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D9.1 Introduction

1 Introduction

In recent years several ways of recovering phosphorous from mainivgstewater have been
developed. Depending on the applied technology the recovered preduetsll as the quality of
sewage sludge vary significantly concerning the concentrations of heavy metals and organic residues.

Withih WA 4 fdenvironmentald, recsdn@mises s meafthe RREX P r eco
project a quantitative risk assessment of substances in phosphorus products for humans and
environment is intended. In thideliverablerisk assessment is done as a relative risk ranfdng

PCDD/F, dI-PCB, PAH, As, Cd, Cr, Cu, Hg, Ni, Pb and Between seven secondary phosphate
fertilizers from wastewater stream, sewage sludge, Amminerated ash from sewage treatment and
conventionaphosphorusertilizers.

2 Background on Risk Assessment

In chemc a | ri sk assessmdinthefimpirolbabi ¢é¢i dgfiomecdhnasadve
environment occurring as a result (wfhlLesuweg&ven ex
Vermeire 2007 p.2 Table 1.1

For an estimation of riskhe mehod of risk assessment has been developed. Risk assessment is the
first and more objective/scientific part of the whole risk management process. The scope of risk
assessment ranges widely: assessments can be done for specifie.gites landfill or spefic
pollution incidenty or more general for example with relation registrationof new chemicals.
Therefore the risk assessment process is a central theme in the control of chemicals and their
registration (e.g. important part in EREACH-legislation) (van Leeuwen & Vermeire 2007

The secondpart in the risk management process is risk management iftsetfontrast to risk
assessmentisk management is about measunad has to consider issuesaateptdility as well as

the feasibility ofrisk reductionmeasuresThus it goes beyondhe sgentific assessment of risk and

has to include legalsocial and economic issues, too. In conclusibe, whole risk management
process involves eight steps, with the first four steps (hazard identification, exposure assessment,
hazard characterizati@ndrisk characterization) being part of the risk assess(seefigurel). (van
Leeuwen & Vermeire 20Q7

In hazard identificatiorthe capacity osubstance® cause harns identified Accordingto (EU 2002

p.8 Chapt.1 Art.3 (14)A [ é ] hazard means a biological, c hemi
potentialtocausan adver se health effecto. | fvarrLeeuveen e nc e t
& Vermeire 2007 p.2 Table)def i ned hazard as fA[é] the inherent
to cause adverse effects in man or the environment under theicondits of exposureo. T

areslightly contradictory on the point whether a hazard is a substance or the capacity of a substance.
Neverthelessidentification of adverse effect had to be assigned to a substance for identifying a
hazard. Accordingo these definitionsa substance which does not cawbverse effects under the
conditions of exposure is not a hazard.

Hazard characterizatiacorrelates thelose of a hazard and therrespondingeffect on humarnealth
andor the environment. Tib quariification is the main task of toxicology:or risk characterization

1
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the Predicted N&f f ect Concent r atai econcenttaBad Ebelpw which éah
unacceptable effect will most likely not ocaufiHCP 2003 p. 93sect. 3.}, is derivedfrom the
result of toxicological testinike No Observed Effect Concentrat®(NOEC), Lethal Concentration
50 (LC50)or Effective Concentration 50 (EC5Upepending on the amount of available information
assessment factoeseapplied in order to cope with presamtcertainty(Kloppfer 2013. PNECs are
specific for substances and endpaints

Hazard identification
or hazard selection

Hazard characterization Exposure assessment
Determination of PNEC Determination of PEC

Risk characterization
Calculation of PEC/PNEC-ratio

Risk classification
Risk benefit analysis

Risk reduction

Monitoring and review

Figure 1. Steps of risk management process according {@an Leeuwen & Vermeire 2007

In the exposure assessment models are used to estimate tioteBrEdvironmental Concentration

(PEC) to which humans or the environma@neéndpoints ardikely to be exposed. For exposure
assessmerdssumptioa are needed to quantify the expected concentstiersimple as possible but

as accurate as needed. For agah estimations in environmental media, several assumptions and
models are suggested by tBaropeam Tec hni c al Gui dance Document on
(IHCP 2003)

In risk characterization PNEJrom hazard characterization and PHfOm exposure assement are

compared. Risk iexpresse@s thequ ot i ent of PEC and the PNEC, the
( RCRHKl6ppfer20120 or #ARi s k @@anbeeuwenn&tVerfndr@0However, these

ratios are no absolute measure of .risk fact the absolutevalue of risk staysunknown. The only

conclusion which can be drawn is that the probability of an adverse effect increases with an increasing
RCR.Once a risk is determined, more detailed information must be collected to refine the PNEC in
hazard characterization or the PEC in espe assessment. Thuisk assessment is an iterative

process.
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lthastoboe wunderl ined that even i f the RCR exceeds t
effect will actually happen, but that by applying a precautionary approach negatists effenot be

excluded. I't should also be noted, t hat A é] t h
scientists wild.l al ways differ in thevarleeauwenusi ons

& Vermeire 2007 p.5 sect. 1.2.4

In contrast to the whole risk assessment method using the RCR = PEC/PNEC calculation, the often by
insurance business used formula for risk out of the product of extent of damage and probability of
occurrencgKloppfer 2012 is not applicable for agmical or environmental risk assessment. Neither

the extent of damage, nor the probability of occurrencébeaescribed with sufficient accuracy when

it comes to exposition of chemicals in environmétdppfer 2012

3 General systemcharacteristicsand scope

3.1 Hazard selection

Within the RREX-projectdifferent secondary phosphate products wamalysedfor heavy metals,
persistent organic pollutions and pharmaceuticklsr risk assessmerthe following measured
substances or sums of substanceselezi®d:

1 Sumof WHO-PCDD/FTEQ + WHOI-PCB-TEQ according tqWHO 20053 -
measurement of 7 dioxingp furansand P polychlorinated biphenyls (PGB

f Sum of poly aromatic hydrocarbons (PAHneasurement of 6 PAHs
0 Fluoranther, Benz(b)fluoranthes, Benz(k)fluoranthee, Benz(a)pyree,

Benz(ghi)perylen, Indeno(1,2,3)pyrem

Arsenic (As§

Cadmium (Cd)

Chromium (Cr)

Copper (Cu)

Mercury (Hg)

Nickel (Ni)

Lead (Pb)

Zinc (Zn)

= =4 =4 -4 4 -4 -8 4

3.2 Product definition

In this studya product is defined, as any primary or secondary phosphatezéertli raw mateal
from wastewater treatment, which contains hazards gsdnucts. Theelectedoroducts in this study
are:

1 For PAH, the sum of PAH is objected hazard, as well as the single substances Fluoranthene, Benz(b)fluoranthene, Betikifluora
Benz(a)pyrene, Benz(ghi)perylene and Imaf@n2,3)pyrene for model refinement

2 Arsen is numbered among heavy metals in this study, although Arsen is a metalloid
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1 dewatered digested sludge fremhancedbiological phosphorus removiiEBPR)(Bio-P
sludge from the wastewater treatment plant Braunschv@&é@nhof, Germany

1 dewatered digested sludfyem chemical phosphorus removal by-&&ts Fe sludgg from
the wastewater treatment plant Befliiinchehofe Germany

1 dewatered digestegeneric sludge used in calculation by the Umberto software for Life
Cycle-Assessment within the REX project from averaged mosincinerated raw ash of 13
selected municipal sewage treatment plants in GerifrReyy 2013

1 averaged monmcineratedaw ashfrom 13Germammunicipal sewage treatment plants
(Kriger & Adam 201

9 Struvite fromPearl/ Struvia process (crystallization in sludge Uior)

9 Struvite fromAirPrex process (crystallization in sludge)

9 Struvite fromStuttgart process (acidic chemical extraction in sludge and crystallization in
sludge liquor)

9 Struvite Calciumphosphatizom Gifhorn process (acidic chemical extraction in sludgel
crystallization in sludge liquor)

1 P-mineral fromAshDecprocess (thermal chemical extraction of sludge ash)

1 P-slag formMephrec process (thermal metallurgical phase separation of sludge or ash)

1 P-mineral Calciumphosphat®rm Leachphosprocess (acidi chemical extractioof sludge
ash)

1 Conventional TSP fertiter (TSP Pottrails) from Van Loon Hoeven B.V. (NL) which has
been used in growing experiments in tAREX project with low heavy metal concentration
regarding cadmium and chromium

1 Conventionall SP fertilizer average TSR, calculated byworld-marketsharesn 2010(Remy
2010 with higher heavy metal concentratgthan the fertilizer from Van Loon Hoeven B.V.
(NL)

The measured and calculated phosptatd hazardcontents in these products are showmablel
andTable2.
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Table 1: Phosphorusand hazard concentrations in dry matter of products

