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Abstract

Total aganic carbon (TOC),ldek carbon(BC) total petroleum hydrocarbons (TPH),
polycyclic aromatic hydrocarbons (PAHphda polychlorinated biphenyls (PCB) were
determined in73 surface (0-2 cm) and subsurfac€5-20 cm) soil samplegaken froma 142
knm? areain Central London, UKSoils were assessed to providéaselinechemistryfor site
owners, developers, occupiers and regulatonsimed inunderstanding thepotential risk to
human healthand the environmentTOCrange was1.7511.85 %(mean 5.82%),BC3.72
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32.71mgg?! (mean 13.8mg.g'), TPH72-4673mg.g! (mean 443mg.g'),1 1PAH 1.6421.23
mg.g (mean 47.99ng.g') andy ‘PCR2.56-148.72ugkg?! (mean20.82ugkg?). Qurface soils
were lesspolluted than sub-surfacesoilsdue to a detine in industry, power generation, coal
burning and traffic PAH and PCBhowed astronger affinity for BC than TO&hd were
higher than many other international cities South east London (Greenwich, Woolwich,
Deptford) had the highest PAHollution. Source PAH ratiosconfirmed acombustioriurban
road run-off origin with minor petroleum inputsRandom Forest spatial modellifignachine
learning) revealed large scale pollutiortrends across Londosoils Normal background
concentrations (NBGyere calculated andcompared to riskbased human health generic
assessmentriteria (GAC) Benzfg]anthracene benzo[a]pyrene, benzop]fluoranthene, and
dibenz[alanthraceneexceecad the Land Qality ManagementGACsfor three land uses
(residential, allotments and public open space near residential housibe NBC
determined fory 7 t /(11@ pg.kgd) and dioxinlike PCB 11859 ug.kg') exceededthe
residential and allotment soil guideline vakie

Keywords
Soil; Risk; health; city; urban, contamination; pollution; ecosystem; deprivation;
benzop]pyrene

1. Introduction

The metropolitan area of London haa population of some 9 M people and is one of the
world@ preeminent cities formindhe cultural, economiand governmentahub ofthe UK Over
2000 years of human activityaveresulted in the accumulationf organic pollutants in soguch
asblack carbonBC) petroleum hydrocarbons (TPldind polycyclicaromatic hydrocarbongPAH)
from coal burning a well as receipt otombustion enginevehicle exhausparticulates More
recenty, halogenatedoersistentorganicpollutants (POPs) such as polychlorinated biphenyls (PCB)
have been unintentionally released into the environment addNJ y & T S NNB R suagell 2 [ 2
soils andconnected sediments of the River Thanjgsl]. Understandinghe spatial and temporal
distribution, input-sourcesand affinities of POPg important as many ardoxic, impact the
nervous system or arearcinoger to humans and wildlifeThe presence oPOPsn surface and
near surface soilpotentially constrains theextensive redevelopment of former industrigdites to
housing alongsidémprovements to[ 2 Y R2 Y Q& Sy @A Nibyiaf Srgation, @Ppdradeda NB S
sewerand urban drainag@nfrastructure & well asenhanced regulation tamprove air quality by
2050[5].

Petroleum hydrocarbons urban soilsoriginate from a variety of sources includimgad run-
off, crude and refinedoils, refined petroleum as well aslusts andatmospheric particlesrom
factories incineratorsand hydrocarbon fuelledpower stations[6-8]. These inputs generate a
continuum of simple to complex(monomersmolecular aggregatgsthat may include aliphatig
monoaromatic, polyaromatic hydrocarbonss well as heteroatom containingsinsand higher
molecular weightasphalteneg9]. The precise mixf compound classesntering the environment
varies according to oil genesis (basitype, geological age) degree of refining
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(distillation/conversion/finishing)and post environmental releaseveathering effects such as
evaporationanddissolution ad microbial alteration9-11]. Owing to this wide range in molecular
composition it is difficult to make assumptions abgubssible adverse environmental health
effects

Polycyclicaromatic hydrocarbongPAH)are detected in mosurban soilsvhere they occur as a
consequence oénthropogenic agvities such agoad transport domestic firesil refining, coke
and asphaltmanufacture coal gas production, non-ferrous metalindustries, municipal waste
incineration and leaking storage/landllls [12]. PAHs are associated with a variety of adverse
human health effects includinguppressinghildhood IQrespiratory health and canc¢®, 13, 14]
In the UK atmosphericmonitoring recordsfor PAH(19702003) reveala switch fromresidential
coal burning power stations and non-ferrous metalworking to road transport foad-run off,
vehicle exhaust particulatg¢$15]. Similarly,isomeric and noasomeric parent PAH raticss well
as overall concentration patteaconfirmedmainlycombustionderived PAHtraffic and domestic
burning) in near surface soils of 19Kmf south east Londan 1 PAHconcentrationsranged from
4 to 67 mg.g* and mean 18mg.g* which werebroadly simila to some of the more polluted
Europeancities [2]. These results were used ttetermine normal background concentrations
(NBC)f surrogate markelPAH((e.g. benzd]pyrene)for comparison against generic assessment
criteria (GAC)The GA@roviding a riskbased conservative estimate tfe surrogatemarker PAH
concentrationsin soil thatrepresent no appreciable or minimal risk buman health assuming
chronic exposre for a series ofand use and exposure scenarios

Polychlorinated biphenyls (PCBggre used incoolants, lubricants, transformer oils, sealants
and calking agentsom mid 1950s tdate 1970s[16]. PCBs were prized for their low reactivity and
high chemical and thermal stabilityrheir propertiessaw PCBappliedwidely in sectors such as
industry, transport and commerce, though it walsese properties that contribute to their
environmental persistencgl7]. Peak production wareached in the 1960s befostagedphase
out in the late 1970s, following growing concern about their potential for harm and accumulation
in the environment, and a global ban through the Stockholm Convention on Persistent Organic
Pollutants in2001[18]. It is in addition to this peistence and accumulative potential that health
risks should be considered. PCBs have been found to possess endocrine disruptive qualities
associated with developmental disorders in humans and other animals,sante congeners
exhibit carcinogenicityRiskfrom PCB exposurdirough multiple pathwaygan be significant.d
represents the most significant environmental store of PBs19, 20]

