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Technical Summary
A novel risk assessment procedure to
prioritise sites likely to be affected by
highway-derived sediment is outlined in a
new report. A five-year research
programme jointly funded by the Highways
Agency and the Environment Agency
included three projects which assessed
the ecological impacts of highway storm
runoff,
•
•
•

Effects of insoluble pollutants on the
ecology of receiving waters
Improved determination of pollutants
in highway runoff
Effects of soluble pollutants on the
ecology of receiving waters

This project, on insoluble pollutants,
identifies the scenarios under which
contaminated sediment in runoff would be
likely to have a negative impact on
receiving-water ecology.
Key findings and recommendations of the
report:
• Total mass of sediment discharged
during the monitoring programme was
highly variable between sites.
• The concentration of contaminants in
runoff sediment samples did not vary
greatly between different field sites.
• Damage to biological communities
was observed downstream of some
runoff outfalls and highway-derived
contamination was measured in
animal tissue.
• Highway-derived sediment that had
accumulated
in
a
receiving
watercourse was toxic to selected
invertebrates in lab tests.
• Sites at which the receiving
watercourse flowed too slowly to
disperse sediment were particularly
prone to negative ecological impacts.
Risk assessment procedures should
therefore take account of the mass of
sediment discharged annually as well as
the concentration of contaminants
associated with that sediment. Most
importantly though, the propensity of the
receiving watercourse to accumulate or
disperse sediment must be assessed.
In the study, the effects of sediment in
runoff were investigated at six highway

outfalls using both field and laboratory
investigations.
Native
invertebrate
communities were monitored upstream
and downstream of each outfall.
Sediment toxicity was assessed in both
laboratory and field “in situ” tests with
five species of aquatic invertebrate. The
field sites were selected from a potential
pool of approximately 1,800 known sites
and were short-listed according to
desirable characteristics including: a
traffic flow greater than 30,000 vehicles
per day, a relatively diverse watercourse
community and minimal or no treatment
of highway runoff. Field sites were
restricted to relatively small receiving
watercourses. The overall approach was
to represent realistic worst case
conditions. Site selection was done in
2003.
The six field sites were Penrith (M6/River
Petteril), Newton Aycliffe (A1/River
Skerne), Sheffield (M1/Pigeon Bridge
Brook), Birmingham (M5/River Salwarpe
and M42/River Arrow) and Stowmarket
(A14/River Sapiston trib). Receiving
watercourses at three sites were fastflowing and dispersed sediment away
from the point of discharge (M6, M5 and
A14). The remaining three sites were
slow-flowing and accumulated sediment.
Field investigations were carried out
every three months for a period of two
years (2004 and 2005) and laboratory
investigations were completed by the
end of 2006.
As well as intensive monitoring and
investigation of impacts at field sites, the
inputs of sediment material and the
quality of that sediment were assessed
during ten storm events at each site.
Properties such as contaminant loading
and particle size distribution were
compared between samples of storm
runoff and samples of accumulated bed
sediment.
Rainfall
and
river
depth/velocity
were
continuously
monitored by data loggers at each site
during 2005 and 2006.
Following the field and laboratory
investigations, a risk assessment
procedure for insoluble contaminants
was developed in 2007. This uses
predictions
of
contaminant
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concentrations resulting from a separate
modelling project. (Crabtree, B. "Improved
Determination of Pollutants in Highway
Runoff - Phase 2: Final Report” WRc Report
UC7697, 2008). Predicted sediment

contamination is compared to trigger
values at which toxicity is expected
(derived
from
extensive
literature
review). Subsequently, the prediction of
toxicity may be refined by considering
local conditions that may remove toxicity
(binding phases in sediment that can
sequester contaminants). If sediment is
predicted to be hazardous, the ability of
the receiving watercourse to disperse
sediment is assessed. Finally, at sites
that are predicted to accumulate
sediment, the potential extent of annual
sediment coverage is estimated.
After designing the risk assessment
procedure, it was applied to a further six
field sites and the outcomes were
compared to actual field conditions.
These
sites
incorporated
three
watercourses that were predicted to
disperse sediment (Penrith M6/Gill Beck,
Leeming Bar A1/Bedale Beck and
Lockerbie M74/Dryfe water) and three
that were predicted to accumulate
sediment (Sheffield M1/Rockley Dike,
Worcester M5/Spetchley Brook and an
unnamed watercourse crossing the A14
at Huntingdon).
At all sites, highway-derived particulate
material was predicted to exceed the
trigger values at which toxicity is
expected.
The
risk
assessment
procedure successfully identified sites
that
dispersed
and
accumulated
sediment. Assessment of ecological
impact was complicated by the extensive
flooding that occurred in 2007, and
dramatic changes in the habitats at all
sediment-accumulating
sites
were
observed. Nevertheless, it proved
possible to use data collected during the
2003 site selection procedure as a
comparator. Overall, the sites predicted
to be impacted by accumulated sediment
were observed to be impacted. But some
evidence of community impacts were
also found at two of the dispersing sites
(M6/Gill Beck and M74 Dryfe Water).
Observed impacts may therefore be a
result of soluble contaminants present in
the water column and this highlights the
need for separate assessment of soluble
contamination. (reported in: Johnson, I

and Crabtree, B. "Effects of Soluble
Pollutants on the Ecology of Receiving
Waters - Final Report” WRc Report
UC7486/2, 2008).

This report is relevant to highway
designers and environmental regulators
responsible for the assessment, design
and management of highways.
The Highways Agency’s research
programme (Crabtree et al, 2006)
identified that some aspects of its
guidance for assessing the impacts of
highway runoff was based on data that
may not be representative of the
pollutants and concentrations currently
found in highway runoff under UK
conditions. The focus of the Highways
Agency’s ongoing research programme,
in partnership with the Environment
Agency, is to collect data to better
understand the nature and impacts of
pollutants in highway runoff.
The key aims of this research
programme are to develop a model to
predict pollutant concentrations in
highway runoff and to develop
ecologically
based
standards
for
receiving waters in order to control the
impact of soluble and insoluble
pollutants in highway runoff. The
research outputs will be taken into
consideration by the Highways Agency
in future revisions of the Design Manual
for Roads and Bridges, specifically
HA216 Road Drainage and the Water
Environment.

Keywords: Highway runoff, sediment
accumulation/dispersal, ecological
impact, diffuse water pollution, WFD.
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Risk Assessment Procedure: Development & Trial
Application
1. Introduction
Stages 1 and 2 of the current project have provided characterisations of the
ecological impacts of highway-derived particulate material (10,11). In addition, factors
that are associated with ecological impacts have been highlighted (11). Here we
report on Stage 3 of the project, the specification for which states that:
“The Contractor may be invited to assist in devising a procedure whereby the
prediction of the accumulation and dispersion of suspended solids, and the
ecological significance of accumulation can be assessed on a site by site basis for
the purpose of environmental impact assessments. This may require the
development of an expert system.”
The key findings from Stage 2 were used to derive the novel risk assessment
procedure. Each of the following results is explicitly addressed by components of the
novel procedure:
Key findings of Stage 2
¾ Observed impacts and effects at field sites included: reduced
macroinvertebrate taxon richness, accumulation of organic and metallic
contaminants in tissues of aquatic organisms and in-situ acute toxicity.
¾ Concentrations of contaminants associated with highway runoff particles were
approximately similar between six field sites that encompassed a range of
geographic, traffic flow and climatic conditions.
¾ Total mass of particulate material discharged during the monitoring
programme varied greatly between sites.
¾ Highway-derived particulate material that had accumulated in a receiving
watercourse was acutely toxic in laboratory exposures.
¾ Sites at which the receiving watercourse flowed too slowly to disperse
sediment were particularly prone to ecological impacts.
The current risk assessment (CIRIA; (12)) is based on soluble copper and zinc
concentrations. Negative ecological impacts at individual and community levels
observed during Stage 2 indicate that the risk posed by contaminated sediment must
be addressed in addition to dissolved metals. Hazards associated with an increased
range of soluble contaminants will be subject to a separate risk assessment update
(13). In our subset of six field sites, highway-derived particulate material contained
concentrations of contaminants in excess of those observed to cause toxicity in our
laboratory experiments. Therefore, our Stage 2 work indicates that the annual total
mass of sediment discharged, as well as contaminant concentration, must be
assessed. The updated risk assessment tool must also include an assessment of
the potential for the receiving watercourse to accumulate sediment, since this was
identified as a major risk factor during our field research programme.
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This report comprises an overall description of the risk assessment procedure for
insoluble contaminants in highway runoff (section 2). Appendix 1 of this report gives
the comprehensive derivation of each of the parameters and calculations used in the
risk assessment tool. Sixteen field sites were screened using the risk assessment
tool (Appendix 2). The selection of six field sites from the sixteen screened sites is
described (section 3). Subsequently, field and laboratory measurements of ecological
impact at the six selected sites are compared to the conditions predicted by the risk
assessment (section 4). Tabulated macroinvertebrate species counts at each field
site are also appended along with calculated biotic indices (Appendix 3).

2. Risk assessment tool structure
2.1 Basic structure
The basic overall procedure is summarised in the flowchart (Fig. 1) on the following
page. Our assessment of risk is divided into two main components; an assessment
of the hazard posed by highway-derived particulate material (potential toxicity) and
an assessment of exposure (sediment accumulation). Evaluation of both hazard and
exposure requires the input of information from a number of sources. These inputs
are highlighted for each part of the assessment procedure (Fig. 1; underlined text)
and are divided into three main categories:
i.
ii.
iii.