P,Ox PCDD/F . .
total &dl . PAH As cd Cr Cu Hg Ni Pb Zn
PCB

product Source/ Measurement No.2 mg

a/kg WHO- mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg

DM TEQ/kg |DM DM DM DM DM DM DM DM DM

DM

Bio-P Sludge | FHNW/LUFA 1@ 1026| 5.70A 1° 0.97 35 1.20 277 2202 1.05 226 293 9023
Fe Sludge FHNW/LUFA 1@ 937| 4.01A 1° 0.62 4.7 1.02 17.6 8317 1.10 17.6 357 9496
Generic Sludge| (Remy 2014 Calc. 1008 - - 7.7 1.10 715 4820 0.90 26,5 57.0 11245
raw ash (Kruger & Adam 201% 13 (418) 2211 - - 175 245 1615 10900 0.54 605 1290 25440
Pearl/Struvia Averagé3 3@ 2998| 1.52A 1° 0.00 27 0.10 2.7 26 0.39 25 13 149
AirPrex Averagé5 3@ 2620| 1.61A 1° 0.60 1.0 0.25 164 424 0.23 159 125 8938
Stuttgart Averagé5 22 2300| 1.91A 1° 0.08 16 0.43 4.2 304 0.32 47 6.5 472
Gifhorn (Hermanussen et al. 2012 1 (>5) 2521 - - - 0.20 15 115 0.20 17 1.0 237
AshDec (Herzel et al. 2014 1(7) 1766 - - 4.0 0.37 1270 6010 0.70 56.0 59.8 17370
Mephrec Averageﬁ’ 22 1003 - - 4.7 0.28 1095 1150 0.67 17.0 4.2 85.1
Leachphos (Stemann et al. 20}4 1(3) 3002 - - 101 3.80 34.0 8510 0.20 138 250 13900
TSP Pottrails | FHNW/LUFA 12 5100 - - 75 4.19 1212 130 0.20 412 31 1829
Average TSP | (Remy 2010 Calc. 4850 - - 3.7 26.80 2880 273 0.04 36.3 120 4890

3 Number of sources/ plants (No. of measuremepétition$

4 WHO-PCDD/FTEQ + WHGOdI-PCB-TEQ of 2,3,7,8TCDD, 1,2,3,7,82eCDD, 1,2,3,4,8HxCDD, 1,2,3,6,7,84xCDD, 1,2,3,7,8,HxCDD, 1,2,3,4,6,7,84pCDD, OCDD, 2,3,7,8CDF, 1,2,3,7,8eCDF,
2,3,4,7,8PeCDF, 1,2,3,4,7;8IxCDF, 1,2,3,6,7,84xCDF, 1,2,3,7,8, HxCDF, 2,3,4,6,7,841xCDF, 1,2,3,4,6,7:8ipCDF, 1,2,3,4,7,8;$ipCDF, OCDF, PCB 77,PCB 81, PCB 105, PCB 114, PCB 118, PCB 123, PCB
126, PCB, 156, PCB 157, PCB 167, PCB 169 and PCBid8@ding limits of quantification

5 Sum of Fluoranthene, Benz(b)fluoranthene, Benz(k)fluoranthene, Benz(a)pyrene, Benz(ghi)perylene and Indene(te2,3)pyr

6 Averaged value from FHNW/LUFA, Ostara and Veolia Water for Pearl©/Struvia; from FHNW/LUFA, BWB and Niersverband for AidPnebtiNW/LUFA and AVZ Offenburg for Stuttgart; from FHNW/LUFA
and Ingitec for Mephrec
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General system characteristics and scope

Table 2: Concentrations ofsingular poly aromatic hydrocarbons in productsfor model refinementregarding PAH

P,Os total PAH total Flour- Benzo(ay E(?Srz -O(b) ﬁ(?LTrZ-O(k} Benzo(ghi) I(ridzegocd)
product Source/ Measurement | No. anthene pyrene anthene anthene perylene pyrene

g/kg DM mg/kg DM mg/kg DM mg/kg DM mg/kg DM mg/kg DM mg/kg DM mg/kg DM
Bio-P-Sludge LUFA 12 1026 0.97 0.38 0.12 0.17 0.07 0.10 0.13
Fe-Sludge LUFA 12 937 0.62 0.30 0.08 0.10 0.00 0.07 0.07
Pearl/Struvia LUFA 12 2998 0.00 0.00 0.00 0.00 0.00 0.00 0.00
AirPrex Averageg 2 2620 0.60 0.26 0.08 0.10 0.05 0.06 0.06
Stuttgart LUFA 12 2300 0.08 0.08 0.00 0.00 0.00 0.00 0.00

7 Number of sources/ plants (No. of aseirement per sourgafoduct/plant)

8 Overall PAHvalue for AirPrex measured iNiersverbandrecalculated on single PAH by measurements of LUFA
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3.3 Endpointdefinitionand fAstandard environmento

After emission into the environment sevepathways foreffects on humans or ecosyst@an be
identifiedfor hazards througfertilizer application The most important pathways dseeFigure?2):

1 Hazard applicatiofi soil T soil organisms

1 Hazard applicatiofi soil i plantsi humans by plant consumption

1 Hazard applicatioii soil i grourdwater
For these three pathways the endpoints soil organisms, humans and groundwater are iBéskifeed.
assessed at twuaidpoints of the modéding chain(see alsd-igure2):

1 Topsoil (for soil organisms and for humans)
1 Leachag (for groundwater)

hazard application endpoint
humans
1441
farmers .
pathway not .
considered

Figure 2: Pathways for exposure, endpoints and midpoints in the risk assessment

Hazard characterization is done twice for topsoil, whereby two RMNECare derived, one for
endpoint soil organisms and oner fhuman consumption. For the endpoint groundwater hazard
characterization and exposure assessment is done once for le&cimage general characteristics
defining a fAstandard envi r on foeagrcdturd soitTheseobdse |

assumptions arghown inTable3.

assL
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ronment

Table3:Gener al characteristics for fistandard envi
Characteristic Assumption Source

No differentiation; only for model
Soil type refinement requestedandy sd, since | (BGR 2014

the highest potential of leaching is give

Content of organic carbon

2 % for topsoil,only for model
refinementrequested0.2 % for subsoil

(IHCP 2003, (Scheffer &
Schachtschabel 2010

Soil-pH value

5-7

(Kerschberger et al. 20pQqScheffer &
Schachtschabel 20p2

Rain and infiltration rate

700 mm rain/year,
175 mm infiltrated water/year

(IHCP 2003

Soil depth

20 an topsoil,only for model refinemen
requested130 cmfor subsoll

(IHCP 2003, (Scheffer &
Schachtschabel 2010

3.4 Scope

In this study a kinetic model according to the Technical Guidance Document (TGD) on risk
assessmentHCP 2003 is used to estimate the exquwe to topsoil and leachate to quantify potential
risks for the endpoints humans, soil organisms and groundwater. For topsoil this model considers the
input of hazards byertilizer applicationand atmospheric deposition and the outputs volatilization,
biodegradation and leaching for organic substaf@asigure 3). Since chemical analysis was done

on many organic substance® risk assessment is done on WEO-TEQ for PCDD/F and dPCB

and on thesum parameters for PAHf an exceeding of the PNE@alue is achieved, a single
substance assessment is done as model refinemeFRigaee4 on the left side).

Organic substances

continuous
atmospheric
deposition

annual application
proportional to

60 kg P,0;

per ha and year
over 100 years

continuous
atmospheric

S —— deposition
! volatilization

@degradation

Heavy metals

annual application
proportional to
60 kg P,05

per ha and year
over 100 years

leaching

PE cleachare

leaching

i PE Cleach te

Figure 3: Inputs (upper boundary conditions) and outputs in the kinett model according to(IHCP 2003)
for organic substances (left), and modified for heavy metals (right), The solute transport model in
refinement for heavy metalsconsider the same boundary conditions and processes

For heavy metals the model has been modified, shilegcs the onlyoutput(seeFigure3). Leaching

is thereby described by soil hydraulic properties and the retardation of metals byetinsitourto

adsorb on soil material. Concerning exposure to groundwater via lea@hi&i®, 2003 sugyests to

equal soilwater concentration with groundwaigmncentration. This suggestion does not consider the
dislocation through subsoil to groundwater and probably underestimates the influence of subsoil.
Therefore a solute transport model using mord gtysical knowledge for mobile substances by the

HYDRUS 1D-software is usedor refinementof substances exceeding the PNEC valie both

models precipitation and complex formation is neglected and reversible adsorption is the only process

8



D91 General system characteristics and scope
regarded. Ifthere is still PNE@xceeding expected, the calculation of these hazards is evaluated by
estimation with the Visual MINTEoftware, in regard to whether precipitation might be a relevant
process (seEigure4 on the right side).

Hazard selection
PCDD/F & dI-PCB WHO-TEQ
and sum parameter of PAH

Hazard selection
Heavy metals

v

v

Hazard identification
Determination of PNEC for
2,3,7,8-TCDDand PAH with
highest toxicity

!

Exposure assessment with
kinetic model by TGD
Determination of PEC for
2,3,7,8-TCDD and PAH with...
a) worst removal rate (topsoil)
b) highest leaching rate

(leachate)

Risk characterization
Calculation of PEC/PNEC-ratio

L

PEC/PNEC< 1
no unacceptable risk

¥

¥

PEC/PNEC> 1
model refinement

v

Refining hazard selection
single substances of PAH

v

v

Hazard identification
Determination of PNEC for
single substances of PAH

Exposure assessment with
kinetic model by TGD
Determination of PEC for
single substances of PAH

v

.