Spatial modelling and prediction for the purposes of illustratingttieeds in2D distribution of
a contaminant in soil has traditionally been carried out using kriging related technjglie22]
Recently, Hengl et aJ23] summarised the problemassociated with kriging and demonstrated
the use and advantages of a machine learning method (Random Forest, RF) for spatial modelling
where buffer distances from observation points are used as explanatory variéiblether studies
Kirkwood et al[24] used an RF model with high resolution geophysics and remote sensed data as
covariates to produce high resolution geochemical maps of South West Englagd&iddzt A 6 S
[25] successfully demonstrated a similRFapproach using the nearest observations and their
distances to the prediction location as covariates. In this study, we haveauB#approach[26]
where inverse distance weighted (IDW) covariates are usddeagredictor variables.

Although organic pollutants such as PAH, PCB and TPH are frequently meadukearban
soils tocomply with landuse planning systemegulationthis information is notpublished in the

Page3/42



Adv Environ Eng R2621; 2(2), doi:10.21926/aee2102011

peer revieved literature. In addition,supporting chemical measurementsuch as determinations

of BC which provide insights into their interaction withatural and ceoccurring anthropogenic
polymers are rarely undertaken. This study aims to fill these knowledge gapq1) provide a
baseline geochemical survey TOC, BC, TPH, PAH and BE€Bss Central Londori2) compare

the concentrations foundat two depth intervals andwvith other major cities (3) discuss the
concentrations with respect to published human health generic assessment criteria (GAC) so this
dataset can provide a baseline for letegm environmental monitoring and help to quantitiie
impact of future pollution changes and/or events; (4) identifyhere possibleatios of PAHs and
PCBs to describe potential sources of pollution and characterise the likely contribution of
emissions (5) Exploremachine learnindiRandom Forest modellnapproach tomappingorganic
pollution trendsacross Central London.

2. Materials and Methods
2.1 il Sampling andPreparation

Urban soils were collected from the Greater London Authority (GLA) encompassing an area of
London Boroughs and the City bbndon, UKFigurel). At each sitesurfacesoil samples were
recovered from four corners and the centre of a 20 m by 20 m square gsdriziceO to 2 cm (X
sample) andsubsurface5 to 20 cm (A sample) using a hameld Dutch auger. The five auger
flights were combined to give ~ 1 kg weeight which was storedn Kraft wet strength sample
bags (125 mm x 250 mm) which in turn were stored in sealable polyethylene outef)&)g
Upon return to the laboratorysoils were freezelried, desegregated and passed througlbrass
sieve with an aperture of 2 mm before being ball milled (agate balls and lined vessels) to6Rass a
pum sieve This method was chosen as a statistically rolpusparationmethod for high precision
and accuracy PAH quantificatif@8-30].
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Figure IMap showing position of soil sample locations analysed for organic pollutants.
Soil data BGS, © UKRI. Contains Ordnance Survey data®© Copwright and
database rights 2016.

2.2 Organic CarbonBlack Carborand Total Petroleum Hydrocarbons

Total Organic carbon (TOC ¥gs determined after acidification with HCI (50% v/v) using a
9f SYSy il NJ +I NR 2[314 The imitd of duantifigatioh BRaygital 300 mg sample
were 0.18%Black carbon was determined by multiple solvent extractions and thermal treatment
with elemental analysisf carbon[32, 33] Total petroleum hydrocarbons were determined after
extraction and separation by latroscan Mk6 (Supplementatly)

2.3 Polycyclic Aromatic Hydrocarbons

t2f @F NREYIFGAO KeRNRENMAND YR 64 6 KO RS &t § N @SR Ka
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2.4 Polychlorinated Biphenyls

Soils (10y) were spiked with 50 pdf PCB 34 (18.92 ng-1), PCB 62 (19.77 pdt), PCB 119
(18.92ng.uLY), PCB 131 (19.2dg.uL!) and PCB 173 (18.81g.ulY), and 50 pL of recovery
standard solution of PCB 19 (20.0¢.uLY) and PCB 147 (19.31y.,Y). After 1 h equilibration,
spiked soils wereombinedwith clean sand1:2) and copper powder addeldefore ASE extraction
using acetone/hexane (1:1 v/v). Extracts were reduced-#or3L and mixed with #$Q to release
humic bound PCH&8, 34]. The supernatant watained and reduced to 0.25 mL before transfer
to a prefilled Na&SQ SPE cartridge (Agilent, Bond EltiPH, 500 mg). The first fraction was eluted
with 1.5 mL of pentane and discarded. The second fraction was eluted with 6 mL of hexane
propanol (97:3 fv) and spiked with 100 pL of the analytical standard solution (PGB.2%ng.puLY)
and PCB 157 (9.58.uL!) and reduced to 200 pL under a stream of nitrag&nalysis was by
combined gas chromatographyass spectrometry (GKIS) using a Fison&sC8000 gas
chromatograph coupled to a Fisons MD800 single quadrupole mass spectrometer in full scan
mode (ionisation energy 70eV, mass range689 amu)28, 34, 35] Quantification of PCBs was
achieved usingelectedionsfor the ICES PCB (International Council of the Seangener8, 52,

101, 118, 138, 153 and 1B@hichrepresent aarge proportion ofmost commercial formulations
span a wide range of chlorinatidB-7) andare widely considered keysuite enabling comparison
with other soil and sediment studies.