Benchmark “trigger” values (i.e. toxic sediment contaminant concentrations
and shear velocities associated with sediment settling/remobilisation)
Lowest realistic values for factors that reduce sediment toxicity (i.e. total
organic carbon (TOC) and acid volatile sulphide (AVS)).
Either precautionary or site-specific predicted conditions (i.e. expected
sediment contamination and modelled receiving water discharge/shear
velocities)

The basic procedure (Fig. 1, Step 1) compares the modelled 1-year return period
concentration (1-y RP conc.; from the modelling tool produced by parallel projects (37)) and a sediment quality guideline (SQG) value for each of six contaminants
identified in the project specification (Cd, Cu, Zn, pyrene, fluoranthene and total
polyaromatic hydrocarbons (Total PAHs)). Sediment quality guidelines represent
threshold concentrations of contaminants within sediments that are predicted to be
associated with either the presence or absence of toxicity. The most suitable
guidelines that are currently available have been identified for each permutation of
the assessment procedure (section 2.2.1 and section 2.2.2). However, in the event
that novel guidelines are developed, these should be evaluated and included where
appropriate.
Where particulate material is predicted to contain hazardous concentrations of
contaminants, the potential for exposure within the receiving watercourse should be
assessed (Fig. 1, Step 2). A mean velocity within the watercourse of 0.1 m/s is used
(Appendix 1; section A2.3.3) as the threshold at which fine diameter particles (63 µm
and below) may be mobilised. Therefore, estimated receiving water velocities below
this threshold are categorised as potentially sediment-accumulating.
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Step 1:
Hazard
assessment

START

INPUT:
− Particulate
contaminant
loading (WRc
model; (3-7))

Determine potential
sediment toxicity

YES
Mitigation

TRIGGER VALUES:
– Canadian Sediment
quality guidelines
(1)
– Modifying variables
ƒoc + AVS/SEM
(literature values or
measured) in
combination with
mechanistic
sediment quality
guidelines (8,9)

Exceed trigger
value?

NO

END

YES

Step 2:
Exposure
t
Input for receiving water:
– Channel width + depth (desk
based calculation/
measurement on site)
Data input:
– Discharge profile (Lowflow
2000; (2))

Critical value:
– Settling/remobilisation
threshold shear velocity
of 0.1 m/s (literaturederived as per Appendix
1; section A2.3.3)

Determine exposure
potential

Fine sediments
accumulate?
YES
Mitigation

NO

END
Verify: no
downstream controls
and no visible
sedimentation

END

Figure 1: Basic flowchart for insoluble pollutants risk assessment tool. Sources of key
required information are indicated in underlined text. Acid volatile sulphide (AVS),
simultaneously extracted metals (SEM) and organic carbon fraction (ƒoc) are factors that may
limit bioavailability of contaminants. Numbered reference citations are given in brackets.
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2.2 Refinements to basic structure
2.2.1 Use of trigger values The basic procedure (section 2.1), is designed to be
modified in response to the availability of site-specific information. The degree of
precaution in each parameter estimate will be varied on a tiered basis. A scheme that
enables this flexibility is described in the current section and in the attendant flow
diagram (Fig. 2). Subsequently (section 2.2.2) methods of obtaining increasingly
realistic estimates (Tier I, Tier II or Tier III estimates) are described. Higher tier
estimates require additional resource to acquire, but result in a reduction of the
degree of precaution built in to the assessment of risk.
For the trigger values of sediment toxicity (Fig. 2; Q1), a generalised SQG is
required that can be used to judge whether toxicity at the end of pipe is likely to be:
• absent
• uncertain
• probable
The recommendation of this report is to adopt the empirical guidelines of the
Canadian Council of Ministers of the Environment (CCME (1); Table 1); at least until
such time that more appropriate guidelines are devised (Appendix 1, section A3.1).
Table 1: Canadian empirical sediment quality guidelines recommended as initial
screening tool

Substance

Metals (mg/kg)
Cadmium
Copper
Zinc
PAHs (µg/kg)
Pyrene
Fluoranthene
Total PAH
†

Generalised Sediment quality guideline values†
TEL

PEL

0.6
35.7
123

3.5
197
315

53
111
1684

875
2355
16770

TEL = Threshold effects level, PEL = Probable effects level

These guidelines consist of two values for each contaminant. Firstly, the Threshold
Effects Level (TEL) – or the concentration below which toxic effects are extremely
rare. Secondly, the Probable Effects Level (PEL) – or the concentration above which
toxic effects are observed on most occasions. Each of the TEL and PEL values will
be used to classify the risk of toxicity by dividing sediment contaminant
concentrations between three categories (Fig. 2; Q1 and Q3a) as follows:
•
•
•

<TEL; toxicity predicted to be “absent”
>TEL but <PEL; toxicity prediction is “uncertain”
>PEL; toxicity is “probable”

At the same time, the annual sediment load predicted (modelling tool, projects (3-7))
to be discharged from an outfall is used to estimate the potential area of stream bed
that may be covered to a 1-cm depth (Appendix 1, section A4.1). The two toxicity
categories in which the TEL is exceeded are placed in a contingency matrix with the
annual sediment coverage estimate to judge the overall risk at the lowest Tier of
assessment (Fig. 2. Q3). Specific caveats pertaining to each
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Q1. Is particulate material potentially toxic?
(i.e. predicted concentration >TEL?)

Insoluble risk assessment
No

Yes
Q2. Would sediment accumulate under low
flow?
• Predict using critical area at Q95 calculation
in Appendix 1
• Sediment accumulation/downstream flow
modification by vegetation/weirs observed
during site visit

No

Could the
discharge reach
a protected
conservation
area where
sediment would
accumulate?

No

Exit
insoluble
assessment

Yes
Q3. What is the potential magnitude and extent
of risk?:
a) What is the potential toxicity of the sediment?
b) What area of the channel could be covered
annually (to a 1-cm depth)?
Contamination

Channel width covered (%) for
10m reach
<10%
>10%
>TEL but <PEL
Acceptable
Unacceptable*
>PEL
Unacceptable* Unacceptable**
May be acceptable if toxicity is not predicted
*
when bioavailability is taken into account:
• Measure/estimate Organic Carbon and
Acid Volatile Sulphide concentrations
• Apply mechanistic SQGs and estimate
mixture toxicity

**

Yes

May be acceptable if both:
• Sediment dispersal is predicted 90% of the
time by Tier III methods
• Accumulation not likely to occur at
sensitive time for valued resident fauna
(using seasonal low-flow profile derived
using method in main report) OR sediment
not predicted to be toxic by * (above)

Unacceptable scenarios

Q4: What is the extent of failure?
i.e. what is cost of reducing annual discharged mass
of runoff particulate material to meet acceptability
criteria?
Figure 2: Flow diagram of full risk assessment procedure, incorporating tiered parameter
estimation and sediment fate caveats
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contingency within the matrix are fully detailed in the flowchart (Fig. 2. Q3).
Determining the position of each field site within this matrix and accounting for the
caveats indicates the overall risk.
The assessments of sediment toxicity are, of course, only relevant if the receiving
watercourse is predicted to accumulate sediment (section 2.1 and Fig. 2; Q2).
Subsequent refinements to the assessment require higher tier estimates of key
variables – including sediment accumulation potential. The methods by which each
tier of estimation is conducted for all parameters of the risk assessment are given in
section 2.2.2.
2.2.2 Use of assessment Tiers Parameters within the risk assessment that may be
subjected to different tiers of estimation are summarised as follows:
•
•

Modifying variables used in mechanistic SQGs
o Total organic carbon (TOC) – Tier I, II and III methods
o Acid volatile sulphide (AVS) – Tier I and III methods only
Sediment accumulation potential
o Estimated at Q95 – Tier I and II methods available
o Estimated at Q90 – Tier III method

Where Qx is the volumetric discharge of the watercourse exceeded x percent of the time

Modifying variables
In order to provide a more realistic estimation of toxicity resulting from modelled
contaminant concentrations, mechanistic SQGs are recommended as trigger values
(Appendix 1, section A3.2). Specific mechanistic guidelines for both metallic and
organic contaminants have been selected (Table 2).
Table 2: Recommended mechanistic sediment quality guideline values: Predicted or
measured “mass of contaminant per dry mass of sediment” must be converted to
moles of contaminant per mass of Organic Carbon before comparison to SQG

Substance

Molecular weight (g/mol)

Organic carbonnormalised SQG*
(µmol/g OC*)

Calculate from predicted Cd,
Cu and Zn concentration (Tier
I and II)
or transcribe measured
excess SEM (Tier III)

100

202
202
173

5.83
5.92
5.70

Metals (biotic ligand
guideline (9)):
SEM* (in excess of AVS*)
PAHs (FCV* narcosis
guideline (8))
Pyrene
Fluoranthene
Total PAH

* SQG = sediment quality guideline, OC = organic carbon, SEM = simultaneously extracted metals, AVS
= acid volatile sulphide and FCV = final chronic value

The advantage of mechanistic SQGs is that they incorporate environmental factors
that can limit the bioavailability, and hence toxicity, of contaminants. However, the
application of mechanistic guidelines requires estimates of the variables that modify
bioavailability. Two important binding phases for toxicants that reduce bioavailability
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are AVS (metals) and TOC (metals and PAHs). The accuracy to which AVS and TOC
are determined is indicated for each Tier (Table 3).
Table 3: Estimating modifying variables at each Tier of assessment