Risk characterization
Calculation of PEC/PNEC-ratio

L

PEC/PNEC< 1
no unacceptable risk

Figure 4. Iterations of risk assessment in this study (left for organic substances, right for heavy metals).
Adjusted according to(IHCP 2003 p.174 Fig.1y

¥

PEC/PNEC> 1
model refinement

v

Hazard identification
Determination of PNEC for
— each heavy metal

!

L

PEC/PNEC< 1
no unacceptable risk

Exposure assessment with
kinetic model by TGD
Determination of PEC for each
heavy metal; precipitation of
heavy metals excluded;
complete heave metal content
is in solution or adsorbed

¥

Risk characterization
Calculation of PEC/PNEC-ratio

¥

PEC/PNEC> 1
model refinement

v

Refining exposure assessment
with solute-transport model
by HYDRUS
Determination of PEC for Cd
and Zn; precipitation of heavy
metals excluded; complete
heave metal contentis in
solution or adsorbed

'

Risk characterization
Calculation of PEC/PNEC-ratio

'

PEC/PNEC< 1
no unacceptable risk

¥

PEC/PNEC> 1
further model refinement

v

Evaluation of exposure
assessment by discussion
precipitation for Cd and Zn
using MINTEQ-software
qualitative statement whether
calculated PEC in leachate is

possible
v

PEC/PNEC> 1
further model refinement,
monitoring or restraining

recommended
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4 Hazard characterization

4.1 Endpoint soil organisms

Regarding negative effects on soil organisms and their food chain, the{BNEGi organismsivere

adopted from several risk assessment reports by the Institute for Health and Consumer Protection of
the European Union. Regarding PAH for eadhthe six measured single substances PN&Ges

were collected to refine hazard characterization. The Piit@s are shown ifiable4. For PCDD/F

and arsenitNOEGvaluesdivided to an assessment factor of (8CP 2003 p. 118 Table 2Qvere

used aNEGvalues since no PNE@alueswere available.

Table 4: PNEC in mg per kg topsoil for hazards regardingsoil organisms

Substance PNE Ciopsoit (organisms) [M9/Kg] Source

PCDD/F& dI-PCB 2 A1IWHO-TEQ| (Herter & Kiilling 2003, (LUBW 2003

PAH (Benz(a)pyrene) 0.053| (IHCP 2008
Flouranthene 15| (IHCP 2008
Benzo(a)pyrene 0.053| (IHCP 2008
Benzo(b)flouranthene 0.28| (IHCP 2008
Benzo(k)flouranthene 0.27| (IHCP 2008
Benzo(ghi)perylene 0.17| (IHCP 2008
Indeno(1,2,3cd)pyrene 0.13| (IHCP 2008

As 7| (Scheffer & Schachtschabel 2010

Cd 1.15| (IHCP 2007%

Cr 62| (IHCP 2009

Cu 89.6| (ECI 2009

Hg 0.3 (van Wijk 2009

Ni 50| (IHCP 2008y

Pb 166| (IHCP 2008h

Zn 26/ (IHCP 2010

For PAHSs regardig the endpoint soil organisms the PNEC for Benz(a)pyrene was chosen, since this is
the lowest PNEC of all six regarded PAH. The PEC exceeds the PNEC in the beginning of simulation
as a result of high initial concentratiqsee chapte6 or Figure 10 in the annex) The hardly
degradable substance Indeno(1;28pyrene is selected as reference substance. As consequence the
concentration in topsoil increases especially through input by atmospherididepos

Regarding the PNEC of zinc for endpoint soil organisms various refinements regarding PEC and
PNEC are suggested (HCP 201(. Background is an observed adoption of organisms or plants with
respect to high zinc concentrations. If the parent rock material has high loads of zinc, naturally there
are also higher concentrations oil€ompared to soil with parent rock material, which is poor in zinc.

As consequence of adoption to this environment, higher zinc loads in soil and soil water are tolerable.
(IHCP 2010 suggests methods, where either a REOr a PNEGy is used for refining the
PEC/PNEGratio. To reduce the PEC which is overestimated through thegditho background
concentration, PEC is divided through an assessment factor and the reduggdsRE€d instead of

10
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the PEC. Regarding PNEg&the lithogenic background concentration is added to the NOEC of 26 mg
Zn/ kg dry weight soil. Since in this sty no lithogenic zinc is assumed and only anthropogenic zinc
is selectedas hazard(IHCP 2010 suggests to use the NOEC as PNEECP 2010

4.2 Endpoint humans

Regardilg human consumption, there is no direct PNE&s for agricultural soilavailable. According

to (de Vriesetal. 2006 he cadmi um content in wheat is A[ é]

l oad calcul ations addressing h(denvaies ethale 2005tptl5 ef f e c
sect.2.). To approach negative effects on humans bysamption of wheat from concentrations in

soil, estimations according {&chtitze et al. 2002nd(VKM 2009) are used.

According to(Schitze et al. 2002he following two empirical transfdunctions from soil to wheat
are given for wheat concerning the heavy metals cadmium and leael(desndeq.2). In the case of
lead, there is no cleaut correlation given (R2 =.B4). Furthermore quality criteria for the tolbla
concentration of cadmium and lead in wheat is given(®ghitze et al. 2002 Regarding these
tolerable wheat concentrations, the tolerable concentration in soil can be cal(adefeableb).

1 T&0 WU MMUTOoOMd IO ™)@ 1T&Q 0WY 1¢ eq.1
and
i 7o MuUops dIid ppt@d IO 0 ™1 eq.2
"o pH-Value o7
00 Content of organic matter [ 4
"00 Concentration of heavy metal in soil a g
"00 Concentration of heavy metal in plant a g

Table 5: Calculated tolerable concentrations in soil for cadmium and lead according to pitalue (Schitze
et al. 2002

HM g4 [ma/kg]
Heavy Metal HM/"I'(E‘”‘ o
[mg/kg] pH 5 pH 5.5 pH 6 pH 6.5 pH 7
Cd 0.12 0.42 0.53 0.66 0.83 1.04
Pb 0.24 201 258 333 428 551

For all other substances no comparable trassfestionsto the formulas ireq.1 andeq.?2 are given.
According to(VKM 2009) the tolerable concentration soil is approached by a safety paeder(e.g.
Tolerable daily intake (TDhandbio-concentration factor (BCF) for the equilibrium between soil and
plant.

The researched valuésr safety parametersee in the annex ihable 18) are calculatednto a daily
basis to determine which concentration is tolerable for a person with a bodyweight op&0 day
(Schitze et al. 2002The daily wheat consumption for a person with a bodyweight of 70 kg is
maximal600 g wheat per dayvRI 2008). Also it is assumed, that the tolerable fraction via food is set
to 50 % (Schutze et al. 2002 The fraction which is resorbed in the human baglset to 15 %

11
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(Schitze et al. 2002s0 an effective consumption of 90 g wheat per day is used to assess the tolerable
risk. The calculation of the tolerable wheat concentration is shoeq. 8

. “YOUW'Q@E ¢ Q YO 1P eq.3
® Q@RE Bi 0 G0E & b

YOO Tolerable Daily Intake for a Person with a bodyweight of 70 { "QXQ Table6;
Tablel8

Q@b 8i  effective consumption of wheat N0 (0] 90

O é80¢ B total consumption of wheat aQ 600

&) Tolerable concentration in wheat G "IQQ

The equationin (VKM 2009 sect. 5.3.3.3, p. 92, eq. 21published by(Travis & Arms 1988 is
evaluated for abovground plants To approach the tolerable topsoil concentration from plant
concentratioreq.4 is used.

. () eq.4
®  TEO
&) Tolerable concentration in wheat G "IQQ eq.3;
Table6
6060 bio-concentratiorfactor for aboveground plant parts 1’ rQQ 0] Tablel8
e
&) Tolerable concentration in soil G "IQQ

Summarizing, the calculated tolerable daily intake via food fpemson of 70 kg bodyweight, the
calculated tolerable wheat concentration and the calculated tolerable soil concentration regarding
human consumption are shownTiable6.

Table 6: Tolerable daily intake via food for a person of 70 kg bodyweight, tolerable wheat and soil
concentration

Substance TDI [ug/d] Cuneat [MY/KYpiant] Csoil [MY/KGsoil

PCDD/F& dI-PCB 3.5 AIVOHO-TEQ 3.8 9 A WBIO-TEQ 5.4 4 RWBIO-TEQ
PAH 11.900 132 3109
As 105 0.12 8.39
cd 125 0.14 1.07
Cr 500 5.56 327
Cu 2500 278 107
Hg 20 0.22 171
Ni 770 8.56 143
Pb 125 1.39 1543
Zn 12500 138 817

12



D9.1 Hazard characterization

Regarding cadmium and lead various tabde concentrations in soil are derivathe approached
PNEC for cadmum bythis TDI-method is 107 mg Cdkg soil. In contrast, the PNEC from wheat to
soil transfetfunction is within arange from 42 to 104 mg Cdkg soil depending on phMalue
Assuminga worsecase scenario the PNEC of cadmium was set4@ thg Cd/kg soil Since this
worsecase PNE@vasalwaysabovethe PEC for any product, no modefinement was necessary.