2.5 Spatial Modellinginterpolation

The data analysis was carried out using the R programming Lang8@&pand associated
f A0 NJ NRA S RdibratyBH was &ised té attribute thedeprivation data to the sampling
p2AY0&a YR LINSRAOGA2Y [3HMAsRised td 8a8y oatNde RASoNdllingw A
The Boruta R librarf89] was used to select the significapredictor variablesn the RF model.
Preliminary checks (not reported) show that after the topt® 10 most important IDW
predictor combinations, inclusion of further IDW predictors does not meanihgfnprove the
root mean square error of prediction (RMSEBERgtails of thefour stages ofmodelling and
interpolationare presented in the supplementary

3. Results& Discussion
3.1 Organic Carbon

London surface soils TQG-2 cm)ranged from3.0511.85 % mean of 6.58% and median of
6.07 % standard deviation 2.11 %nd ®unterpart subsurfacesoil TOC(5-20 cm)ranged from
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1.759.61% mean 06.06 % and median o#.95% standard deviation 1.66 ¥igire 2, Table 1
Taking both soil depths togetheFOCQangedfrom 1.7511.85 % mean of 5.82 %and median TOC

of 5.42 %(n=146)(Table ). Evaluation of the TOC showed that surface soils contained higher
amounts of organic carbon than s@iirface soilstftest, P=0.00) (Table S1)Variation inTOC is
probablydue tothe diverse range of current anldistorical landuse and inclusion oftwo depth
horizons at each sitavhich, not-withstanding physical disturbance common to most urban soils,
probably differin age and extent of decomposition ahe more labile organiccompounds and
polymers[40, 41] Converselyfactorssuch as thencorporation ofgeological parent materigpre-
AnthropoceneTOQ were discountedsince the entire study area is underlain by London Clay
(Eocengand organic rich peatdHolocene)nly outcrop at a few locations along thé&/& Thames
foreshore andassociatechistoricalflood plain[42, 43] The higher TOC in the top sad compared

to the sub soils probably besexplained by enhanced incorporation lefing and decayed organic
matter (e.g.fine leaf litter, hair-roots, soil humugrather than an increase in anthropogenic carbon
Asimilarnear surface, rise in TGfScribed o greater amounts of fine roots and decompogadnt
remainshas been previoug observedin upperhorizons ofurban soilsand sedimentsfrom Staten
Island, New York)JSAand vegetated mud islands on the River Thames, Londo{3,8<11]
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Table 1Summary of Total Organic Carbon (TOC), Black Carbon (BC), TotauRetrol

Hydrocarbons (TPH), Polyaromatic Hydrocarbons (PAH), Polychlorinated Biphenyl (PCB)

concentrations in Soils of London, England, UK.

Description TOC BC TPH t ! 1®o1t! 1261t/ .7 0
(%) (mg.g") (mgkgh) (mgkg)  (mgkg)  (ng.kg)
All depths(n=146)
Mean 5.82 NA 443 35.20 47.99
Median 5.42 NA 323 21.23 29.37
Min-max 1.7511.85 NA 72-4673 1.64 2.42-421.23
421.23
Std dev. 2.04 NA 491 43.52 55.93
Soil 62 cm(n=73
Mean 6.58 13.80 421 29.51 39.29 *19.35
Median 6.07 12.40 298 19.00 25.64 *7.53
Min-max 3.0511.85 3.72 72-4673 1.64 2.42-235.27 *2.56-148.72
32.71 184.32
Std dev. 2.11 6.77 582 35.00 45.13 *28.24
Soil 520 cm(n=73)
Mean 5.06 NA 466 40.89 54.69 **21.77
Median 4,95 NA 346 31.92 42.07 **10.40
Min-max 1.759.61 NA 89-2618 3.64 5.22-421.23 **2.56-
336.10 135.81
Std dev. 1.66 NA 382 50.24 64.36 **28.46

NA BC not analysed for this depth interval; PCBs analysed @etsobthe 73 sites *n=39 sites,

**nN=61 site
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Figure 2Map of London soil total organic carbon content (TOC %). Soil data BGS, ©
UKRI. Contains Ordnance Survey data© Crown Copyright and database rights 2016.

Other studies ofJK urban soilalsoreport considerable variation in organic carbon contgfor
exampe sub soils (520 cm)from south east London(n=73) report TOC ranging fron3.04 to
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21.77 %, mean 7.19 %, median 6.6ar%deighty four soils from acrosslasgowcity spanned2.79 %
to 17.97 % with a mean of 6.15 % and a median concentration of 524 24] Therefore, the
variableand sometimes high TOX%6presentedherefor Londonis commensuratewith other urban
studies(Figure2). Both lower and highesoil organiccarboncontent have been reported fothe
smaller formerly industrialisedurban centresof Stoke (n=737, range 0.4 to 42.5 %, mean 7.3,
median 6.8%) and Coventryn=808, range 0.9 to 18.6, mean 3.5, median .3B)wever,some
caution in comparisonof TOCdifferent studiesis required. This is becausthe TOC % were
obtained using Loss on ignition (LOI) at 450&Ccosteffective, but less accuratenethod for
organic carborthat is influenced by a range ebnfounding faabrs including: 1)oss of structural
water and oxyhydroxides in clay2) incomplete carbon combustion at low temperatures (~450 C)
and loss of inorganic carbonates (>4401@%, 45] Whilst theselimitations are not necessarily
significant insand dominatedsoils they araelevant toany soil containing clay minergparticles
such as Londosoilsor those with highnorganic carbortontent (e.g.carbonate).