Variable

TOC

†

††

AVS

†

Tier I

Tier II

Tier III

Assume a
minimum 2% TOC
in sediment

Use NSRI† data to estimate
sediment TOC from
surrounding soil TOC

Site specific
measurement of
stream sediment
TOC

As Tier I

Site specific
measurement of
stream sediment
AVS and TOC

Assume that there
is no excess AVS
and divide
predicted metals
concentration by
TOC %

Appendix 1; section A2.3.1, ††Appendix 1; section A2.3.2

When using mechanistic SQG, the predicted concentration is normalised to sediment
organic carbon (PAHs) or excess AVS and organic carbon (metals). This is in
contrast to the sediment dry mass normalisation applied to TEL/PEL values.
The degree of precaution in comparing contaminant concentrations to binding
phases can, therefore, be reduced in line with the accuracy and specificity of
available information.
Sediment accumulation potential
Tier I sediment accumulation potential is based on a simple relationship between
volumetric discharge (Q), velocity (v) and cross-sectional area (A). Sediment
accumulation is predicted at velocities below the threshold velocity (vt) of 0.1m/s
(Appendix 1; section A2.3.3). The critical cross sectional area of flow (At) that relates
to vt at the low flow discharge (Q95) is calculated as 10 x Q95 (Appendix 1; section
A2.3.3). This critical cross-sectional area is the value that is compared to the actual
receiving water cross-sectional area. At Tier I, a regression equation derived from
100 watercourses receiving highway runoff (Appendix 1; section A2.3.3) relates
stream width to cross-sectional area:
log10(area) = 1.66log10(width) -0.93

Eqn. 1

The stream width input for Eqn. 1 (Tier I) is derived by using maps of scales in the
region of 1:2000 (e.g. those available at http://www.magic.gov.uk/website/magic/). In
cases where the estimate of channel width is highly uncertain, or when exceedence
of At is less than ten-fold, Tier II assessment is recommended. Site visits can confirm
the presence of sedimentation and flow retarding structures – resulting in mandatory
mitigation. In addition, Tier II may utilise a simple assessment of actual channel width
and depth to refine the comparison of rectangular channel width versus At. If
accumulation of sediment (sand particles and finer) is evident during the site visit,
then Tier III measurements must be undertaken. Tier III enables extrapolation of flow
conditions beyond those evident during a site visit.
Tier III estimates of sediment accumulation potential require additional surveying of
the channel. Flow width and depth are combined with bank-full width and depth in
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order to characterise the change in cross-sectional area for changing values of Q.
Using channel bed slope (surveyed on site), an estimate of discharge via mean
velocity measurement during the site visit (via (14) or (15)) and a substrate
“roughness” coefficient (derived), velocity under the full range of “within bank” flow
conditions can be estimated (Appendix 1; section A2.3.3). Comparisons to vt at Tier
III are made by applying a model of velocity within a channel:

R 2 / 3 s1 / 2
V=
n

Eqn. 2 (16)

Where V = velocity, R = hydraulic radius (cross sectional area divided by wetted perimeter), s
= bed slope and n = roughness coefficient appropriate to bed material.

In common with Tiers I and II, vt for Tier III is retained at 0.1 m/s. In contrast, the
watercourse velocity is modelled for a volumetric discharge that is exceeded 90% of
the time (Q90) at Tier III in place of the Q95 value used in Tier I (and optionally in Tier
II).
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3. Site selection and risk assessment outputs for field sites
The full risk assessment procedure, as detailed in Section 2, was applied to a total of
16 highway drainage outfalls. Results of the desk-based portions of the risk
assessment were initially used as a means to select field sites for further study
(Section 3.1). Subsequently, site visits and site-specific measurements were used to
inform the higher tier risk assessment procedures (Section 3.2).The 16 field sites that
were subjected to the risk assessment procedure were distributed throughout
England and included 3 sites in southwest Scotland (Fig. 3). Each of these sites had
been screened in 2003 for inclusion in Stage 2 work and was known to have safe
access (Stage 1 report; (10)). In the current (Stage 3) report, all sites are referred to
by road number and watercourse. Appendix 2 provides the original site code
numbers used during Stage 1(10) so that site details can be cross referenced to
previous reports.

M74/Dalmakethar Burn
M74/Dryfe Water
M74/Kirk Burn
M6/Gill Beck
A1/Bedale Beck
M1/Rockley Dike
M42/River Arrow
M40/Horse Brook
M5/Spetchley Brook
M25/Colne Brook

A12/River Wid

M1/Normanton Brook
A14/Huntingdon
A14/River Gipping
A14/Creeting Brook

A12/River Ter

Figure 3: Distribution of 16 sites subjected to sediment risk assessment tool
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3.1 Hazard assessment screening of potential field sites
Based on the first tier of (desk-based) hazard assessment procedures (Appendix 2),
all sites were predicted to exceed both TEL and PEL trigger values. The outcomes
for each stage of the hazard assessment are represented in the flow diagram (Fig.
4).

Is particulate material potentially toxic?
All 16 sites > TEL
(go forward to next
assessment)

PAHs

16 sites

M1/R.Dike
A14/Creeting Brook
M5/S.Brook
A14/River Gipping

TEL
exceeded?

16 sites

Fluoranthene
and pyrene
SQGs

4 sites Pass:

Metals

12 sites Fail:
remaining sites
(Fig. 3)

Tier I and II
estimates of
sediment TOC used
to apply
mechanistic SQG
(Appendix 2 for
detailed results)

SEM SQG
(assuming no
excess AVS)

All sites Fail
AVS/SEM
analysis at 3
sites

Total PAH
SQG

A14/Hunt.
A1/B.Beck
M5/S.Brook

All sites Fail

2 sites Pass:
M1/R.Dike
A14/Creeting Brook

Tier III
AVS/SEM
SQG

1 site Fails:
M5/S.Brook (very low
TOC and AVS)

All sites have potentially hazardous
levels of contamination. Total PAHs are
highlighted as the predominant threat.
Figure 4: Flow diagram of hazard screening procedures and outcomes for 16 field sites
(Appendix 2). TEL = threshold effect level, SQG = sediment quality guideline, SEM =
simultaneously extracted metals, AVS = acid volatile sulphide, TOC = total organic carbon
and PAHs = polyaromatic hydrocarbons
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Figure 4 highlights that all 16 field sites fail the mechanistic SQG for predicted total
PAH concentration. Only M5/S.Brook exceeded the mechanistic SQG value for metal
concentrations downstream of the highway outfall. In common with A1/B.Beck,
M5/S.Brook also exceeded the SQG upstream of the outfall (Fig. 5b). However, since
M5/S.Brook sediment has very low TOC (Fig. 5a) and low AVS (Appendix 2), it is
unsurprising that sediment would be largely mineral in composition. In summary, the
risk assessment tool predicts that the predominant hazard of contaminated sediment
to the downstream watercourse would be via PAH contamination in all 16 sites. Tier I
assessments of metals indicate a possible hazard, but where Tier III methods were
applied, the hazard is expected to be less than that posed by PAH contamination.
90
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70
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0
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A14/ Hunt.
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M5/ S.Brook
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0
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A14/ Hunt.

US

DS

A1/ B.Beck

US
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M5/ S.Brook

Figure 5: Sediment Total Organic Carbon (TOC) and organic carbon-normalised
simultaneously extracted metals (SEM) in excess of Acid Volatile Sulphide (AVS) at
upstream (US) and downstream (DS) stations in 3 field sites. Values are derived from
analysis of single 10-cm deep surficial sediment core sample at each station and the
mechanistic sediment quality guideline (SQG) is indicated by the dotted line.

3.2 Exposure assessment of potential field sites
Tier I assessments of exposure indicated that only one site (A1/B.Beck) was likely to
disperse sediment in the rapidly flowing receiving watercourse (Table 4). However,
with better estimates of cross-sectional area (Tier II) and with the application of
estimates based on Eqn. 2 (Tier III), two additional sites were predicted to disperse
sediment: M6/Gill and M74/Dryfe; Table 4. For completeness during this trial
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application of assessment procedures A1/B.Beck was also subjected to Tier II and III
assessments of sediment deposition as a demonstration (Table 4). These three
outfalls were selected to represent sites that “passed” the risk assessment procedure
for insoluble contaminants - i.e. sites not predicted to pose a risk. It must be noted,
however, that the predictions across all 3 Tiers for A1/B.Beck do not provide a
straightforward indication of sediment dispersal (Table 4.). Even at the highest Tier of
assessment velocity was predicted to equal vt and, as indicated in section 3.1, it was
possible to collect sediment from the stream bed. Site A1/B.Beck, therefore, provides
an opportunity to compare predicted and observed impacts at the boundary of critical
threshold values.
Table 4: Exposure potential of 16 field sites across Tier I, II and III assessments
>A t
Road

M1
A12
A14
A14
M6
A74(M)
A74(M)
A74(M)
A1(M)
A12
M1
M5
M40
M42
M25
A14

Watercourse

Rockley Dike
River Wid
Creeting Brook
Huntingdon
Gill Beck
Dalmakethar Burn
Dryfe Water
Kirk Burn
Bedale Beck
River Ter
Normanton Brook
Spetchley Brook
Horse Brook
River Arrow (Trib)
Colne Brook
River Gipping (a)

Q95
(m3/s)

0.034
0.082
0.017
0.002
0.003
0.018
0.183
0.014
0.185
0.05
0.02
0.001
0.004
0.002
N/A
0.042

At (m2)

0.34
0.82
0.17
0.02
0.03
0.18
1.83
0.14
1.85
0.5
0.2
0.01
0.04
0.02
N/A
0.42

>A t

<0.1

Tier I
Tier III
Tier II Cross
Cross
velocity
sectional
sectional
at Q90
area (m2)
(m/s)
area (m2)
1.7
2.8
0.9
0.6
0.9
0.6
4
0.9
1.7
4
0.6
1.3
1.3
0.6
1.3 (? )
2.2

3.4

0.04

0.2
0.045

0.01
0.11

1.79

0.37

3.84

0.1

0.256

0.017

<Z*
SA (kg)

6759
4926
3780
4926
9534
6992
1467
6992
4956
4926
1127
5018
6506
4504
5386
3780

channel
width (m)

6

1.5

1.4

Z*

338
246
189
246
477
350
73
350
248
246
56
251
325
225
269
189

Where Qx = discharge exceeded x% of time, At = critical cross sectional area for deposition, SA =
annual sediment load, Z* = critical channel width required to accommodate SA within 10% of width and
bold italic text highlights results that indicate risk. Low flow data were not available for M25/Colne
Brook (N/A indicates not applicable)

Since a total of six field sites were to be assessed for impact, it follows that 3 “failing”
sites were required to complement the sites already selected. These sites were
selected according to two simple criteria:
•

Sites should be physically similar at upstream and downstream stations

•

The final group of sites should not be clustered in one geographic location.