The approached PNEC for lead by Tidéthod is 1543 mg Pb/ kg soil. The PNEZthe transfer
function from (Schitze et al. 2002is within a range fsm 201 to 551 mg Pb/ kg soil. The
considerable difference retaifrom three relevant factors:

9 First of all the tolerable wheat concentoais differs: the value b§Schitze et al. 2002s set
to 0.24 mg Pb/ kg wheat, the value approached byfiBthod is 1,39 mg Pb/kg wheat.

1 Secondly a bad correlation rate 024 was found for the transtéuncton (seeeq.?2). So the
results of the transfdunctions are not very reliable compared to the good correlation rate for
cadmium.

1 Thirdly, the assumed BCF for lead for the system-smikals in the TDI method isith
0.0009 the lowest of all hazards.

Assuming the lowest calculated concentration for pH 5 of 2@ Pb/ kg soil as PNEC, negative
effects on humans by plant consuroptiare probably overestimate@oncluding these results for
overestimation of riskthe PNEGvaluesare shown irmable?.

Table 7: PNEC in mg per kg topsoil for hazards regardinghuman consumption

Substance Calculated PNEGopsoil (human consumptiomy [M3/Kd]

PCDD/F& dI-PCB 5.4 4 R WBIO-TEQ
PAH 3109
As 8.39
Cd 0.42
Cr 327
Cu 107
Hg 171
Ni 143
Pb 201
Zn 817

4.3 Endpoint groundwater

For risk assessment of groundwatenor threshold values for leachate accordingLiBWA 2004)
are used. These values dexived fromeco and human toxicological dqseeTable8). For PCDD/F
no value is given neither for the sum of dioxins and furans nor as-\MHQ The minor threshold
value for the sum of PCB is used instead calculated into WHOEQ considering a (sludge) typical
PCB-compoundcontribution

13
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Table 8: PNEC in ug per L leachate (minor threshold valuesjLAWA 2004)

Substance PNECeachate[HO/L]

PCDD/F & diPCB - (sum of PCB: 0.01approx. 3.28 I°VHO-TEQ)
PAH 0.2
As 10
Cd 0.5
Cr 7
Cu 14
Hg 0.2
Ni 14
Pb 7
Zn 58

5 Exposure assessment

5.1 Substancespecific parameters for aganic sustances

5.1.1 Assumptions

Accordingthe TGD model described idHCP 2003 the fate of organic substances in the environment
is derived from the following chemical properties:

q KOC-Value
T Henryds IkKyw constant

From these characteristicpseudefirst order rate constants for volatilisation, leaching and
biodegradation are derivedll three processes are only possible, when tlstance is dissolved in

soil water. The water solubility is approached by the-#alue. For the dissolved substance, the
Henryés | aw constant is used to approach vol atil
the dissolved substanaad watesolubility. Leaching depends on rain rate and infiltration rate.

Assuming a worseaste scenario for the endpoint humans and soil organismagc¢belulation in

topsoil has to be maximized. Therefore all three removal paths have to be minimizedth&€hus
accumulation increases for highodvalues (lipophilic, less water soluble substances) and low
Henryés | aw constants (reduced volatilization).

To estimate the Kc-value from Koy-value (roctanotwater partition coefficient) an equation i

Toro 1989 with validation for nonionizing organic compounds is used. For a first estimation this
study works withWHO-TEQ for PCDD/F and dPCB and with thesum parameters for PAHEor
PCDD/F and dPCB the equivalent substance regarding toxid2,3,7,8TCDD) is used for
calculation. For PAHbn the one hand a substance is selected as reference for calculation with high

potential of accumulation (highesbtKand | owe st Henrydéds | aw constant
organisms and humans). @e other hand, a substance is selected with high leaching rate (layest K
and optional |l ow Henryos |-case regaodimg leawhate Yendpomt appr

groundwater)The reference substancasd other PAFcompoundstheir parameters and gaslofirst
14
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order rate constantre shown irthe annex infable 19 are The approach of pseudivst order rate
constants for organic substances is done accordifig@P 2003 sect. 2.3.6.5, p. 56, Table 8 and sect.
2.3.6.5, p. 82, eq. 568).

Following this pseuddfirst order rate constants a héfe in topsoil accordingo (IHCP 2003 sect.
2.3.6.5, p. 56, eqg. 29s calculated using the combined constant from volatilization, biodegradation
and leaching. This halife in soil is inapprox.610years for2,3,7,8 TCDD andin the range 020-480
years for the siselected®AHs.

5.1.2 Discussion

For the haHlife in soil of PCDD/Fs periods from 1 to 12 years are mentidiearney et al. 19733

(Young 198}, (Di Domenico et al. 19821In deeper soil layers hdife is up to 100 year@Nauman &

Schaum 198)7 For contaminated sites a héifée far higher than 10 years is expecled)BW 1995).
Measures for sanitation and their effectivity had been tested freqdenttpntaminated sites. The
achieved haffife under specific conditions through sanitation of contaminated sites cannot be
achieved by natural attenuation agricultural soil Similar to PCDD/Fs the approached Hd# of

PCB:s is higher than in literature studies. Studies determinedifbaif soil ranging from 7 to 25 years
(Harner & Mackay 200Rup to about 200 yeaf8Vania & Daly 2002 for some PCB congeners. Half

life increases with anixture of different PCBs and magnitude of chlorinafbrfNb r ows k a). et al
Nevertheless the effect of P&®cumulation in theelectedime periodis of minor importance.

The haltlife of PAHs varies considerably with amount of benzene rings. PAHs5tngs or more
are considered as hardly degradable. Theltialbf the six regarded PAHs was measured in a range
of 2 to 4 years according {€oover & Sims 198 (ThieleBruhn & Brimmer 200 Comparing the
experimental rates from the literature with the calculation in this study, the approacHadhalthis
study is minimum one scale higher. These differences in thdifeadire caused by assing a worse
casein the TGD. The conservative approach of the hllfe for inherently biodegradable substances,
leads to a worseaseaccumulation irfopsoil

Leaching in soiwater of organic hazards (especially of PCDD/Fs) is negligible. Dislocationded

to particles by translocation of organic matter is more relevant because of kigrale of all
organic hazardd.UBW 1995). Especially in case of PAHSs this particle bounded translocation is more
relevant, since PAH had been found in subsoil and dissolved translocation is only possible in small
guantitieg(Scheffer &Schachtschabel 2010

Referring to (U.S. EPA 201}, volatilization is as relevant sink in soil for PCDD/Fs aitdCBs and

for PAHs with | ess than t hr ecenstani. As@ snattbreofcfactyteee o f
large Kocvalue and the calculated seibter partition coeffi@nt (Ksiwate) IS dominant for all

organic hazards the TGDmodel so the constant for volatilization is about two scales smaller than

the constant for biodegradation.

For sensitivity analysis, a pseuticst order rate constant calculated from Héé in literature was

used to evaluate the effect of this parameter. In case of PCRID4sIHPCB, degradation of the

initial concentration is dominaetven for sewagsludge applicationFor PAHs, the halfife according

to several literature sources disato an almoshigh degradation within 280 years of initial
concentration, although annual product application and continuous atmospheric deposition are
included. As a consequence of this low Hid#f, the validated literature values for actual
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concentations of EDD/F, dHPCB and especiallyPAH on arablesoils could not be reached in the

past or only if the input would be significantly higher than in any assumed scenario. Even though the
approached halffe and pseuddirst order rate constants in ¢hstudy overestimate accumulation in
topsoil, they seem more realistic in reference to the initial concentration, than tHdehttdm
literature.

5.2 Substancespecific parameters for heavy metals
5.2.1 Assumptions

In (IHCP 2003 suggestions are made for modifying the elofbr heavy metal accumulation and
transl ocati on. For regi onal exposure assessment
compounds are c¢hange@HCR 2003tAprVIll,isech iRegional pegposure s 0
assessment, p.3P3Furthermore the model should consider an equilibrium partition coefficient
between soil and water, which implies that in the case of presence of ioniessiietithe process of

sorption has to be considered.

In this study only anthropogenic mobile heavy metals are regarded. A linear adsorption isotherm is
assumed in the whole ptdnge and precipitation above the critical-palu€ of metals is neglected
(assumingmaximum solubilityaccording tal IHCP 2003 App.VIIl, sect. Local exposure assessment,
p.303). This worst case assumptitimat heavy metal can be mobilized in any-f@ge is used in the
kinetic TGD model. It is assumed that all anthropogenic heavy metals are exchangeable and
equilibrium is between adsorbed and dissolved heavy méftalhe dissolved concentration exceeds

the solubility equilibrium it is not revoked by precipitation in these models. Corriplexation and

heavy metal uptake by plants or organisms are negleoked

Since adsorption isa more dynamic reversiblgrocessthan precipitation these assumptions
patentially underestimate the concentration in topsblile concentration regarding leachate is partly
overestimated. This overestimation may include any particular or complex bounded heavy metal
which can translocate under specific conditions. Consequeéhtiiyere is no exceeding of PNEC
regarding leachate by modelling only the sorpfimocessyrisk to groundwater isery unlikely. In

cases of exceeding of the PNEC, the results are validated with the same assumptions regarding heavy
metal distribution onionic specieswith the solute transport model. Finalthe results are evaluated
against the backgroundf precipitationprocesses, discussing whether the calculated leachate
concentrationsf these ionic speciege possible.