Dueto its importance in sustainingrimaryagricultural and horticultural productiviy as well as
underpinningother ecosystem servicesoil organiacarbon(SOC % synonymous with T@{has
beenmeasured and evaluateid non-urbanrural UK soil$32, 46, 47] The 2007 summarydata for
top-soils (0 to 15 cm)from the Countryside Surveseported mean Engish soil organic carbon
(from LOIl)of 7.65 %448]. Lower TOC% were reported for arable and horticultual soils (3.8 %9,
whereasslightly higher TOC were foundimproved and neutral grassland soils (6.77 and 8436
acid grassland&5.79 %)shrub/heathland (26.46 ¥@nd broad-leaf/mixed woodland13.01 %as
well asconiferous woodland 19.94 $48]. Comparisa of TOCvaluessuggestthe London soils
havehigher TOC tin UKagricultural and horticultural soils similar TOC to improved and neutral
grasslands and lower TOC comparedséminatural acid grasslandsbroad leaf and coniferous
woodlands, shrub/heathland andvetlands Thismid-table position in the overalUK soil organic
carbon ranking contrasts witktudies fromGermany Rostoclk, USA (New York and Baltimore),
Moscow (Russiayhich reportedelevated values in urbaland-use domainscompared totheir
rural equivalents[49-52]. Tke higher urbanorganic carborcontent was attributed to a range of
factors including; 1addition of admixtures duringandscaping2) residential settlement history
and composting; 3)inhibition of microbial litter decay due toan increaseanthropogenic
polyaromatichydrocarbon concentrationsand4) higheruse ofwood/coalfuels linked tolatitude
and climate and temperature However, other studiesuch as thoseomparing sites New York,
USA andatural and saled urban sites ieoul, South Korea found 66 and 27 % less i@
urban domain[53, 54] Therefore, the data presented here for ldom does notfully support
either extreme notion(higher/lower than rural counterpartsut rather suggest thaturban soils
are part of a continuunof UK soil carbon inventory

3.2 Black Carbon

Black Carbon (BC) surface soil concentrationshosvnin Figure3 and Table 1. The BC ranged
from 3.72 to 32.71 mg?, mean 13.80 mg! and median of 12.40 mg* with a positivelinear
correlation between BC and TOC(@RI5) indicating that BC only partly controls Londwban soil
TOC One plausible explanation for this association being that soil TOC is dominated by natural
organic matter such as fine plant roots, decaying organic matter (leaf litter, microbial tissues) and
repolymerised decay products and residues (huni68). In contrast, Urban soil BC most likely
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originates from anthropogenic activities such as burning of wood or coal or pyrolysisaaf
(charcoal) as well as other contributors such as vehicle exhaust partic{82e56] Black carbon

to total organic carbon ratio (BC/TOC) ranged from 0.07 to 0.4 with a mean dfigud4). In
general, BC/TOC ratios of <0.1 are taken to indicate incorporation of burnt biomass whereas
higher BC/TOC ratiag 0.4 are attributed to input from combustion of fossil fuels. London surface
soil (0 to 2 cm depth) BC/TOC ratios fall between eéhageria suggesting incorporation of both
combustion fossil fuel and burnt biomass sourced organic matter or altermatsme unknown
industrial or household waste souraguts.

T T T ) T
A Black Carbon
{0-2 cm) mg/g
® @ 222-2271
g 3 ® @ 2363-2521
s | H
® e o @ 1845-2382
12.41 - 18.44
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g 3.05-6.22
o L -
2
® oo @ e
(=
2 I & ]
w
=
o
S L o
S &
1 1 1 . 1 1

525000 530000 535000 540000 545000

Figure 3Concentration of black carbon (BC) in surface soils of Lor@whdata BGS, ©
UKRIContains Ordnance Survey data© Crown Copyright and database rights 2016
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Figure 4Comparison of black carbon in urban s{88, 5661].

London soil BC concentrations are similar to those reported for other UK imdastrial
centres, namelyGlasgow, Coventry and Stoke (4.6 to 17.7g¥gand about ten times higher than
woodland and grassland background soils of the UK (n=31) which varied from 0.45 to 3323 mg
(mean 1.36 mg?) (Figure 4) [32, 62] Conversely a regional scale study of 55 urban soils in North
East England reported even higher concentrations of 16.8ytig the topsoil decreasing to a
median of 5.7 mg-§at 1 m depth [56]. It should however be borne in mind that although lower
than NW UK, a comparison of BC concentrations from other world cities suggests that London soil
BC content is relatively high, possibly reflecting protra@d&hccumulation from legacy industries,
long history of domestic coal burning (until 1960s) combined with the high density of coal and gas
fired power stations situated along theondon reaches of the river Thames; mainly 1850s to
1980s[1, 63] For example, a study of Beijing urban soils from 0 to 20 cm BC ranged from 0.37
12.7 mg.g?', mean 4.66 mgy! and BC/TOC ratio ranging from 0:091 with a mean of 0.31
(Figure 3). Overall, the high BC concentrations, low BC/TOC value and weak positive
correspondence to TOC % supports the notion of multiple industrial and domestic BC inputs rather
than a single dominant source (e.g. wood/charcoal burning only).

The occurrence of BC at highncentrations insurfacesoils has both positive and negative
environmental implications. Owing to its high porosity BC and particularly the charcoal fraction
can adsorb pollutants including PAH, PCB, dicmaspolybrominated diphenyl ethers (PBDE) as
well as heavy metals thereby reducitigeir bioavailability to ecology and humaf&8, 62,64-66].
Similarly, the presence of BC in soils has also been reported to increase cation exchange capacity
as well agphyscally stabilise humiacids whichin turn increases soil fertility67]. However,the
more condensed soot fractionan bedetrimental to animal and human health. For example
inhalation of particulate organic matter containing nanoparticles of diersely effectslung
function andhas been linked t@ardiovasculamortality and clinical effects incluithg ventricular,
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repolarization, changes in blood pressure heart rate variability, endothelial dysfunction.
Epidemiological studies have identifiegblat distance of the home to the nearest main ro&l
important anda recentevaluation of airway macrophage carbon[in2 y' R 2oyhuting cyclists
showed thatinhaled dose oBC was linked to time taken to travel and route (traffic deni8))