Sites M1/R.Dike, A14/Hunt. and M5/S.Brook fulfilled these requirements and, along
with M6/Gill, M74/Dryfe and A1/B.Beck, were subjected to the highest tier estimation
procedures. Accordingly, the degree of potential sediment coverage was assessed
for the three “failing sites” following Tier III assessments of hazard and exposure.
Sediment coverage potential at each failing site placed all three outfalls in the highest
risk category (Table 4) with reference to the risk matrix (Fig. 2; Q3). The final
selection of six sites following the application of the risk assessment tool retained an
acceptable degree of geographic spread (Fig. 6 and Table 5).
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Pass

▲ Fail
M74/Dryfe
M6/Gill
A1/B.Beck
M1/R.Dike

▲
M5/S.Brook

▲

▲
A14/Hunt.

Figure 6: Final outfall sites selected for field surveys. The designations of sites passing or
failing the risk assessment are indicated following Tier III assessments.

Table 5: Details and identification of sites used in Stage 3 field/lab investigations

Road number

Watercourse

M1

Rockley Dike
Unnamed stream
(Huntingdon)
Gill Beck
Dryfe Water
Bedale Beck
Spetchley Brook

A14
M6
M74
A1(M)
M5

Grid
reference
SE343024

Stage 3 site
I.D.
M1/R.Dike

TL380642

A14/Hunt.

NY431479
NY126837
SE287892
SO883536

M6/Gill
M74/Dryfe
A1/B.Beck
M5/S.Brook

Predictions of sediment accumulation and negative impacts at M1/R.Dike, A14/Hunt.
and M5/S.Brook, versus a predicted lack of accumulation/sediment-mediated impacts
at remaining sites (Fig. 6), are compared to the observed in-stream conditions
(Section 4).
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4. Measurement of instream conditions and ecological
impact
4.1 Field and laboratory-based impact assessment procedures
Site visits entailed four main activities:
• Photographing/qualitative observation of site characteristics
• Measurement of channel characteristics required for Tier II and Tier III
sediment dispersal assessment (section 2.2.2.2)
• Taking kick samples of benthic invertebrate communities upstream and
downstream of the outfall
• Collecting sediment from the receiving watercourse at upstream and
downstream stations for laboratory toxicity tests and chemical analysis
N.B. sediment could not be collected downstream of the outfall at site M1/R.Dike
due to being washed away during 2007 floods. However, sediment could be
collected at A14/Hunt., A1/B.Beck and M5/S.Brook (section 4.2).
Laboratory-based assessments consisted of sediment toxicity tests utilising fieldderived sediment with the freshwater shrimp Gammarus pulex (L.). Tissue loadings
of metals (Cd, Cu, Zn) and PAHs (pyrene, fluoranthene and Total PAHs) were
analysed as in Stage 2 of the current project (11).
4.1.1 Field methodology overview
On-site measurements were recorded using standardised proformae adapted from
those used during Stage 1 site selection (Appendix 4). Bank full channel dimensions
plus in-situ flow dimensions and bed slope were measured using Stage 1
methodologies (10). The flow velocity at points 25%, 50% and 75% along a
perpendicular cross section of the wetted channel was measured at one third of the
total flow depth using an electromagnetic flowmeter (Valeport model 801; Valeport
Ltd. Townstall industrial estate, Dartmouth, Devon, U.K.). These parameters were
subsequently used during Tier II and III assessments of sediment dispersal potential
(Appendix 1 section A2.3.3).
Benthic community samples were obtained using 3-minute composite kick samples
plus 1-minute hand search samples described for use during “River Invertebrate
Prediction And Classification System” invertebrate sampling (RIVPACS; (17) and
Stage 1 report; (10)). Samples were taken upstream and downstream of each
highway drainage outfall. Macroinvertebrates in each sample were preserved in a
70% concentration aqueous solution of industrial methylated spirits and separated
from debris in the laboratory. Aquatic macroinvertebrates were generally identified to
species level, where possible. The two major groups that were identified to lower
taxonomic resolution were chironomids (to Family) and oligochaete worms (to Class).
The following were calculated for each individual sample:
•
•
•

Total number of taxa
Biological Monitoring Working Party score (BMWP; (18) cited in (19))
Average Score per Taxon (ASPT (20); i.e. BMWP score divided by the
number of scoring taxa)

Observed community scores were used to calculate Ecological Quality Index (EQI)
scores that are used by the Environment Agency to classify biological quality
(http://www.environment-agency.gov.uk/commondata/acrobat/bio_method_09_03_559881.pdf).
These EQIs are calculated by dividing the observed values of No. of taxa, BMWP
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and ASPT by the values of each predicted by RIVPACS. Values <1 for an EQI
indicate a poorer than predicted community, whilst those ≥1 are indicative of
communities in pristine river habitat. Comparisons are then made between EQIs at
upstream and downstream stations at each site to test for deterioration in quality
downstream of each outfall.
Sediment samples for laboratory toxicity tests (totalling 5 litres per sample) and
single cores for Acid Volatile Sulphide (AVS), Simultaneously Extracted Metals
(SEM) and Total Organic Carbon (TOC) analysis were obtained from the top 10 cm
of the watercourse substrate. A 10-cm diameter coring device was used to extract
surficial sediment (Stage 2 report; (11)). Analysis of AVS, SEM and TOC was carried
out at the Vlaamse Instelling voor Technologisch Onderzoek (VITO; Milieumetingen,
Boeretang 200, 2400 Mol, Belgium). Metals incorporated in the determination of SEM
were: Cd, Cu, Fe, Ni, Pb and Zn.
4.1.2 Laboratory toxicity tests methodology overview
Test organisms
Adult male Gammarus pulex were collected from Crags stream (NGR: SK497 745)
and housed in a 15 ºC controlled temperature room in the Department of Animal and
Plant Sciences at The University of Sheffield. Organisms were retained, without
feeding, for four days prior to use in 20-l aquaria containing artificial pond water
(APW; (21))
Sediment preparation
Sediment collection was attempted at all six field sites at stations upstream and
downstream of the highway discharge. Collection was only successful at three field
sites (A14/Hunt., A1/B.Beck, M5/S.Brook). Five litres of surficial sediment (upper 10
cm) were collected from each station, stored at -20 ºC to kill resident macrofauna and
passed through a 2-mm sieve prior to use.
Exposure conditions
Exposure vessels were polystyrene cups (48-mm basal diameter x 100-mm tall, 65mm diameter at upper rim) containing sediment to a depth of 1 cm. Vessels were
frozen at -20 ºC until ready for use. In order to limit resuspension of sediment, 120
ml of overlying water (APW) was added whilst the sediment was still frozen before
being allowed to equilibrate for 3 days to the test conditions. Exposure duration was
six days at 15 ºC with a photoperiod of 16 h daylight to 8 h darkness in all cases.
Feeding rate assessment
Thirty individual gammarids per sediment type (i.e. upstream or downstream) were
placed in individual exposure vessels. Feeding rate on fungally-conditioned alder leaf
(Alnus glutinosa) material was measured during exposure using an established
methodology (21).

4.2 Findings of field and laboratory-based impact assessments
4.2.1 Qualitative field observations
The impact of exceptionally high rainfall during summer of 2007 was apparent at
each of the six field sites. Due to the initial experience of screening each site during
Stage 1 of this project, it was possible to contrast the receiving water conditions
between our 2003 and 2007 site visits. Rainfall (Appendix 5) and river gauging
(http://www.ceh.ac.uk/data/nrfa/water_watch.html) data are available for summer 2003
(Fig. 7) and summer 2007 (Fig. 8) that indicate the contrast in climatic and
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hydrological conditions in the months prior to each visit. It is clear that summer 2003
was particularly dry. By contrast, the flooding that occurred in some parts of the
country in 2007 was generally reflected by extremely high flows in all river systems
captured by our survey sites. Therefore, if highway derived sediment is a genuine
hazard, 2003 should represent a high probability that contaminated sediment could
cause toxicity. In contrast, the significant habitat modification resulting from 2007
flooding may be far more influential in community structure than inputs of highway
runoff. Flooding may also reduce toxicity by removing accumulations of contaminated
sediment. With climate change predicted to result in more frequent extreme weather
events, the contrasting scenarios evident in 2003 and 2007 may provide a useful
“bracketing” of potential future conditions.