The relationship between satbed and dissolved metal fractiondescribed by thé-value For
heavy metals many regressiequations regarding mobility & been developedDegryse et al.
2009, (IHCP 2007, (IHCP 20084, (IHCP 2010Q. The regressicequations are validated above the

9 Concept of critical pHralue for heavy metals in soil e.g. describe®WVK (1998) Filter und Puffereigenschaften von Bdden un deren
Emittlung im Fetle -Stand und Aussichten, In Blume, H:P. et al. [eds.], DVWKSchriften: Zukunftfahige Schutzstrategien der
Wasserwirtschaft Teil V. Bodenschutztagung " Boden und ihre Funktion als Filter und Puffer im Sinne des Grundwasserschutz.
Kommissionsvertrieb Wischafts und Verlagsgesellschaft Gas und Wasser mbH, Bonn: Deutscher Verband fur Wasserwirtschaft und
Kulturbau e.V. (DVWK)
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critical pHvalue, where besides sorption precipitation is a dominant process. Consedqueantipt
certain that these &values only describe the sorptiprocess.

For heavy metals with criticgdH-values below pH 5 a constant-Malue can be assumed in the-pH
range from 5 to 7. In contragor heavy metals with the potential of mobilization within dedected
pH-range like cadmium, nickel and zinc empirical equations in dependence-ealydHare usk In
(Degryse et al. 200%eparate regressiduanctions are derived for total and labile fraction of solid.
The labile fraction considers the fraction of heavy metal which can be adsextsegibly The total
fraction includes inert material from parent rock material, which cannot be allocated waksly
native conditions. In this study only the anthropogenic heavy metals are considered, so regression
functions for the labile fraction are regarded.

The calculation results for the psetfitgt order rate constant regarding leaching is done sinailtret
calculation for organic substanc@slCP 2003 sect. 2.3.8.5, p. 82, eq) a&hough a few adoptions
are taken. The pseudiost order rate constant for leaching of heavy metals figosoil is defined in
ed. 5. The results for this rate constant by varioysvilues of all selected heavy metals are also
shown in the annex ihable 20 andTable21.

e "0Q¢ VYO 061 ®O'Q
QD Q : eq.5
. [P o~ a q.
U 00V YOOYOL pm -
"0QE Q fraction of rain water that infiltrates into soil 0,25
YO 'O0 1 w0 rateof wet precipitation (700 mm/year) a X 1, 92A
0 substance specific sorption constant 0 3QQ Table 20;
Table21
‘000 "Y'O mixing depth of soil for agriculturalse a 0,2
Y00 Bulk density of soll Qo (IHCP 2003
sect. 2.3.4.
p. 44, eq.
18)
ko] pseudefirst order rate constant for leaching from topsoil Q
ko] pseudefirst order rate constant from topsoil Q

Beside the three metadd, Ni and Znfor the other heavy metals there is only negligible leaching
suspected for the pkange from 5 to 7. The Jvalues are assumed as fixed valumstlie whole pH
range, since the variability in j&alues above 500 L/ kg hardly effects leachaxgording to the
calculations For Ksvalues lower than 200 L/kg leaching is dominant and any changg-valte
hardly effects leachate concentration.

Accordng to several EU risk assessment reports the following constardlées are assumed (see in
the annex iMable21). For cadmium, nickel and zinc, the different¥alues influenced by a range in
pH are considerkas well as the Kvalues by EU risk assessment reports.

5.2.2 Discussion

Since not only the phtalue and fraction of organic matter are responsible for sorption of heavy

metals,(Utermann et al. 20Q%lerived more complex equations considering soil textby content of
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clay), as well as effective cation exchange capacity and content efaindaluminiumhydroxides.
Assumptions for these parameters are not taken into consideration in this study. Furthermore, all
parameters are sispecific and unceriaty of conclusions for European arable laimdreases the
moredetailed sitespecificassumptions are included. This study uses the regression functions for the
labile heavy metal fraction bipegryse et al. 20QQiven inthe annex inrable 20to estimate gemal
risks.Also in Table 20the calculated kvalues are shown for these metals and variousgites.

Comparing the defined &values for cadmium, nickel and zinc Tmble 21 from EU risk assessment

repats and values from regression functiond able 20 for a pHrange from 5 to 7 and 2 % organic
carbon,thelgv al ue f or cadmium and zinc defined by Eur
into the function quite well. Reaallating a pHvalue with the regression functions Tiable 20, the

values from EU risk assessment reportaild be in a range of pH 6 to56.Regarding nickel, the EU

risk assessment report exceeds the values from regressioiegRagarding precipitation of nickel

above pH % and the smaller number of repetitions of measurements, ¢vallie from EU risk
assessment repgitiCP 2008d is more plausible. A general problem is the validation of all thgse K

values in the pHangeand dependency from other site specific influences on metal behaviail: in s

5.3 Atmospheric boundary conditionsand initial conditions
5.3.1 Assumptions

Regarding the atmospheric depositigiHCP 2003 suggests an estimation based on annual
production of the chemicals. In this study, validated literature values are chosen for estimation of this
input path(Bohm et al. 2004, (Fuchs et al. 2002(Fuchs et al. @07), (Gocht et al. 2006 (Lehmhaus

et al. 2009, (Fuchs et al. 2000 (llyin et al. 2013. Considering the fact, that the emissions of some
substances were limited by law in the lakicads, atmospheric deposition dedtis for these
substancesSo for this study, if there were various values for atmospheric deposition, the lowest value
which also implicates the value from the newest publication, is used for modelling of atmospheric
deposition in the future. The resultslidérature research regarding the atmospheric deposition fluxes
for the current time are showntime annexiable22 andTable23.

As initial condition for organic substances a common backgraendentation value by literature
research is used (sgethe annex imable22).

In contrast, as initial condition for heavy metals 150 years (average time since beginning of
industrialization) of constant continuous atmospheric dépasiis assumed before the first
application. Thereby, no current values for atmospheric deposition are reasonable for the past. So in
distinction to the values used as boundary condftothe future, values from lorggrm studies over

past decades arsed(see in the annex ifiable 23). This estimation is usedjnceonly the heavy

metals from anthropogenic sources amdectedin this study.The calculation results for initial
concentrations of heavy metals are also showtheérannex inrable 23 for the kinetic model by TGD

and Ky-values inTable21.

The kinetic model and for refinement the solute transport model are used to calculate the initial
concentration of heavy mesain the year of first product application. Thereby the actual initial
concentration is different for both models. The kinetic model calculates an averaged initial
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concentration in topsoil, while in the solute transport model initial concentration ic@ofuonf soil
depth.

5.3.2 Discussion

The most available data for atmospheric deposition were found for the heavy metals in EMEP
monitoring: cadmium, (mercury) and lead.(Builtjes et al. 201}Lcritical loads for soil are discussed,
mainly for cadmium and lead. For cadmium the maximal atmospheric deposition is assumed in the
1960s with 14 g Cdhaand year and has been reduced to 1 gh@dhd year since 2000. For lead the
highest atmospheric depositids also assumed in the 1960s with approximatelyg#Bb/ ha and

year. Theprognosissince 2000 and for the future approach@£2d g Pb/haand year(Builtjes et al.

2011 sect. 5.6.2, p. 85, Fig)28

Thesemodelled values were extensively higher in the past than the valuegBridmm et al. 2001

usedin this stug (see Table 23). Consequentlythe anthropogenic background concentration
probably underestimated. Especially the assumptions for zinc can be problemainst the
backgroundof calculated risk quotientseechapter6). In contrast to the assumed deposition rate of

250 g Znhaand year by{Bohm et al. 200}, (Fuchs et al. 20)Qublished an average deposition rate

of 385 g Znhaand year (foMestern Germany) and 3§ Zn/haand year (for eastern Germany) for

the 1980s. Assuming the maximal atmospheric deposition had been reached for zinc as well as for
cadmium and lead in the 1960s, the average anthropogenic tmactigroncentration is higher and as

a matter of fact the risk quotients either.

Since there is rare literature about the amount of anthropogenic (exchangeable) heavy metals in arable
land, the following estimation is done to validate the scale of thelatdduinitial concentrations in

the annex iMable23. By data of(LABO 2003, (Fuchs et al. 2000and (Destatis 201the average

heavy metal content on arable land in Germany is estimated. In comparison to that the average
geogenic heavy metal content in Germany is showrabie9.

Table 9: Average total heavy metal content on arable land and geogenic heavy metal content in Germany
in comparison with calculated heavy metatontent in Table 23

Average heavy metal Average geogenic heavy
content on arable land in metal content in Germany | Calculated initial
Heavy metal Germany (LABO 2003), , |(Fuchs et al. 201D concentrationin Table 23
(Destatis 2014 [mg/kg] [mg/kg]
[mg/kg]
Cd 0.23 0.16 0.08
Cr 29.01 26.04 0.21
Cu 1371 941 1.29
Hg 0.07 0.018 0.01
Ni 19.20 20.30 0.63
Pb 2455 21.80 175
Zn 5330 40.60 8.73

Even if differentiation of geogeniedm total heavy metal content is invalid, since the total content is
for arable land and the geogenic content is from general sites, most of the differences are in the same
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scale as the calculated anthropogenic initial concentration. In most cases thiyh#yehigher than

by calculation. Only in case of chromium the difference is one scale higher. For nickel the geogenic
concentration exceeds the total content on arable land, since nickel is present in many parent rock
materials of mountain districts.