2 KAfAG A0 AayQi L aai ednéentratidntoRtindsgherigparticuldtes shtl & 2 A
effect onhuman healtht is reasonable to assume that tlvariations inBC accumulating in soil are

at least in parlinked toatmospheric sources (e.g. seethicle exhaustroad dusj} althoughother
anthropogenic inputs (a, ash,slag) cannot bentirely ruled out because the BC methodology
employed cannot discriminate BC fractioas it encompasses a broad range of condensed
aromatic structures

3.3 Total Petroleum Hydrocarbons (TPH)

Concentrations of @troleum hydrocarbons(TPH) inLondontop soil (Oto 2 cm n=73 ranged
from 72-4673 mgkg?! (std deviation 582 mgg?), mean 421 mgg?, median 298 mgg?! with
saturated hydrocarbon(aliphatic) concentrationsanging from70-3576 mg.g*, mean 277mg.g*,
median162 mg.g* and aromatic hydrocarborconcentrationsfrom < 31097 mg.g!, mean of 144
mg.g* median of 108mg.g* (Figure5). The biogenic lipidfesin concentrationin the top soils
ranged from114-13153mg.g*, mean991 mg.g* and median of771 mg.g*. Counterpart, London
sub soil (5 to 20 crm=73) TPH ranged fro88-2618 mg.g*, mean 46 mg.g!, median346 mg.g*
with saturate hydrocarbonsanging from89-1,118 mg.g!, mean 283mg.g*, median 214mg.g*
and aromatic hydrocarbon concentrations frdi#-1500mg.gt, mean of 14 mg.g*median of 139
mg.g* and the biogenic lipidfesinconcentrationganged from 95 to #76 mg.g*, mean 753ng.g
1 median 585mg.g* (Figure5). When both soil horizons are considered together London soils
(n=146) concentrations of TRHried from 2-4,673mg.g}, mean of 443ng.g* and median of 323
mg.g'. Assessmenbf soil TPH data confirmed that that the deeprb soils (5-20 cm) contained
greater amounts of TPH thasurface soils (62 cm) (t test; P=<0.003 which substantiatesa
NEflFGADBS RSONBIAS Ay [2YR2YyQa FYUKNRLI2ISYAO 2
1940s1py MIQ3FH
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Figure5 Total petroleum hydrocarbons (TPH) in London soils. Soil data BGS, © UKRI.
Contains Ordnance Survey data© Crown Copyright and database rigts 201

Before proceeding withraevaluation of London sollPH concentrations it should be borne in
mind that soils considered largely devoid of pollution generally contain a background of
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hydrocarbon compounds owing to thar biosynthesis by mosiorganismsand subsequent
incorporationof partially degraded biomassa soils andsedimens (e.g. grass stems, tree roots,
epicuticular leaf waxes, cell walls (bacteria, moulds, fungi), algae and animal tigBués)/1].
For example unpolluted soilsand sedimentintervals from mangrovesoils of south Chinaand
marsh soils oVirginia, New Jersegnd New York USAshowedTPH concentrations ranging from
100-300 mg.g* [8, 35, 72] Similarly,unpolluted river sediments from the upper rural reaches of
River Clyde, UKound TPHspanning3-260 mg.g* with a mean of 68mg.g* and unpolluted
sediment River Derwent (Australia) ranged from<BDOmg.g* [7, 73, 74] In New EnglandUSA
the state agencieslefined as 373 mg.g* whereasfor regulatory, non-risk basedevaluationsin
Australia and New ZealaridPHguidelinesof <280 mg.g* (no concernjnd 550mg.g* (of concern)
are used within a weight of evidence assessmentcoastalsediments[73, 75] Converselysoils
receiving appreciable diffuse and or point source (e.g. crude olil, refined oils and fuels, industrial
discharge) hydrocarbon pollutioftypically contain TPH >1000mg kg' [76]. For example,
sediments frompolluted urban tributaries of Glasgowscotlangd UKyielded a mearmPHof 2,779
mg.g* including concentrations as high 83,879 mgkgtand oil spill contaminated marsh soils
from Staten IslandNew York, US#eport TPH 500-9,586 mg.kg™t [7, 8]. Further,a more nuanced
understanding olurban soilTPHconcentrations has beegainedfrom industrial waste and fresh
end-member materials analysedh parallel withurban soils[27]. The TPH concentratiortd the
source end members/ere highly variableand rankedas follows:creosote impregnated railway
sleeper (23,150 mig)>coal (259 mgkgt)>bitumen road dust>(884 mg ¥ypmetal processing
industrial slag>(181 mkgY)[27]. Therefore, in this current worla TPHconcentration 500 mg.g*
wastaken to indicate the presence of anthropogesmurcedTPH

Benchmarking against the TPH >50@.g' anthropogenic hydrocarbon criterion revealed
exceedances afl surfacesoils (62 cm) and 20 suboils (5 to 20 cmindicatingthe presence of
appreciableanthropogenicsaturate and aromatidhydrocarbons.The most likely cause being
incorporation of wastes from fuel spilliegacycoal particles, road dust bitumeniffuse traffic
exhaustor other unknown legacydomestic/municipal or industrialvastes.A recent survey of 84
urban sub soils €20 cm)collectedacrossthe city of Glasgow reportedower ranges of 78,505
mg.g* and a meas 388 mg.gtas compared to thse here for London soi{g.g. mean 421 and 426
mg.gh)[27] (Figure 6). In view of theinherentinhomogeneityof urban soils variable enemember
concentrationsand different histories of urbanization and legacy industries of London and
Glasgow the ranges and meanob~400mg.g* are remarkably consisterdind provide a broad
benchmark by which future improvements in soil quality could be benchmarked against
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London surface soil PAH at 0-2 cm
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London sub-surface soil PAH at 5-20 cm
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Figure 6 Box and whisper plot of PAH concentrations for London soils; displaying

outliers (circle markers), highest and lowest rpautliers (upper and lower whisker
limits), upper and lower quartiles (upper and lower box limits) and median values

