 33.91 

2 Ring 1352.05 475.22 274.37 438.83 73.03 42.16 461.02 122.21 70.56 

3 Ring 918.44 135.08 60.41 773.15 120.23 53.77 804.63 132.08 59.07 

4 Ring 445.25 62.72 31.36 457.11 70.78 35.39 355.50 63.13 31.56 

5 Ring 95.22 9.35 4.68 148.92 22.34 11.17 53.89 2.64 1.32 

6 Ring 48.71 12.68 8.96 62.53 13.97 9.88 41.66 9.89 7.00 
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Table 10 Day 28 Water Resuspension Data 

Day 
28 

TA n=3 T0 n=3 T1 n=3 T2 n=3 

ng g Mean St.D St.E Mean St.D St.E Mean St.D St.E Mean St.D St.E 

NAP 715.2 132.3 76.4 528.8 48.5 28.0 464.2 43.1 24.9 453.7 40.8 23.5 

ACY 159.4 117.5 67.9 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

ACE 2624.0 166.0 95.9 2342.0 85.8 49.5 2109.7 207.1 119.6 2460.7 404.2 233.4 

FLU  48.8 69.0 39.8 37.3 52.8 30.5 85.5 60.8 35.1 49.7 70.2 40.6 

PHE 1692.0 252.6 145.8 880.0 321.6 185.7 1705.8 1770.3 1022.1 946.0 395.3 228.2 

ANT 261.7 120.3 69.5 128.8 23.1 13.4 197.2 278.9 161.0 111.6 80.8 46.7 

FLUTH 1845.0 381.1 220.0 1484.9 540.1 311.8 1296.7 773.0 446.3 1128.0 347.2 200.4 

PYR 841.4 357.2 206.2 1322.5 1056.7 610.1 743.6 735.4 424.6 404.7 173.7 100.3 

B(a)A 841.4 357.2 206.2 1869.0 381.7 220.4 1581.7 235.3 135.8 1697.3 226.1 130.5 

CHR 2356.0 71.5 41.3 204.5 21.6 12.5 195.0 157.1 90.7 310.1 107.7 62.2 

B(b)F 973.2 437.7 252.7 70.6 99.8 57.6 48.4 68.5 39.5 105.9 75.8 43.7 

B(k)F 257.4 82.0 47.3 38.5 54.5 31.5 <LOD <LOD <LOD <LOD <LOD <LOD 

B(a)P 217.8 76.2 44.0 37.1 52.5 30.3 <LOD <LOD <LOD <LOD <LOD <LOD 

DBA 486.4 360.2 207.9 <LOD <LOD <LOD 87.1 62.9 36.3 <LOD <LOD <LOD 

IDP 187.5 165.4 95.5 <LOD <LOD <LOD <LOD <LOD <LOD 38.8 54.9 31.7 

BGP 486.4 360.2 207.9 113.5 80.3 46.4 39.2 55.4 32.0 153.8 108.9 62.9 

Total 
PAH 

13434.0 792.8 198.2 9057.6 747.5 186.9 8553.9 699.7 174.9 7860.4 696.4 174.1 

2 Ring 715.2 132.3 76.4 528.8 48.5 28.0 464.2 43.1 24.9 453.7 40.8 23.5 

3 Ring 4785.9 1026.0 458.8 3388.1 892.4 399.1 4098.1 899.7 402.4 3567.9 940.1 420.4 

4 Ring 6015.6 655.0 327.5 4880.9 619.1 309.5 3816.9 531.9 266.0 3540.1 565.7 282.9 

5 Ring 1149.0 300.6 150.3 146.2 25.0 12.5 135.6 36.5 18.3 105.9 45.9 22.9 

6 Ring 768.3 149.5 105.7 113.5 56.8 40.1 39.2 19.6 13.8 192.7 57.5 40.7 
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Project Title: A biogeochemical and hydrodynamic conceptual model to 

describe PAH degradation and transport within chronically 

contaminated harbour sediments 

User ID: 658373 

Name: Lesley Carol Chapman-Greig 

Application 

Date: 
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behavior of PAH (Polycyclic Aromatic Hydrocarbon) chronically contaminated 

sediment.Permissions from 3 large marinas (Gosport, Port Solent and Haslar),1 local 

marina(Wicor),swing moorings (Sultan Jetty),MOD (Whale Island and Horsea Island), Portsmouth 

International Port and local Gosport Ferries have been sought and given for access to take 

samples. The field observations will be coupled to laboratory experiments 

Certificate Code: CD22-A113-A4AB-FE00-8D40-AA17-1F17-C1E7 Page 1 

involving oil polluted sediment mesocosms and hydro flume work to model natural microbial 

degradation and transport through re-suspension by waves, tides and boat wakes. On completion 

an environmental risk decision tool for management of PAH contaminated sediments will be 

available. 
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