Regarding the exceeding of PNEC in the model, no adaption of the initial concentration to these

di fferences would exclude risks or create fdaddi
endpoint soil organisms or humans. Even though the antheajmonitial concentration is probably
underestimated in the model, a refinement would not lead to significant other results.

Regarding the assumption for the future the most current valueqlfielimhaus et al. 2009(Fuchs

et al. 2019 and(llyin et al. 2012 were assumed. It is debatable if by law regulation these values can
be reducd even further in the future. According (Builtjes et al. 201)Lfor cadmium and lead no
additional reduction to current state is assumed in the future until 2050. However a reduction
especially ofzinc is necessargigainst the backgrounaf made assumptions to exclude risks for the
endpoint groundwater even by atmospheric deposition only (see also Cbfapterhe actual data

base for zinc and some other heavy metats outdated, since EMBWonitoring is focusing on
cadmium, mercury and lead.

Regarding organics, no validation of the chosen data are possidRCIID/Fs and dPCBssince

there are not many publicationdoait atmospheric deposition of these organicsgdkding PAH
validated data for Germany fro(Ruchs et al. 20)0wvere chosen, which are exceeding site specific

data from(Gocht et al. 205) by factor 5 to 10. Based on the data fr{ffuchs et al. 20)0PAH are

the only hazard where atmospheric deposition exceeds product application in a magnitude, whereas it
is irrelevant which product is used as fertilizer. Nevertheless this h@gbsdtionrate is plausible
compared to the initial concentration in unpolluted soils of PAH at the current time.

Based on expected dominant accumulation or degradation the initial concentrations of organic
substances can be evaluated. The concentsatid?AHs in soil are increasing against the background

of made assumptior(seeFigure 10 in the annex)For the initial concentration &#CDD/Fs and dl

PCBs, it can be stated that with the assumed psnsti@rder rate constannd the annual input an
almost constant value is assumed. By variatlominitial concentration of one magnitude similar
resuls areachieved. Consequently, the annual input and the minor pdiesidorder rate constant are

too small to have a significaeffect. RegardingPAHSs the initial concentration is plausible based on

the accumulation by continuous atmospheric deposition within a simulation over 100 years.

5.4 Boundary condition for product application

Regarding the annual discharge of product, a haggadific load proportional to phosphorus content
of the product is fertilized. For this study it is assumed that the annual phosphorus outgl@Gsk§0
P,Os per ha and yeafKTBL 2005), (Winzler 2014. Due to the fact thatertilizer application of
phosphorus in soil is not effective within the same year, an output oriefediéder applicationto
restock the phosphorus storage in soil is used. In this study an annual application of®9dey Ra

is assumed and a proportional contamination amount of hazards is modlekedesults of thse
calculations are shown ifable10.
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Table 10: Annual mass flow of hazards per ha soil byertilizer application of 60 kg P.Os/haAr

PCDD/F & dI -

PCB PAH As Cd Cr Cu Hg Ni Pb Zn
product g WHO- - - - - - - - - -

TEQ/ haAyg/ haAyrlg/ haAyr|g/ haAyr|g/ haAyr|{g/ haAyrig/ haAyr|g/ haAyr|g/ haAyr|{g/ haAyr
Bio-P Sludge 3.3A 1° 0.58 2.05 0.70 16.19 12874 0.62 1321 170 527.44
Fe Sludge 2.57A 1° 0.40 3.00 0.65 11.29 53233 0.70 11.24 22.84 607.77
Generic Sludge - - 4.60 0.66 4255 28685 0.54 1577 3392 66921
raw ash - - 474 0.67 4382 29577 0.15 16.42 35.00 69031
Pearl/Struvia 3.06A 1’ 0 0.54 2.0 9 A| 0.54 0.53 78 0 & 0.50 0.27 2.98
AirPrex 3.69407 0.14 0.22 58 1 R 3.76 9.71 538 R 3.65 2.86 2051
Stuttgart 519 1’ 210 R 0.12 0.11 1.09 7.94 830 R 1.22 1.68 12.30
Gifhorn - - - 47 6 R 0.36 2.73 476 R 0.39 0.24 5.65
AshDec - - 1.36 0.13 4313 20412 0.24 19.02 20.30 58995
Mephrec - - 2.83 0.17 6547 68.76 0.40 10.18 2.49 5091
Leachphos - - 491 0.86 6.23 12805 0.16 217 2.75 22422
TSP Pottrails - - 0.88 0.49 14.26 1.53 237 R 4.85 0.36 2152
Average TSP - - 0.46 332 3563 338 495 R 4.49 1.48 60.49
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In the implementation of boundary conditions, the models differ from one another. In the kinetic
model, the assumption immediately causes an average concentration in 20 cm of topsoil by
atmospheric deposition and product application, although the concenbtiliffuse inputs increases

only at the soil surface (continuous plowinigpsoil asideal mixedreactoy. In the solute transport
model, the input into the soil surface is by irrigation as concentration in rain water (no plowing). For
the annual productpmlication an excessive concentration in rain water for the dafertfizer
application is calculated from annual mass of the hazard and rain water of one day.

5.5 Data-quality of products

An overall problem ighe small numbeof samples taken for hazardadysis. For an estimation of

determined concentration of hazards and phosphorus the averaged concentratioimam two
measurements were taken, assuming that this average hazard concentration is to be determined in the
product over 100 years. For threet of seven secondary fertilizers, no sufficient data were given for a

mass balance of the process within the sewage treatment plant. Furthermore, additional to the hazard

in product measurement, no soustedge measurement was realized within tHeEX project, so no

rel i abl-studgdtemoductramsfesf uncti ond coul d be established.

It can be stated that the assumed concentrations of hazards for the struvite fRehrttsStruvia,
AirPrex, Stuttgart and partly Gifhor@re reliable, since mg more measurements were dang of

existing fulkscale plantsAlso the measurements of ash related products were realized escpiiot
plants, since fulscale operations do not exist. In contrast to the measurements for struvite
uncertainies concening upscaling from piletto full-scale cannot be neglected for ash related
products. Even though the struvite products have differences in hazard concentrations relatively to
each other they are in the same ofanagnitude

By a combined souregludge and product measurement or monitoring, thesentialuncertainties

can be removed. Furthermore, a monitoring through all seasons is needed, showing whether a process
works with the same quality, when for example iron is used in wintesupport theerhancel
biological phosphorous removal during wastewater treatmé&dditionally, it has to be evaluated if a
process constantly develops a product with same product quality or if a product quality is dependent
on local issues of wastewater and sludge tuali operational processes in a sewage treatment plant.
For certain a distinction of hazardtios between struvite, sludge, several-tasated products and

TSP can be establishe8ince the precipitation of struvite is a clean stoichiometric procegh, hi
hazard contaminations are most unlikely. The qualities ofelaked products are more dependent on

the hazard contamination of the source material (sewage sludge / ash)t @nagsumed that ¢h
processes deplete several heavy métadscertairpercentage related to the input material.

5.6 Exposure
5.6.1 Kinetic model by TGD

Theanalytical solution fobasic equatiomf the kinetic model by TGDxs given ineq.6. (IHCP 2003
sect. 2.3.8.5, p. 79, eq. b1
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" 0 0 5 1 0 6
o] 'rQ TQ o] eq.
o) pseudefirst order rate constant for removal from topsoil Q (IHCP 2003
sect. 2.3.8.5,
p. 82, eq. 56
ff.) oreq.5
0 concentration in soil d "QdJaQ
0 atmospheric deposition flux per kg of soil G "QJ0Q M Table22,
Table23
0 time in days per year (0 d Q
0 initial concentration for each year in solil & "QJaQ

The initial concentration (ieq. 7) for each year in soil is the sum of the concentration in soil of the
365" day of the previous year and the centation in soil, which is annually discharged by product
application.

. apm BOQ TIDI N . . eq.7
° ¢t ‘000 "Y'QDY 00 ©c =P
a Annual mass flow ofa haardin a product orhasoil by QoM 2Q Table10
annualfertilizer applicationof 60 kg P205 per hia one day
‘000 "Y'O mixing depth of soil for agricultural use a 0.2
Y00 Bulk density of soil Qo (IHCP 2003
sect. 2.3.4., p.
44, eq. 13

6 ¢ p concentrationldmn s63thH nd &'QJQQ

0 ¢ initial concentra i on f or year fAno i &’'QJQQ

To estimate thd’EG,ps0i and to determine bio magnification effects on soil organisms an average
concentration in soil over a time period of the first 30 days (toxicological tests) is calculated for each
yea. For human consumption an average concentration over a time period of the first 180 days
(growing season) is calculatethe equation for this calculation is shown(IHCP 2003 sect2.3.8.5,

p. 81, eq. 5465). In contrast to(IHCP 2003 sect. 2.3.8.5, p. 85, eq.) 6® regional background
concentration is added afterwards. The background concentration is consglergidlacondition G

(n=0)in calculation of G; for the first year.