(horizontalred line).
mean 39.29ng.g! and median 25.64ng.g* 6 ¢ I 6 £ S eWAHDN L& sub soil (5 to 20 cm)

3.4 Polyaromatic Hydrocarbons (PAH)
a mean 29.5Ing.g!, median 19.00ng.g* Yy R
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varied from 3.64 to 336.10, mean 40.89y.g%, median 31.9Ing.g't YR 1 HT t! 1 02y 0!

ranged from 5.22 to 421.28g.g* with a mean 54.69ng.g* and median 42.0Tg.g* (Table 1
Figure60 @ 2 KSy Gl 1Sy (23S3GKSNI (KS®HAR ¢IR220ng.¢ ankl &
127 PAH of 47.99ng.g'0 ¢ I 6 f S 81 0 dIPAKK &cbénzo[a]pyrene(BaP) concentrations
were significantly higher in the sub soil as comparedhi® surface soiltftest, p=<0.00) (Table
S1)

The highest soiPAH concentrations were observedtive south east boroughs ofsreenwich
Woolwich, Deptford which ig keeping with the areasngoing road traffic congestiossues and
or industriallegacy(Figure7) [1. LY FRRAGA2y S aAdSa aLl yyaiy3
Newington and Islington had elevated PAH concatidns as compared t€amden, Hampstead,
Kensington, Fulham, Marylebone, Paddington, Wandsworth which hawe lesser or greater
extent residential laneuse histores. The relative contributions made by 27#ndividual PAHIn
Londontop and subsoilsare presented in boxplotémean denoted by cross, median value by a
line, together with minmax values and outliers using the 1.5 times interquartile range criterion
(Figure 6). Theseshow minor contributios of about 0.5mg.g! of the total PAH massf low
molecular weight PAH (3 ring) such as naphthalene, acenaphthyleneeéthylnaphthalene and
major contributionsof about 3 to 5mg.g! of the total PAH masfom higher molecular weight
PAH (46 ring) dominated by fluroanthene, pyrene, benzo[a]pyretenzo[b]fluronanthene,
benzol[b/k]fluronanthene, benzo[e]pyrene and benzo[a]pyrene as well as benzo[ghi]perylene

However, it should be borne in mind that not all 4 and 5 ring PAH were dominant, for example

triphenylere, peryleneand dibenz[a,h]anthraceneave atabout1 mg.g* (Figire 6).
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Soil data BGS, © UKRI. Contains Ordnance Survey data© Crown Copyright and
database rights 2016.

Although sub soil 0 cm depth)total 1 2’PAH concentrations were higher than top saile
relative contributionsacross themolecular weight/ring sizeslid not change Thissimilarity in
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relative contribution across -8 ring PAHsupports the notionof a fairly consistenturban
backgroundsourcegs)input and/or possibly reflects rapid near surface P&elthering effects (e.g.
leaching photolysis volatilisation, microbial mediated decaypnd or mixing Although PAH
concentrations in soils generally decrease with depth, some studies hpoeted elevated PAH
at depth due tosequential deposition of different contaminated industrial wastéslding rise
peak and fall profilesimilar to that observed in water deposited sediment cooethe addition of
burnt building material and rubble froie second world warl©9391945) [8, 12, 77] In the light
that London was heavily bombed during WWII and that the majority of sites hastemultiple
land-uses both explanationare plausibleOverall the RH concentration data confirms a general
recent declinegn PAH pollutionn surface soils (@ cm)as compared to deeper older counterpart
(5-20 cm).

On a national basis (UK), the meaoncentrationsand ranges of PAFr central Londorrank
above those for other studie$or example76 soilsfrom 5-20 cmof east London (Thamesmead
Erith-Abbey Woodhad a' ®PAHranging from4 to 67 ng kg, mean of 18.6 mggt! and median
of 14.0mgkgtand 84 soils fromGlasgow Scotlandshoweda meanof 32.4 mgkg! and medianof
12.5mgkgf? [2, 27] The UK Environment Agey Soil and Herbage Survey of 2007 repatt H H
PAHfor 42 Englishurban sois. These ranged from 0.79to 55.1 mg.kgt! with a mean 25.7 55
mg.kgtt, median 10.5mg.kgt and a standard deviation &3.9mg.kgtt whereasEnglish rural soils
OYIMyHO 1 HH t! 1 NImgHEE Reah NgBNGkgH, madian G923ng ke abg a
standard deviation o.74 mg.kg! [78]. Therefore, both soil depth intervals @ and 520 cm)
presented here for London (mear29.51 and 40.89ngkg?) are slightly higher than previous
studies of metropolitan areas and about 35 times higher than rural soils of England. The most
plausible explanation for the higher concentration of PAH in central London soils as compared to
other UK urban areas is thatih@on has by far the greatest population of any UK city (~10 M) and
therefore in all likelihood the greatest PAH input from domestic wood and coal combustion and
traffic. Also, the entire city received appreciable historical aerial input from the numeaalsand
oil fired power stations that flank the Thames in London (e.g. Battersea, Bankside (Tate Modern),
Barking, Fulham, Greenwich, WoolwicBhelsea as well as direct waste fill from fuel and
industrial processing plants (gas works/coke production/ahiom production/tarasphalt
production). Therefore, the elevated PAH concentrations are entirely in keeping with this legacy.