Figure 7: River flows during August 2003 expressed as a percentage of the long term average
flow. Green disks indicate normal flows, whilst yellow, orange and red disks all indicate lower
than average flows (Public Domain information reproduced from the National Water Archive,
Centre for Ecology and Hydrology)
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Figure 8: Monthly average river flows during July and August 2007 expressed as a percentage
of the long term average flow. Black disks indicate exceptionally high flows and black circular
arrows indicate record high flows. (Public Domain information reproduced from the National
Water Archive, Centre for Ecology and Hydrology)

The actual conditions at the six survey sites were observed and recorded during
Stage 3 surveys. These observations were compared to records made during initial
screening visits made during 2003 (Stage 1 site dossiers; (10)). All three sites that
were predicted to accumulate sediment (M1/R.Dike, A14/Hunt. and M5/S.Brook)
were very slow flowing during both visits. However, in October 2007, each of these
sediment-accumulating sites contained large deposits of gravel in the downstream
stations. Almost all fine sediment material had been washed away from the
downstream stations at each of the three “sediment-accumulating” sites –
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presumably during the summer flooding. This situation was most extreme at the
downstream station at M1/R.Dike (Fig. 9). Here, it was impossible to collect sufficient
sediment from the downstream station to perform chemical analyses or laboratory
toxicity tests. At A14/Hunt., one small pocket (< 50cm x 30cm area within a channel
approximately 2m wide) of fine sediment remained at the downstream station and
was collected. This was a complete contrast to August 2003 site visit notes that
report substrate in the downstream channel consisting entirely of fine, black sediment
(Stage 1 report, site dossiers; (10)). The sandy sediment present at M5/S.Brook
during the October 2007 site visit was visibly indistinguishable between upstream
and downstream stations.

a) 2003

b) 2007

Figure 9: Downstream sampling station at M1/R.Dike in August 2003 (a) and October 2007
(b). Note the huge deposited mass of gravel and debris present in 2007. This gravel bar
speeds the current as it passes around the obstruction, but the flow above the obstruction is
uniformly slow (as in 2003)

Overall, therefore, receiving watercourse flow conditions in M1/R.Dike, A14/Hunt.
and M5/S.Brook appeared to be similar to 2003 (i.e. conducive to sediment
accumulation). However, fine sediments washed away during flood conditions of
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June to August 2007 had not accumulated to comparable quantities at the
downstream stations by October 2007. Further, large particle-size debris and
substrate imported from upstream was clearly present in the downstream study
reaches of these three sites.
In common with M1/R.Dike, A14/Hunt. and M5/S.Brook, flow conditions at sites
predicted to disperse sediment (M6/Gill, M74/Dryfe and A1/B.Beck), were similar
between 2003 and 2007 visits. Some evidence of previous flood conditions was
evident at M74/Dryfe, however. Visiting the site during 2007 revealed that part of the
river bank had been washed away (Fig. 10). During both visits, though, the receiving
watercourse conformed to the Tier II and III predictions that M74/Dryfe should be a
sediment-dispersing environment.

a) 2003

b) 2007

Figure 10: Downstream channel at M74/Dryfe during August 2003 (a) and October 2007 (b)
site visits. The collapsed banking visible below the fence posts in 2007 corresponds to the
banking on the right hand side of the image taken in 2003.
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There was little evidence of flood impacts at M6/Gill between the 2003 and 2007
visits, and the receiving watercourse retained its character of a steep, rocky
Cumbrian beck with turbulent flow. The very small width (approx. 50 cm; site
dossiers, Stage 1 report; (10)) is difficult to estimate from mapping and this is
coupled with low volumetric discharge. This led to a Tier I prediction as M6/Gill being
a potentially sediment-accumulating site. Tier II and III predictions, though, indicated
sediment dispersal and this appears to be borne out in observed conditions.
The complex nature of the predicted sediment accumulation potential at A1/B.Beck
(Table 4) is reflected in the conditions encountered on site. Here, dense macrophyte
growth within the channel (Fig. 11), leads to areas of almost stationary water as well
as corridors of faster current. This situation highlights that instream influences on flow

Figure 11: Macrophyte growth in A1/B.Beck receiving watercourse (downstream station)
October 2007.

must be assessed during the macrophyte growth season (i.e. May to September
inclusive). It was possible to collect sufficient sediment at both upstream and
downstream stations at A1/B.Beck to perform chemical analyses and laboratory
toxicity tests. Chemical and toxicological examination of A1/B.Beck sediment (section
4.2.3) is potentially highly informative. Simple observation does not indicate whether
sediment accumulated around rooted macrophyte beds could be derived from
highway runoff. Elevations of PAHs and metals in downstream relative to upstream
sediment could resolve this issue.
4.2.2 Macroinvertebrate community impacts
The EQIs for each biotic index (section 4.1.1 and Appendix 3) were compared
between upstream and downstream stations at each field site using 2007 sample
data. Using data generated from Stage 1 screening samples (Stage 1 site dossiers;
(10)) it was possible to evaluate the same suite of indices for both 2003 and 2007. In
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this way, some of the physical impacts of 2007 flood conditions may be accounted
for. The percentage change from the upstream EQIs to downstream EQIs for each
metric are plotted for all six sites (Fig. 12).
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Figure 12: Relative change in EQI scores between upstream (US) and downstream (DS)
sampling stations at sediment-accumulating (a) and sediment-dispersing sites (b) during 2003
and 2007 surveys.

In sediment-accumulating sites (M1/R.Dike, A14/Hunt. and M5/S.Brook) during 2003
(Fig. 12a), all EQIs are reduced at downstream stations. Of these sedimentaccumulating sites, the most dramatic reductions are evident at M1/R.Dike and
A14/Hunt. Conversely, 2007 results (Fig. 12a) give no evidence of previously
apparent impacts at two of these sediment-accumulating sites (A14/Hunt and
M5/S.Brook). It is likely that this reversal is due to the removal of previously
accumulated sediment during 2007 floods. Surprisingly, a downstream impact was
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still detected at M1/R.Dike (the remaining sediment-accumulating site), even though
there was only a very fine film of sediment at the downstream station.
Downstream EQIs at sediment-dispersing sites (M6/Gill, M74/Dryfe and A1/B.Beck)
are generally reduced for two sites (M6/Gill, M74/Dryfe) and generally slightly
elevated for one (A1/B.Beck) during 2003 (Fig. 12b). The magnitude of the apparent
impacts at sediment-dispersing sites is less dramatic than 2003 M1/R.Dike and
A14/Hunt. impacts (Fig. 12a). Interestingly, M74/Dryfe showed an increase in the
ASPT even though the total number of taxa and the BMWP were slightly reduced
(Fig. 12a). The upstream station at M74/Dryfe, therefore, contained more low-scoring
invertebrate families. In 2007, relatively small downstream reductions in community
metrics were measured at M74/Dryfe; the site with by far the greatest invertebrate
abundance and diversity (Appendix 3). A larger downstream reduction in EQIs was
apparent at M6/Gill during 2007, whereas a very dramatic relative increase in all
community metrics was found downstream at A1/B.Beck (Fig. 12b). However, the
relative increase downstream at A1/B.Beck is strongly influenced by the very poor
upstream EQI values (Appendix 3).
Overall, the impacts observed during 2003 at sediment-accumulating sites only
remained evident at M1/R.Dike in 2007. Conversely, relative improvements in 2007
were noted at M74/Dryfe and A1/B.Beck compared to 2003 (although in the latter
case, there may be an upstream impact). There was an apparent deterioration in
downstream BMWP and No. of taxa at M6/Gill in the 2007 survey.
4.2.3 Laboratory sediment toxicity tests
As noted in section 3.1, sediment metal concentrations varied between sites; with
levels both below (A14/Hunt, US and DS, A1/B.Beck DS) and above (A1/B.Beck US,
M5/S.Brook US and DS) the mechanistic SQG (Fig. 5b). Although sediment
concentrations of PAHs varied between sites and stations, no concentrations in
excess of the mechanistic SQG were detected (Fig. 13). There was a notably higher
molar concentration of PAHs per gram organic carbon at the upstream station at
A1/B.Beck. This is partly due to higher TOC concentrations downstream. However,
even the dry weight sediment concentration may indicate a source of upstream PAH
contamination. No sediment collected during 2007 showed evidence of elevated PAH
contamination downstream of highway drainage outfalls (Fig. 13). The only apparent
downstream increase in metal concentration may be evident at A14/Hunt (Fig. 5b).
5

PAH (µmol/g TOC)

4

Mechanistic
SQG

Flu
Pyr
Total PAH

3
2
1
0

US

DS

A14/Hunt.