Regarding leachatd|HCP 2003 sect. 2.3.8.6, p. 86, eq.) 88ggests to assume that groundwater
concentration equalpore water concentration, followiftHCP 2003 sect. 2.3.8.5, p. 81, eq-58}

an averaging time of 30 days is also uséd.avoid misunderstandingshis concentration is in
leachate notin groundwater so igontrast toIHCP 2003 PEGcachateiS USed insteadlhe equation for
the concentration in leachatgiCP 2003 sect. 2.3.8.6, p. 86, eq) 88modified for heavy metais
eq.8.
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0 00

006

. . 000
[V OXe] (VR OXe] -
0
Predicted environmental concentration in soil a QJQQ
substance specific sorption constant 03QQ
Predicted environmental concentration in leachate a "Qd

eq.8

(IHCP 2003
sect. 2.3.8.5,p
81, eq. 5455)

Table 20;
Table21

For model refinement regarg high soluble heavy metals Cd and Zn, the solute transport model is

used. The detailed description and equations of this model are in ch&gtethe annex.

5.6.2 Results and Discussion

The results of exposure assessment ardPINECs from hazard characterization are shown in the

annex9.5and9.7in Figurel10to Figure23. Table11 gives an oveview on the figures in the annex in
dependency on hazards, models agdpki-values.

Table 11: Overview onresults of exposure assessment and PNECs from hazard characterization

Figure Page |Hazards Model K ¢-/pH-value

Figurel0 |52 PCDD/Fs+ dI-PCB, PAH (sum parameter) -

Figurell |53 PAH (single substances, only for endpoint soganisms) -

Figurel2 |54 As, Cr, Cu -

Figurel3 |55 Hg, Pb -

Figure1l4 |56 pH 5; pH 5.5; pH 6
Cd Kinetic (TGD)

Figurel5 |57 pH 6.5; pH 7; K(RAR)

Figurel6 |58 _ pH 5; pH 5.5; pH 6

Figurel7 |59 " pH 6.5; pH 7; K(RAR)

Figure1l8 |60 pH 5; pH 5.5; pH 6

Figure1l9 |61 2" pH 6.5; pH 7; K(RAR)

Figure20 |62 d pH 5; pH 5.5; pH 6

Figure21 |63 Solute transport P 85 PH 7; K(RAR)

Figure22 |64 (HYDRUS) pH 5; pH 5.5; pH 6

Figure23 |65 “" pH 6.5; pH 7; Ky(RAR)

The graphs make obvious that the calculated concentraticlogsoil for both
solute transport model)show similar tendencies Differences can be
implementaibns of boundary conditions in both modelfie simple and modified kinetic model by
Technical Guidance Document is sufficlgnénough for approachesd topsoil concentrations this
risk assessment.

modelgkinetic and

ascribed to various
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Regarding the estimations of leachate concentratidiesv critical notes could specify the approaches
regarding the Technical Guidance Docum@ime PECsare in a magnitude th#teywill probably be
reached, especially for low sorption rates. Depending on thealkie this PE@nagnitude will be
reached ai@ future date but not in thebservedtime period the kinetic model calculates. Since
retardation within the soil profile is not regarded in the kinetic modelrealPEGs.i is likely lower
than the calculated PEEor a general approach regardingkrassessmentadltalculationby TGD
gives reliable results.

In case of reduced annual mass flaavgl low pHvalues (e.g. Cd by Pearl/Struvia for pH 5 in the
annexFigure 14 top), and consequently reduced topsoil and leachateecrationsthe results of the
kinetic model are seen criticallgue to the following points

9 High initial leachate concentration and following decreasmircentration igmplausible

1 Consequently to this decrease in concentratiom,miaximum concenttian in the observed
timesparcalculated by TGDs in the beginning of simulation

9 If this maximum concentratiois considered in risk characterization, the calculated ratio will
not characterize the product in any kind

9 This means in terms of risk assesstritie hazard concentration in the fertilizer is of minor
importance because of high background concentrations, unless it does not exceed a certain
level

For leachateconcentrationshe magnitude of PE@ both modelds sufficient.By model refinement
with HYDRUS-1D an additional spatial component is added compared to the just temporal modelling
of the kinetic model. However, thimrdlyaffecs the risk characterization results.

The results of calculationfor leachat® (especially the calculated initialoncentrations)were
evaluated on measured values in literature. AccordingStheffer & Schachtschabel 2Q1the
cadmium and mercury flux for unpolluted agricultural sites was validated#8 Gng/m2 and year.
The zinc flux in leachate iBsted with 38 mg/m2 and year. The calculated initial fluxes by solute
transport model are with a range of 0 tth fhg/m?2 and year for cadmium (approximately 0,01 mg/m?
and year for pH 5,5) and 0 to 25 mg/m? and year for zinc (approximately 2 mg/nfdryplr6) in the
same magnitude. For woodlands with lower-yafues than pH $Scheffer & Schachtschabel 2010
cited measurements are at maximum@ Cd/m?2 and year and 150 mg Zn/m2 and year. None of these
high fluxes is reached at any silaned pHvalue for any product. Maximum for cadmium at pH 5 and
average TSP application is abouB @ng/m? and year. For zinc the maximum at pH 5 and raw ash
application is about 75 mg/m2 and year. A comparison of leachate concentrations from liteti&ture wi
calculated concentrations is shownable12.

According toTable12the calculated leachate concentrations for chromium and mercury and the initial
concentrations of copper and nickel are signifigaldwer than values in literature. In comparison

wi t h t he val ues from | iterature, | ead i s showi
concentration is slightly higher in this study tharlii@rature but in the same order of magnituBg
usingdifferent Ky-values for cadmium, nickel and zinc in the selecteergifje between pH 5 and pH

10 . . . .
0 Discussion oropsoilconcentrations sezhapter5.3.2
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7, these values for initial concentration fit quite well with the values from literature. Nevertheless,
there is a great level of uncertainty regarding leachaeentration prognoses and transferability of
measured data to general agricultural ecosystems, sinegpsitific concentrations and parameters
have a major influence.

Table 12: Average heavy metal discharge from agricultural ecostems

Simulated initial leachate | Range of maximal leachate

Heawv metal Leachate conc. [ug/L] conc. [ug/L] by kinetic conc. [ug/L] by kinetic

vy according to (Bannick 2001 | model for K4-values from | model with including all

risk assessment reports used Ky-values

Cd 0.14 0.28 0.1 3 éd1

Cr 4.6 0.26 030 é6B

Cu 4 0.81 111¢é.780

Hg 0.14 0.0014 0.0 0 2 1.¢083

Ni 8.9 0.87 100eée T2

Pb 0.28 0.27 0.3 3 é4P

Zn 19 55 33é440

5.7 Evaluation of resultsregarding Cd- and Zn-distributions betweenprecipitated and
ionic specieMINTEQ -software)

For evaluation of paible high leachate concentrations and an exceeding of the PNEC regarding
leachate, the results by kinetic and solute transport model are evaluated with a precipitation model
using the Visual MINTEGsoftware. The saturation concentration is calculatednirelevant heavy
metals for a system with anions and expected anion concentrations in agricultural ableits.

Table 13 Expected anions and concentrationgLindsay 1979 in agricultural soil for calculation of
saturation concentration for relevant heavy metals by Visual MINTEQsoftware

Anion Expected concentration(Lindsay 1979 in agricultural soil [mol/L]

Carbonate, hydrogen carbonate abea dioxide |7.5 4 A (100-fold atmospheric partial pressure of carbon dioxide)

Chloride 100 A1 0
Nitrate 100 A1 0
Phosphate or hydrogen phosphates 100210
Sulphateor hydrogersulphate 100 210

For calculation of saturation concentration for variousvalies(pH 5 to 7 in 05-pH-steps) an
extensive heavy metal concentration of 1 mol Cd or LZné used. Tk cadmium or zinc
concentration, which are still soluble under this conditi@neassumed as saturation concentration for
this system.

This concentratioris for eachselectedpH-value comparetb the products and atmospheric boundary
concentration in infiltration water. Since there is a dilution in additionalvemiér expected, it is the
highest possible liquid concentration.
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9 Fortheannual approachhe annual heavy metal mass flow per square metebgqgiroduct
applicationand annual atmospheric deposition are sumriédis sum isdivided through

annual infiltration water of 175 L/m2.

Since the product applicationrigalizedon one day (like in th&inetic and in solute transport
model), the annual heavy metal mass floyw product application in one dagnd the

Exposure assesemt

atmospheric deposition of one day are sumfieedhe daily approach. This sum dévided

through infiltration water of onéay (similar the mplementation of boundary conditions in

solute transport model ieg.10andeq.11).

By comparing saturation condegition to the annual or daily approachswhcentrationn infiltration
water, it can be clarified, whether precipitation takes place. In case the concentration in infiltration
water is below saturation concentration, the total amount of heavy metal is expected to be dissolved.

By exceeding of the saturation ramentration, the heavy metal amount equal to saturation

concentration is dissolved and the amount above this concentration is precipitated.

Since cadmium and zinc are the relevant hazards regarding leachate, calculation of saturation
concentration is donfer these two metals. The results for variousyatles are shown ihablel14.