On an international basis the PAH concentrations reported here are higher iihast
comparably sized metropolitan / urbagentres. For examplesurface soils @ cm) from
Manhattan, New Yorknl' H T 0 BPAKS dofentiranging from 1.89 to 22.81gkg?, mean 6.63
mgkgtand median 6.53ngkg! whereas counterpart sub soils (>15 cm) spanned 0.94 to 34.05
mg.g* mean 5.10mgkg?! median 4.67mgkg? [59]. In Beijing, China, soils from urbanised districts
(n=233, 0 to 10 cm) ranged from 0.09 to 131miykg! mean 1.22mgkg!and median of 0.68
with a standard deviation of 1.8@gkg!and surface soils {6 cm) from Delhi, India impacted by
traffic sourced report **PAH 1.0 to 9.6gkg! mean of4.69mgkg?[79, 80] In contrast, higher
concentrations have been recently reported frdRahr, Germany*(**PAH0.1 to 70mgkg?, mean
44.6 mgkg?, median 31.1mgkg?') where the high PAH content was directly attributed to the
presence of visually identifiable anthropogenic components including coal, charcoal, ash, rubble
and industrial tailingg81]. Therefore, the similaPAH content here in the London soils broadly
supports thenotion inferred from BC and TPH concentrations that the majority of soils have
received a mixture of contemporary and historical anthropogenic inputs.
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The relationship between soil TOC and total PAH content was evaluated using a Pearson
correlation coefficient. Surface (0 to 2) asabsurfacg5 to 20 cm) soils showed a weak positive
O2NNBftFGA2Yy 2F n &RAH of 0y3R The deddratd agaRions dre piioBably
due to a variety of factors including: 1) wide range TOC inputs in urban soils; 2) plant biomass
(grass, leaves, stem, root bardminated by structural biopolymer&gellulose, lignin, tannin,
suberin) that are devoid of PAH; 3) thgenesis and transport of PAH (soot, coal
fragments/dusts, particulate matter) which may hinder or assist surface sorption, diffusion,
entrapment to themineral fraction; 4) variability of BC form which in turn impdasPAH29,

82-84]. These findings are consistent with other studies of urban soils/sediments suggest that
PAH concentration normalisation to TOC or SOM may in some cases beoprégiprdue to

the variable importance of individual processes controlling pollutairteral exchangeability

and divergent natural organic matti@&5]. Overall, the weak positive correlation of BC to PAH
suggests that the BC-itself is not a dominant source of PAH.

3.5 SourceApportionmentof Polycyclic Aomatic Hydrocarbons (PAH)

Allocationof soil PAH to pyrogenic,petrogenicor biogenicsourcecategoriesis commonly
achievedusing a combination ofdescriptorssuch as 1) distribution pattern of parent and
alkybated PAH 2) ratio 2-3 to 4-6 ring parent PAH; 3resence ofpecific PAlhat indicates a
specific sourcée.g.biological peryleneand, 4) isomericand norisomericPAH ratio412, 86
88]. Thefirst approach is based upon thmemise thatPAH formed slowlgt low temperatures
yield substantiallyhigher amountsalkylated than parent PAKke.g. crude oil, coallvhereas
rapid high temperature formation yieldeigher amounts ofparent as compared toalkyl-
substitutedPAH(e.g. Power station and industrial emissions/traffic exhaust/sddinilarly, the
fourth source apportionment érm arisesfrom the principal that one isomehas greater
thermal stability and can therefore indicategh temperature combustionpfrolytic synthesis)
as compared to lowemperature petrogenic Unburnt fossil fuels)input. However, before
proceeding it should also baoted that most environmentalforensic studies recognise
considerable intraand intersourceratio variabiliy which canalongside weathering effects
confoundunequivocahllocation[7, 89}

The distribution pattern of parent to alkylsubstituted PAHcan be used toelucidae
anthropogenicPAHinputs in soils and sedimentispection of themean surface soiparent
(COC3 or C&C2) for naphthalene, fluorene, phenanthrenefjuoranthene + pyrene and
chrysenereveala complexpattern which ispartly slopedsuggesting pyrogenic sourchst also
exhibits abell-shaped distributionprofile for phenanthrene P2 seriespossibly indicating
somepetrogenic(unburnt fossil fuel)nfluence(Figure8). The reverse slope of the naphthalene
NO-N2 series is unusual and maybe explainegart by the semivolatility of NO Figure8). In
contrast the subsoil (520 cm) interval showghenanthrene,fluoranthene + pyrene and
chrysene homologous series arsloped suggestingmainly pyrogenic sour¢s) Eigure 8).
Measurement ofPAH inGermanurban soilsmixed in the laboratorywith bituminous coal
(petrogenic source)and a tarinputs (pyrogenic sourceyeported that a third V-shaped
distribution pattern is observed irfluoranthene +pyrene (C6C4)between40:60to 94:5 % and
that thisdistribution patternisalsofoundfor summed, / n | YR 1 / H withindxaénfll G S
decrease occurring for C1 PA31]. In this current studyinspection of the London sqgilarent

P
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alkylateddistribution profilesreveals asomewhatsimilar \fshaped patterrfor chryseneseriesat

both soil depth intervalanda possibleV-shaped profile fonaphthalene in the sub saibnfirming

multiple anthropogenic sources in botRkigire 8). The atio of parent 23 to 46 ring PAH provides

a complementary meango parentalkyl distribution patternfor source identification since

unburnt fossilfuels (petrogenic originyield 4-c  NA y 3 <0y@dQwhereasBuint (pyrogeni¢

inputs 4c  NJ y f >R.50f90]. In this currentstudy surfaceso-c k 1 t ! I NI Yy IHER F NJ
0.92 (mean 0.87) and sub soil ranged from 68319 (mean 0.88) which suggests that all the soils

were dominated byPAH formed frompyrogenic processessuch as fuel combustion, vehicle
exhaust, burning of wooFigire 8).

0-2 cm depth

5 4 Sloped distribution 4-6 ring fEPAH = 0.87
I = pyrogenic Range 0.77 to 0.92
2-3ring/4-6 ring = 0.15
Range 0.05-0.29

Concentration (mg kg!)