US

DS

A1/B. Beck

US

DS

M5/S. Brook

Figure 13: Molar PAH per gram of sediment TOC concentrations measured in single
homogenised sediment batches used for toxicity test exposures.
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In contrast to variable sediment concentrations of contaminants, there was no
indication that Gammarus pulex tissue concentrations of contaminants differed
between upstream and downstream sediment exposure (Fig. 14). Cadmium was not
detected in any of the tissue samples and neither Cu nor Zn concentrations varied
between US and DS stations at each site (Mann-Whitney U test, n≥4; p>0.05; Fig.
14a). Similarly, no difference in PAH tissue concentrations was detected between
upstream and downstream sediment exposure of G. pulex (Mann-Whitney U test,
n=5 and 5; p>0.05; Fig. 14b)
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Figure 14: Median (± quartile range) tissue metal (a) and PAH (b) concentrations in
Gammarus pulex exposed in laboratory toxicity tests to sediment collected from 3 field sites.
No differences in tissue concentrations of metals or PAHs were detected between upstream
(US) and downstream (DS) sediment exposure (Mann-Whitney U test, n≥4; p>0.05)
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In summary:
•
•

PAH and metal contaminant levels measured in all bed sediments were
below mechanistic SQG values
Enhanced contaminant uptake did not result from downstream sediment
exposure

Therefore, it is unsurprising that feeding rate did not differ significantly between G.
pulex exposed to upstream and downstream sediment from each site (Fig. 15).
However, feeding rate is based on individuals surviving until the end of the exposure.
A result that was surprising is the significantly greater mortality that occurred in
downstream sediment compared to upstream sediment from A14/Hunt. (Fishers
exact test for count data; p<0.05). This suggests that A14/Hunt. downstream
sediment contained an agent that was lethally toxic to a proportion of the organisms
exposed, but had no effect on feeding rate within survivors. Overall, therefore, there
were no discernable effects that could be assigned to PAH or metal contamination.
Chemical analysis of sediment did not detect obvious elevations of highway-derived
metals or PAHs downstream of outfalls. As with macroinvertebrate community
analysis, it is likely that the loss of fine sediment from downstream stations during
summer 2007 floods potentially influenced the results of toxicity tests. Both these
results highlight the difference between the in-pipe sediment contamination and the
actual measurable contamination in bed sediment following flood events (N.B. the
risk assessment uses modelled in-pipe sediment contamination). The most robust
demonstration of impacts caused solely by contaminated sediment accumulated from
a highway discharge remains the Pigeon Bridge Brook/M1 exposure detailed in
Stage 2 (11).
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Figure 15: Mean (± SE) feeding rate of G. pulex exposed to upstream (US) and downstream
(DS) sediment collected from 3 field sites. No difference was detected in feeding rate between
upstream and downstream exposures (Students t-test, t≤1.24, n≥20; p>0.05)
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4.2.4 Overview of impact assessments versus predictions
A summary table of predicted and observed conditions for 2007 investigations is
presented below (Table 6). The difficulties posed by the impacts of flooding on typical
field conditions are exemplified by the sediment accumulation entries in Table 6.
These indicate a mismatch between predicted and observed accumulation of
sediment – even when receiving watercourses were found to be very slow flowing
during site visits. The apparent loss of previously accumulated sediment hinders the
interpretation of observed effects (field and laboratory) during 2007 studies. A lack of
obvious sediment accumulation in sites that are predicted to be accumulating
environments was not necessarily associated with an absence of impacts (i.e.
M1/R.Dike, where only a layer of sediment ≈ 1-mm deep was observed). Conversely,
difficulty in collecting sediment with confirmed highway-derived contamination was
associated with a lack of observed sub-lethal toxicity. Chemical analysis of both
sediment and animal tissue did not detect downstream elevations of a suite of
contaminants typically associated with highway-derived material. However, the small
sample of downstream sediment that remained at A14/Hunt did prove to be lethally
toxic to Gammarus pulex (Table 6).
Table 6: Tool predictions versus observed conditions (2007 investigation)

Sediment
accumulation

Impact (field
assessed)

Impact (laboratory
assessed)

Predicted

Observed

Predicted

Observed

Predicted

Observed

M1/R.Dike

√

x

√

√√

√

N/A

A14/Hunt.

√

x

√

x

√

√†

M5/S.Brook

√

√

√

x

√

x

M6/Gill

x

x

x

√

N/A

N/A

M74/Dryfe

x

x

x

x/√

N/A

N/A

A1/B.Beck

x

(sandy
substrate)

x

x

x

x

(tiny remnant)

√

Double tick marks indicate strong and easily observable effect, N/A indicates not applicable
due to lack of appropriate test/comparison.
†
Impact was not apparently associated with the suite of metals or PAHs measured during this
investigation

In response to the difficulties posed by flooding, the available comparisons of
sediment accumulation versus apparent field-community impacts during 2003 are
considered (Table 7). It is likely that the 2003 conditions are more typical of those
generally found at each field site. Observed sediment accumulation and dispersal
were generally well predicted by the assessment procedure (Table 7). The presence
of sandy sediment at A1/B.Beck is associated with dense instream macrophyte
growth and highlights the potential influence of instream modifications to flow. The
largest community impacts were apparent at A14/Hunt and M1/R.Dike, with less
dramatic reductions in EQIs at M5/S.Brook. Downstream reductions in EQIs at sites
with rocky substrates (M6/Gill and M74/Dryfe) cannot be readily attributed to
accumulated sediment, and may highlight the importance of the risk assessment of
soluble pollutants.
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Table 7: Tool predictions versus observed conditions (2003 investigation)

Sediment
accumulation

Impact (field
assessed)

Predicted

Observed

Predicted

Observed

M1/R.Dike

√

√

√

√√

A14/Hunt.

√

√√

√

√√

M5/S.Brook

√

√

√

√

M6/Gill

x

x

x

√

M74/Dryfe

x

x

x

√/x

A1/B.Beck

x

(sandy
substrate)

x

x

√

Double tick marks indicate strong and easily observable effect

The comparisons of predicted and observed conditions in 2003 indicate the efficacy
of the risk assessment procedure in identifying sites at risk of sediment accumulation.
The potential for negative impacts on biological quality associated with sediment
accumulation is also exemplified. Surveys during 2007 further indicated that the
velocities measured in receiving watercourses were consistent with predicted values
in all cases.
In summary, the risk assessment tool for insoluble pollutants has demonstrated a
capacity to discern sediment-accumulating and sediment-dispersing sites. The
prediction of biological impacts at sites that accumulate sediment below highway
outfalls is also evident.

5. Assumptions, limitations and future recommendations
During the development of the insoluble contaminants risk assessment, a number of
conditions were encountered that were without precedent (and for which no directly
applicable solution was documented in existing literature). Typically, these conditions
relate to calculations and definitions of acceptable or unacceptable ecological
scenarios. In order to construct a functional procedure, expert judgement was used
to set the initial values of unprecedented parameters in this first version of the risk
assessment tool. In this section, instances in which such assumptions were applied
are highlighted. Subsequent recommendations on how future research may be
targeted in order to refine the assessment tool are also made.
Acceptability of sediment coverage (section 2.2.1)
The acceptable upper limit of sediment coverage of 1 cm depth x 10 m length x 10%
of channel width was defined by expert judgement. The working group consisted of
practitioners and risk assessors nominated by the Highways Agency and
Environment Agency. Outcomes of this meeting are appended to this report, along
with meeting details and attendees (Appendix 6).
The prediction of annual sediment load that is used to estimate the extent of
sediment coverage is made using the model produced from parallel projects (3-7). To
date, sediment coverage estimates made at 22 sites (Table 4 and Appendix 1; Table
17) result in very high estimates of critical channel width (between approximately 30
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and 480 m). Current examples consequently indicate that the risk assessment is
unlikely to identify sites with sediment accumulation that is <10% of the channel
width. Notably, however, the method used to estimate annual sediment load can
result in marked improvements in the discriminatory power of the risk assessment
(Appendix 1; Table 18). In the existing predictive model, estimation of annual
sediment load assumes that the highway pavement represents an infinite source of
sediment. A potentially appropriate future modification to the model may include a
parameter that accounts for exhaustion of sediment with duration of rainfall. As with
any modification, an exhaustion parameter should only be incorporated if it is
supported by empirical data.
Map-based prediction of stream cross sectional area (section 2.2.2)
Limitations of the regression equation used to develop a relationship between stream
width and its cross-sectional area (Eqn. 1) should be acknowledged. The stream
dimensions used to generate this relationship represent a small subset of the
potential full range of conditions that may be experienced on site (Appendix 1;
Appendix A1). Even though the upper 95% confidence interval of the regression
equation is applied as a precaution, Table 4 alone contains 2 examples of underprediction of measured cross-sectional area (M1/Rockley Dike and A1/B.Beck). A
stream needs only to be slightly deeper than those used to generate Eqn. 1 to have a
greater than expected cross-sectional area. Therefore, the identification/generation of
a more extensive dataset to improve prediction of cross-sectional area from width is
desirable.
Desk-based prediction of sediment accumulation (section 2.2.2)
The Tier I assessment of whether a watercourse is likely to accumulate or disperse
sediment is designed to indicate two extreme conditions. First of all, sites that are
unlikely to accumulate sediment - even at low flow (Q95). Secondly, sites that are
almost certain to accumulate sediment at Q95. The critical cross sectional area
associated with a mean velocity of 0.1m/s for a specified volumetric discharge is the
criterion used to judge these extremes. The conditions that are used to judge
between these extremes were set by the expert judgement of Sheffield/ECUS
principle investigators and scientific personnel. This report recommends that sites are
at low risk of accumulation when the measured cross sectional area is smaller than
the critical value. Similarly, we recommend that where cross-sectional area is
predicted to be 10-fold in excess of the critical area; the receiving watercourse will
almost certainly accumulate sediment. Exceedence factors >1 but <10 prompt risk
assessors to undertake site-specific measurements of accumulation potential
(section 2.2.2). Future research may enable an evidence-based derivation of a more
appropriate exceedence factor for critical area than the current (arbitrary) factor of
10.
Storm-event specific prediction of sediment accumulation
The identification of likely sediment accumulation behaviour in a receiving
watercourse (section 2.2.2) is based on realistic worst case conditions. Sites deemed
likely to accumulate sediment at low flow may, or may not, have mean velocities of
<0.1 m/s for the majority of the year. It is currently not possible to reliably map the
quality, quantity and duration of individual outfall discharge events onto the timing,
duration and magnitude of receiving water responses to rainfall. Therefore, this report
documents the application of our risk assessment scheme and a calibration of the
resultant assessment predictions relative to observed conditions. A highly
sophisticated improvement to our current scheme could be the development and field
validation of event-specific assessments of sediment accumulation.
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Appendix 1: Full report of Stage 3, Task 1

Risk Assessment Procedure Rationale and
Derivation
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Stage 3 Task 1: Risk assessment tool development
A1. Introduction
Following completion of Stage 2 work (10), the study specification indicates that:
“The Contractor may be invited to assist in devising a procedure whereby the
prediction of the accumulation and dispersion of suspended solids, and the
ecological significance of accumulation can be assessed on a site by site
basis for the purpose of environmental impact assessments. This may
require the development of an expert system.”
This report presents our assessment procedure and also provides the rationale
behind the derivation of its key components. The basic overall procedure is
summarised in the flowchart (Fig. 1) on the following page. Our assessment of risk is
divided into two main components; an assessment of the hazard posed by highwayderived particulate material (potential toxicity) and an assessment of exposure
(sediment accumulation). Evaluation of both hazard and exposure requires the input
of information from a number of sources. These inputs are highlighted for each part
of the assessment procedure (Fig. 1; underlined text) and are divided into three main
categories:
iv.
v.
vi.