Table 14: Saturation concentrations for cadmium and zinc for various pHvalues for the system with
anions and anion concentrabns in Table 13

Metal fg;igit?:ﬁon pH 5 PH 5.5 pH 6 pH 6.5 pH 7
[mol/L] 660A10 |[584A10 |587K10 [615AK10 |714A10
e [mg/L] 74201 65.70 6.60 0.69 0.08
[mol/L] 167A10 |858A10 |719A10 |[747R10 |902A%0
o [mg/L] 1092957 56089 47.03 4.88 0.59

Comparing tlese saturation concentratisnwith flannuab and fdailyd cadmium and zinc
concentrations (mass flow per square metefable 23 and Table 10), there is no exceeding of
saturation concentration on annual basis for cadmium or zinc for anyalple. The maximal
concentratiorfor cadmium by average TSP is819 A m6l/L calculated on annual basis, for raw
ashos zi9n9ck nolL. Thes excésse fdailyd concentration in infiltration water partly

precipitategseeFigureb).

For cadmium precipitation only taketace for highly cadmiurgontaminated products above pH 6.4.
flat mospheric

For zinc precipitation takes place for all ppod t s
first product precipitates above ptr/xalculated on daily basis.

Partly depending on pMalue precipitation is relevant within the first months of a year. After product
application depending on proctucontamination, a bulk of cadmium or zinc can precipitate. Through

except

depo

dilution by rain over the year, this solid phase is dissolved. By this effect especially for contaminated

products and only for high pkalues, retardation by precipitation can be addeditianally to
retardation by sorption. On a lopgriodscale over 100 years, this effect is not significant to any
major changes in diagrams of cadmium or zinc in the appendix ChHapter 9.7. Regarding the

initial cadmium or zinc concentration and their effect on precipitation it can be stated, that these
concentrations are not relevant either, since there is no permanent exceeding of saturation
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concentration concerning any product applicatorpH-value even for the surface concentrations in
the solutetransport model.

saturation concentration and daily saturation concentration and daily
product concentration of Cd product concentration of Zn
1E+4 1E+6
precipitated
.. \ 1645 precipitate:
dissolved
dissolved
_ 1E+2 - _ 1E+4 -
) )
©° o
E 1E+1 - £ 1E+3 <
e e S 2
5 S~ I S A P N
E 1640 < R
c g \
© 1E-1 ==========2sssssossoosoossssossoosoos-hs-sssozsoosss © 1B+
1E-2 - 1E+0 -
1E-3 1E-1
5 55 6 6,5 7 5 5,5 6 6,5 7
pH-value pH-value
e Bj0-P-Sludge === Fe Sludge Generic Sludge
= = = raw ash Pearl/Struvia = = = AirPrex
Stuttgart = == Gifhorn AshDec
Mephrec = Leach phos e TSP Pot-trails
= = = average TSP atmospheric deposition only = saturation concentration

Figure 5: Saturation concentration and product concentration including daily atmospheric depsition
calculated on infiltration water of one day insdected pH-range for cadmiumand zinc

5.8 Sensitivity analysis on exposure assessment
Concluding the uncertainties mentioned above

Table 16 gives a qualitative overview of parameters and assumptions, their unoestathieir
influence on resultsFor aroughquantification of uncertainties a likelihood scale accordinRE€C
2010 is used, shown imablel15.

Table 15: Likelihood scale according tqIPCC 2010 for rough quantification of uncertainties

Term Likeli hood of the Outcome accordingo Likelihood of the Outcome used in
(IPCC 2010 used in Chapter6 and 7 Table 16 reaching the calculated PEC, RCR
Very likely 907 100 % pobability <+10%
Likely 6671 100 % probability <+33%
About as likely as not |3371 66 % probability <+ 66 %
Unlikely 0-33 % probability <+90 %
Very unlikely 0-10 % probability -
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Table 16. Semi-quantitative overview of parameters,their uncertainties, their influence onPEC and their
influence onexceeding the PNEC

Parameter/ Assumption

Uncertainty/
Validation of data

Likelihood on reaching the
PEC as calculatecby
parameter variation

Likelihood on reaching the
RCR as cdculated by
parameter variation

(30kg P,Og/haAr instead of
60kg P,Os/hakr)

harvesting and phosphorus
storage in soil

Soil-hydraulic (Water flow) |High variation Likely Very likely
parameters 1 average datéor sandy soil
being used
1 sitespecificinfluences hag
to be considered
Rain rate/ infiltration rate High variation: Unlikely About as likely as not
1 rain-rate in Eurpe approx,
400-1000 mm
1 infiltration rate depending
on soil type
K ow-/K oc-value Low variation in literature | Likely Very likely
(organic substancep
HENRY®s | aw dLow variation in literature |Likely Very likely
(organic substancek
K ¢-value High variation inliterature | Unlikely About as likely as not
(heavy metal3 1 several dependencies
1 soil-specific influences
Quality of data for High variation in literature |  Likely (for contaminated 1 Likely (all hazards excef
atmospheric deposition 1 no accurate assumptis products and all hazards for Zn regarding
for the future are possible except for PAH) groundwater)
1 Unlikely (forii c | e a |] About as likely as not
products e.gstruvites (for Zn regarding
and most hazards) groundvater)
Quality of product-data 1 High variation in sewage | T Unlikely for sewage 9 About as likely as not
sludge its ashegKriiger & sludge, its ashes and for sewage sludge, its
Adam 2012 and grtly in partly ash related ashes and partly ash
ashrelated products products related products,
T Low variation for struvite |  Likely for struvite especially for Zn
1 Very likely for struvite
Initial concentrations High variation between Unlikely 9 About as likely as not
several sites, depending on 1 Unlikely for Zn regarding
natural weatheringnd parent soil-organisms
rock material
neglecting precipitation of | Not particularly relevant for | § Very likely for Cd, Zn | Likely
heavy metals, assuming Cd and Zn (see Chapter7), | § About as likely as not
ionic species are dissolved | relevant for normobile for As, Cr, Cu, Hg, Ni
or adsorbed metals (e.g. As, Cr, Cu, Hg, and Pb
Pb)
Halved fertilizer amount Depending on output by Unlikely About as likely as not

In summary the most important parameters regarding uncertainties regarding risk characterization are:

=A =4 =4 4 -8 4

Kg-values for exposuref heavy metals
rain and infiltration rate (influence of soil type)
atmospheridepositionof metals/ POP
Range in gality of sewage sludge, its ashes and consequently ash related products
exchangeablheavy metal contents in arable land

fertilizer amount{demandactuated fertilizer application)
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6 Risk characterization

The risk characterization ratio is calculated from quotient PEC to PNEC for each endpoint, each
hazard and produ¢tHCP 2003 sect5.1, p.172, Table 32 Approaching a worse case, the maximal

PEC for each product and endpoint is used for risk characterization, the results of these calculations
are shown imable24to Table26 (ses annex)

Following the process of risk management, risk reduction measures are required especially when the
ratio is above one. A risk quotient of 1 is accordingvam Leeuwen & Vermeire 200te maximum
permissible level. Below this value risk reduction is stitommendedOnly if the PEC/PNE-ratio is

below 1 % the risk is at a negligible leghn Leeuwen & Vermeire 20D./Risk can be classified in

funacceptable risko (RQ > 1), Airisk reduction r ¢
0.01) (van Leeuwen & Vermeire 2097Since this wording is sharp and may be misunderstand a
classification retqaoai ried/ske maaeducftdronacti ono ( R

recommended/ ALARA pri nci pl ed ( 0. 0. The tang&sQ@f hazardnd endmintu s e d
specific ratios are shown Figure6 to Figure8 andclassfied in frisk reduction required/demand for
actiord ,riskfieduction recommended/ ALARA princigle and fnegl i gible risko.

1. Endpoint soil organisms (sed-igure 6).

a. The calculation for PAHs as sum parameter indicatesk. By model refinement and
calculation of single substances of PAHSs, this concern turned out to be negligible.

b. For zinc by application of the products Brosludge, Fe sludge, generic sludge, raw
ash or AshDec for pkalues above pH @&n exceedingpf the PNEC cannot be
excluded Below pH 6 the risk ratio for these products is below 1, but measures for
risk reduction are stilecommended.

2. Endpoint humans (sed-igure 7)

a. No exceeding of the PNE®ascalculatal.

b. The highest risk characterization ratios are R&DD/F and dPCB (0.3) regarding
organic substances and for cadmiund)@egarding heavy metals by using wecase
assumptions for calculation.

3. Endpoint groundwater (seeFigure 8)

a. Significant higher risk characterization ratios for the heavy metals cadmium, copper,

nickel and zinc are calculated compared to the other endpoints.

Dependingon metal and kvalue thePNECis considerablgxceeded.

Especially for znc the PEC exceeds the PNEC for most of the products in the whole
selected pHange

d. Regarding cadmium the PEC exceeds the PNEC for all pregydicationsandlow
pH-values less than pH 6.

11 ALARA: as low as reasonable aetable
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10
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**Mobile hazards Cd and Ni for pH 7 > Maximal accumulation

atmospheric
***Mobile hazard Zn for pH 5 and pH 7 > Minimal and Maximal accumulation

deposition only

Figure 6: Range of Risk Characterization Ratio (PEC/PNEGRatio) on particular hazards for the
endpoint soil organisms, TSP Petrails and atmospheric deposition for comparison

Figure 7: Range of Risk Characterization Ratio (PEC/PNEGRatio) on particular hazards for the
endpoint human, TSP Pottrails and atmospheric deposition for comparison
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