MO N1 N2 FO F1 PO P1 P2 FL FP1FP2FP3 CO C1 C2

PAH Anal
9 1 5-20 em depth nalyte
—8
g 4-6 ring /ZPAH = 0.88
£6 Range 0.61 to 0.99
c 2-3/4-6ring=0.15
& Range 0.07 to 0.32
s
§2
1
o T
NO N1 N2 FO F1 PO P1 P2 FL FP1FP2FP3 CO C1 C2
PAH Analyte

Figure8 Mean distribution of parent and alkylated polycyclic aromatic hydrocarbons
(PAH)in London soilgsee Figre 1). N=naphthalene, F=Fluroenes, P=phenanthrenes,
FL=fluroanthenes, FP=combined fluroanthenes+pyrenes, ¢ecdms Degree of
alkylation is indicated byumber.

Particulates from &hide traffic exhaustcan yield high concentrations of benzghilperylene
relative to benzag]pyrene such that values >3.14 are used to infer traffic sourced PAHbam
soils and sedimest[77, 78] In this current studysurface soils (@ cm)benzofhi]perylene to
benzo[a]pyrene ratios rangefilom 0.58 to 124, mean 0.72, median 0.68nd subsoil (520 cm)
ranged from 0.28 to 1.19, mean 0.62, median 0.BBerefore, none of the soilexceeded the
boundaryvalue of 3.14 which on face value could be taken to indicate lamounts oftraffic
sourced PAHHowever, this interpretation seemather implausible given thathe majority ofsoil
samplesites weresituated in close proximity t@oads including a few from some §f2 Y R2 y Qa
busiest intersections (e.g. Marble Arch (25), London Bridd®0 (40), A200 motorway) This
therefore calls into questiorability of benzophilperylene to benzd]pyrene ratio to identify
traffic sources over and abowecomplex urban backgroundoncernover the dependability of
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the ratiois further supported bynspection of sites away from major roads (e.g. Hampstead Heath
(sites 18, 20yvith valuesof 0.61 and 0.53 and @3 and0.70that were notsignificantlylower than
equivalents fromoutside the park (sites 12, 17, 30) (g 1). Furthermore, inspection of sites
with the highest ratiog>1)revealedsome to be situated close to roadsité 48Peckhanmand site

46 Tower of Londonmyvhilst others were collected close to Railway lifesy. site 16, Stamford
Bridge football groundChelsea FQJigurel). The ratiosbenzofhilperylene to benzd]pyrene
presented heren are consistent with an eadr study ofsub soils fronsouth east Londoifrange
0.6 to 1.1, mean of 0.8nd when considered togethesuggest the ratio is unable to indicate
enhancedtraffic input over and above the urban backgroundoan Ths lack of fidelitymay arise
for a number of reasons including; the denominator benzo[a]pyrene is varying according to a
different source input?2) alteration of the original source input ratio caused fiyst depositional
weathering effects3)the ratio only works well when there are few other PAH inputs.

Isomeric ratie are commonlyapplied toinfer the major PAHsourceinputs in urban soils and
associated urban waterwasediments[2, 8,27, 28, 59, 7788]. The biplots presented in Figur@
utilise fluorene to pyrene ratio (X axis) tsuggestpetrogenic (uncombusted fossil fuel) as
compared to pyrolytic (combusted) sourcewhereas benzo[a]anthracene to chrysene
benzo[a]anthracene to benzo[a]pyrene and chrysene to benzo[a]pyrene (yaazial to alesser
or greater extentused toindicate extent of distillation processing and or combustion or mixing
[88]. Londonsurface soil bplots showa tight cluster of fluorene to pyrene ratios whichaybe
taken to irdicate a combustion of petroleune.g. traffic exhaustand coal and vegetationvhich
are typicalof UKurban backgroundources The one exception to tis tight groupingand input
assignmenpertains to ®il 71 from WoolwichPlumbsteada sitesituated on the boundary of #n
Royal Arsenal Woolwicha former military complex that includedexplosivetesting chemical
laboratoriesas well as armaments manufacture and storgge800to 1994) (Figure 1). Given tte
unusualland-use chemicalassociation @ @ntirely plausiblethat the atypicalPAHratio occurs as a
result of combusted input from one or more of the former facilitisspection of the London sub
soil (520 cm) biplots shows a slightly broader spread of ratios spanning petroleum and
vegetation/coal combustion sources armmbmparingwith contributions from carburetted coal
water gas (CWG), coal tar and urban backgroengl. foadrun off). The greater range of ratios in
the sub soil as compared to the surface soil is most likely due to both the broader range of past
industrial activities and also the greater time span represented by the deeper int@ngal520
cm to G2 cm)
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Figure9 Indicative surce assignmendf London soipolycyclic aromatic hydrocarbons
(PAH)based oncommon diagnostic ratios based upt@mermodynamic stabilities ah
anthropogenic processd8, 27, 88, 9, 92].

3.6 PolychlorinatedBiphenyls

Concentrations of “ PCB in London top soil-@cm,n=39) ranged from 2.5648.72 pg.kg (std
deviation 28.24 ug.kd, mean 19.35 pg.Kg median 7.53 pg.kg(Tablel, Figre 10). London sub
soil (520 cm,n=61) PCB concentrations ranged from 2135.81 ug.kg, mean 21.27 ug.kg
median 10.40 pg.kg When both soil intervals are considered together London sa#d.q0)
1/PCB varied from 2.5648 pg.kg, mean of 20.82 pg.Kgand median of 9.68 pg.kgComparison
of dataconfirmed that that the deeper sub soils-P® cm) contained greater amounts of PCB than
surface soils (@ cm) (ttest; P=0.00) an attribute most likely driven by improved UK regulation
between 1972 tal977 before enclosed uses were highly restricted from 1981 onwards (Table S1).
The decrease in PCB concentration in the surface soils parallels the decline in PCB in the near
surface portions of sediment cores from undisturbed river islé@diswick Ait) imiated in the
River Thames, Londo[8]. However, it should be borne in mind that although statistically
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