Benchmark “trigger” values (i.e. toxic sediment contaminant concentrations
and shear velocities associated with sediment settling/remobilisation)
Lowest realistic values for factors that reduce sediment toxicity (i.e. total
organic carbon (TOC) and acid volatile sulphide (AVS)).
Either precautionary or site specific predicted conditions (i.e. expected
sediment contamination and modelled receiving water discharge/shear
velocities)

Each input is fully described and the rationale for the selection of specific values is
provided in “Input value derivations and evaluations” (sections A2 and A3). By
describing the purpose of each required input, and providing an evaluation of existing
candidate information sources, we explain the basis of each of our selections. In
addition, an explanation (including a worked example) is provided for all calculations
that are used to evaluate hazard and exposure in “Applying the risk assessment
procedure” (section A4). In addition to the basic overview (Fig. 1), we also include
more detailed and precise quantifications of the magnitude of trigger value
exceedence and the extent of sediment accumulation (Fig. 6 and section A4). Our
aim is to produce a tiered risk assessment procedure that is simple to carry out and
to select the most appropriate available input variables.
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Step 1:
Hazard assessment
START
INPUT:
− Particulate
contaminant
loading (WRc
model; (3-7))

Determine potential
sediment toxicity

YES
Mitigation

TRIGGER VALUES:
– Canadian Sediment
quality guidelines (1)
– Modifying variables
ƒoc + AVS/SEM
(literature values or
measured) in
combination with
mechanistic
sediment quality
guidelines (8,9)

Exceed trigger
value?

NO

END

YES

Step 2:
Exposure assessment
Input for receiving water:
– Channel width + depth (desk
based calculation/
measurement on site)
Data input:
– Discharge profile (Lowflow
2000;(2))

Critical value:
Settling/remobilisation
threshold shear velocity
of 0.1 m/s (literaturederived as per section
section A2.3.3)

–

Determine exposure
potential

Fine sediments
accumulate?
YES
Mitigation

NO

END
Verify: no
downstream controls
and no visible
sedimentation

END
Figure 2: Basic flowchart for insoluble pollutants risk assessment tool. Sources of key
required information are indicated in underlined text. Acid volatile sulphide (AVS),
simultaneously extracted metals (SEM) and organic carbon fraction (ƒoc) are factors that may
limit bioavailability of contaminants. Numbered reference citations are given in brackets.
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A2. Input value derivations and evaluations
A2.1 Predicted contaminant loadings
The starting point for each assessment will be an estimated particulate concentration
of each of the following metals and polyaromatic hydrocarbons (PAHs):
Metals
Cadmium
Copper
Zinc

PAHs
Pyrene
Fluoranthene
total PAHs

This suite of contaminants was identified as being of potential importance during
Stage 2 investigations due to observations of bioaccumulation and association with
negative biological impacts. The modelling tool produced during the “Improved
determination of pollutants” project (3-7) has the capability to estimate event mean
sediment concentration (EMCs in mg/kg) with a range of return periods (RPs) of each
contaminant. If the conditions of the receiving water favour sediment deposition, then
the estimated sediment EMC could persist indefinitely in the receiving watercourse
(and not depend on renewed discharges from the highway). Therefore, an estimated
EMC with a 1-year RP is suggested as a suitably precautionary value.

A2.2 Contaminant trigger values
Predicted sediment contamination values will be compared against a set of
benchmark trigger values that will indicate when toxicity is likely (Fig. 1; Step 1). A
predicted contaminant value that exceeds the selected trigger values represents an
unacceptable hazard. Depending upon the number of failing contaminants and/or the
degree to which individual trigger values are exceeded, the risk assessor can opt for
mitigation measures or an assessment of exposure potential. It is important,
therefore, that the most appropriate available trigger values are identified for the suite
of contaminants identified above. Existing approaches for calculating such trigger
values in sediments are variable. Similarly, the trigger values themselves also vary
within and between methodologies. In order to select the most appropriate values,
the various derivation methods and sources of information must be evaluated. We
propose that the most suitable source of trigger values will be Sediment Quality
Guidelines (11).
A2.2.1 Sediment Quality Guidelines (SQGs)
This section contains discussions that are adapted from, or are in line with, the
proceedings from the Pellston workshop on “The Use of SQGs and Related Tools for
the Assessment of Contaminated Sediments”, held by the Society of Environmental
Toxicology and Chemistry (SETAC) in 2002 (11).
Sediment quality guidelines are tools that relate the concentrations of contaminants
in sediment to some predicted frequency or intensity of biological effects. In an
idealised situation, all sediment contaminants occurring below the SQG
concentration would not show biological effects, whilst all sediment contamination
above the SQG would show effects (Fig. 2A). However, this situation never occurs in
practice since there are too many variables other than individual sediment
contaminant loadings that influence biological response. Confounding variables tend
to produce overlap between effects and no effects either side of SQG values (Fig.
2B). For example, confounding variables may include the impacts of co-occurring
chemicals within the sediment, differences in organism sensitivity/sediment physical
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characteristics or variation in the bioavailability of contaminants. Even when
normalisations that may account for bioavailability are applied to the contaminant
concentrations, no guideline has yet been produced that can perfectly distinguish
between the presence and absence of biological impacts (11). Typically, therefore,
the relationship between sediment contaminant loading and an observed probability
of an effect is plotted across a wide range of contaminant concentrations (e.g. Fig. 3).
As a generalised example, the plot of contaminant concentration against probability
of an impact will be used to identify two different concentrations:
•
•

The threshold below which the probability of observing effects is low
(threshold for effects; TE)
The threshold above which the probability of observing effects is high
(probable effects; PE)

However, within this broad generalisation, there are many intricate variations in the
terminology, calculation methods and the sources of data that are utilised by different
guidelines. There are also many variations in how guidelines are expressed
following the calculation of basic thresholds. These variations reflect the different
intended guideline purposes balanced against the constraints and limitations
associated with each derivation procedure.
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Overlap
of effect
and no effect
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Figure 2: Example distributions of biological impacts against sediment contamination: (A)
Unrealistic perfect distinction between effect and no-effect threshold versus (B) Usual situation of
overlapping effect/no effect concentrations (redrawn from (11))
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Probability of biological effects

1.0
Threshold for
effects (TE)
High probability
of effects (PE)

0.5

Transition zone

0.0
1
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100000 1000000

Chemical stressor concentration
Figure 3: Generalised concentration-response model. Either specific threshold
concentrations (i.e. concentration at TE or PE) or the range of concentrations below, between
and above TE and PE are identified to indicate concentrations at which effects are rare,
uncertain or frequent respectively (redrawn from (11))

The most commonly used SQG terms, along with accepted abbreviations and brief
descriptions are summarised in Table 1. The variety of terms that may have subtly,
or dramatically, different meanings is apparent in such a collation. Of particular note
is the distinction between No-effect Level (NEL; (12)) and No-effect Concentration
(NEC; (13,14)). The former is equivalent to the generic TE (Fig. 3), whilst the latter is
a value below the generic PE (Fig. 3) outlined in the generalised concentration
response model above. The derivation of the NEC is a somewhat confusing
combination of implied safety factors applied to measurements of impact. The
approach is designed to suggest a concentration that has no detectable impact upon
any watercourse amenity.
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Table 1: Guideline descriptions, key to abbreviations and source references

Guideline
terminology

Abbreviation

No Effect Level

NEL

Lowest Effect Level

LEL

Effects Range Low
Threshold Effects
Level
Screening Level
Concentration

ERL
TEL

ERM

Predicted Effects
Level

PEL

Logistic Regression
Model
Equilibrium
partitioning (nonionic organics)
Equilibrium
partitioning (metals)

SEL
AET
NEC
LRM
EqP (nonionic
organics)
EqP (metals)

Sum of polyaromatic
hydrocarbons

ΣPAH

Equilibrium
partitioning
(narcosis)

EqP
(narcosis)

References

(12)

(12)
(13-16)

Concentration below which
effects infrequently observed

(13,14,17,18)
(19)

SLC

Effects Range
Median

Severe Effects
Level
Apparent Effects
Threshold
No-effect
Concentration

Description of intended
purpose
No adverse effects on water
quality, water uses or benthic
organisms. Designed to
protect against
biomagnification
Most sensitive water uses
may be affected

Concentration above which
effects may be frequently
observed
Concentration above which
effects are frequently
observed
Majority of benthic organisms
will be affected
Concentration above which
adverse effects are always
observed for specified
endpoint
Frequency of toxicity
associated with chemical
concentration
Protection of sensitive
species from chronic effects
via comparison to aqueous
toxicity
Protection of sensitive
benthos by considering
mixture toxicity of a single
class of compounds to
amphipods
Protection of wide range of
sensitive species considering
mixture toxicity via common
mode of action

(13-16)
(13,14,17,18)
(12)
(20,21)
(13,14)
(22,23)

(24,25)
(25-27)

(28,29)

(8,30)
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An introduction to different existing SQG derivation strategies is given below. This is
followed by a separate section critically evaluating the suitability of existing guidelines
for use in our risk assessment tool.
A2.2.2 Introduction to SQG derivation strategies:
Three main categories of guideline derivation procedure are currently identifiable.
These are:
i.

Empirical guidelines, which are based on information on the co-occurrence of
sediment contaminant concentrations and biological impacts
Mechanistic guidelines, which are derived using an understanding of the
processes that influence bioavailability and hence toxicity
Consensus guidelines, which synthesise multiple guidelines

ii.
iii.

A2.2.2.1 Overview of empirical guidelines
Large databases of information that contain synoptic measurements of sediment
contamination and either one or several measurements of biological impact are used
to derive empirical guidelines. Sediment samples are taken from bed sediments in a
variety of field sites and the concentrations of contaminants are analysed. The
concentration of individual contaminants in each sediment sample is then related to
the frequency with which biological impacts are detected across all comparable
samples.
Empirical guidelines show considerable variation in their derivation. Some studies will
utilise just one endpoint for all sediment samples (e.g. a significant increase in
mortality compared to control sediment in a single species sediment toxicity test
indicates the “presence” of a biological effect). In contrast, some studies will
measure numerous different endpoints and for each endpoint, the “presence” or
“absence” of biological effects will be determined (e.g. field community impacts,
toxicity and sub-lethal impacts in laboratory tests as well as mechanistic predictions
of the presence of toxicity and even existing SQGs). In addition to varying in the
endpoints that may be assessed to indicate the frequency of impacts, studies vary in
the methods by which the frequency of impacts is interpreted. The selection of
percentiles that indicate “infrequent” or “frequent” impacts is not standardised across
studies and is reliant upon the judgement of practitioners. Guidelines may also vary
in the manner that concentrations are expressed. Normalisation of contaminant
masses may be performed using bulk sediment dry weight or some fraction of the
sediment assumed to control bioavailability i.e. organic carbon and/or acid volatile
sulphide. Finally, guideline derivations vary in the degree to which source datasets
are screened for methodological comparability. Some studies stipulate data collection
criteria to ensure that methodologies are comparable. Others adopt a full weight of
evidence approach and integrate all lines of evidence.
The broad characteristics of empirical guidelines are summarised as follows:
•
•
•

Tend to use weight of evidence approaches and capture a broad range of
empirical observations of impact
Using a variety of information sources or field sites is intended to make the
guidelines broadly applicable, but may sacrifice precision for individual
applications
Laboratory sediment toxicity tests with a relatively small number of different
species are still the most common form of endpoint assessment
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•
•
•

The concentration of an individual contaminant that is associated with a
particular frequency of impacts is determined within differing sediments and
mixtures of co-occurring contaminants
It is not possible to separate the influence of one contaminant from the
influence of co-occurring contaminants or the influence of co-varying
sediment physical characteristics
Variation in bioavailability between different sediments may be implicitly
evaluated by normalising to binding phases, but is not explicitly assessed

A2.2.2.2 Overview of mechanistic guidelines
All mechanistic guidelines are currently based on equilibrium partitioning approaches
(EqP) that relate concentration of a contaminant in the porewater to a concentration
within a sediment “binding phase” (e.g. TOC or AVS) via a measured or estimated
partition coefficient. The loading in sediment that corresponds to any specified
“water only” effects concentration is set as the SQG. This presupposes that the
partitioning of the compound into porewater from the sediment binding phase is a
good predictor of toxicity for those compounds. Mechanistic guidelines for both
organic chemicals and metals require comparison to suitable existing aqueous
toxicity data. The two main sources for aqueous toxicity effect levels are:
1) The Final Chronic Value (FCV; derivation described in section A2.2.3.2.1,
para 6) taken from the USEPA ambient water quality criteria (31)
2) The use of species sensitivity distributions to derive an aqueous
concentration that is non-toxic to 95% of species (e.g. (32)).
For non-ionic organic compounds, partitioning between sediment and pore water
can be represented by a simple equilibrium equation (24):
CSOC = CPW x KOC

Eqn. 1

Where CSOC is the chemical mass per unit mass of organic carbon, CPW is the porewater concentration and KOC is the organic carbon/water partitioning coefficient.
When the value for CPW is replaced by an aqueous concentration of the chemical
that, through aqueous exposure alone, produces a biological effect – then CSOC
becomes the organic carbon-normalised sediment concentration associated with that
effect. In other words, setting CPW to equal an aqueous effects concentration (Ceffectwater) appropriate to the aims of the guideline gives:
SQG = Ceffect-water x KOC

Eqn. 2

The procedure outlined in equation 2 would result in an organic carbon-normalised
SQG.
For metals, available SQG derivations for trace metal toxicity in sediments are
dominated by the AVS model for anoxic sediments (26). Instead of assigning organic
carbon as the major binding site for free metal ions, sulphide (from sediment FeS)
has been demonstrated to be an important binding phase. This model assumes:
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•
•
•

The sulphide ligand in anoxic sediments competes effectively with any other
dissolved or solid-phase ligand for binding divalent metal ions that react
strongly with sulphide (Ag, Cd, Cu, Hg, Ni, Pb and Zn)
Equilibrium exists between dissolved and solid phases
Toxicity of metals is determined by activity of dissolved metal in porewater

Therefore, where sediment contains more AVS than free divalent metal ions, it is
predicted that metals can only exist as insoluble sulphides and be unavailable to
organisms. In a USEPA application of such guidelines, the guideline is met if either
moles of SEM are less than moles of AVS or sum of porewater toxic units is less
than 1 (Σ(pore water concs. ÷ FCVs) < 1). The porewater approach is included to
cater for oxic sediments where AVS is not the major binding factor for metals.
In addition to the dominant AVS model, metal SQGs may be derived on the basis of
empirically measured partition coefficients between sediment and porewater (e.g.
(25,33). For example, in the derivation of Dutch guidelines (25), porewater
concentrations that protect 95% of species (Ceffect-water) are converted into the
corresponding sediment loading using empirically measured partition coefficients in
the place of KOC in equation 2.
A2.2.2.3 Overview of consensus guidelines
Consensus guidelines synthesise multiple SQGs that have similar narrative intents
by calculating an average guideline value. The term “consensus” does not imply any
debated opinion between experts, it is merely a mathematical aggregation of several
existing guideline values. The consensus stems from the idea that if different
methods for deriving SQGs result in a qualitatively similar concentration, then the
validity of the result is enhanced (11). However, it is possible that convergence of
several guidelines may not occur. In this case the function of averaging several
guidelines may be more useful in characterising the existing variation between
guidelines. The averaging method used may vary between guidelines and these,
along with other detailed considerations for all three categories of SQG, are outlined
in the following section.
A2.2.3 Critical evaluation of candidate SQGs
A2.2.3.1 Empirical guidelines
A2.2.3.1.1 Major data collations
This section initially considers two major (and well documented) existing datasets
used to derive empirical guidelines before going on to highlight a subset of
smaller/regional studies. Firstly the data compiled for the National Status and Trends
Program (NSTP) run by the National Oceanic and Atmospheric Administration
(NOAA; US Department of Commerce, Rockville (MD) USA). The NSTP sediment
sampling program has been running since 1984 and lead to the creation of the
biological effects database for sediments (BEDS; (15)). The BEDS database has
been periodically revised and updated (e.g. (16,17)) and is a compilation of sediment
chemical contaminant measurements associated with a broad range of biological
endpoints. A summary of this range of biological endpoints at BEDS sampling
locations is given on the following page (Table 2). All three metal and five PAH
parameters relevant to highways runoff are captured by this study.
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Table 2: Endpoints assessed at sediment sampling locations as part of 85 studies
considered in early stages of the NSTP (15)
Assessment type

Endpoint

Sampling site
(Country/US state)
Baltimore Harbour (MD)

Fish toxicity

Mummichog spot toxicity
24-h Leiostoma xanthurus LC50 (56% sediment
exposure); 28-d LC50 (2.5%); 100% mortality (100%);
TPAH: 100% fin erosion among spot; 56% overall
mortality among spot

Nematode toxicity

Chromadorina germanica growth rate
Chromadorina germanica growth rate

Marine crustacean
toxicity

Rhepoxynius abronius mortality; TPAH: predicted 10d LC50 with Yaquina bay sediment
10-d Rhepoxynius abronius LC50
10-d Rhepoxynius abronius LC50
Palaemonetes pugio mortality (>50%) (20% elutriate)
Palaemonetes pugio mortality
Mysid bioassay
Daphnia magna mortality; Hexagenia mortality
Daphnia magna mortality
Daphnia magna toxicity

Freshwater /
estuarine
macroinvertebrate
toxicity

Marine bivalve
plus marine
crustacean toxicity

Community
impacts combined
with invertebrate
toxicity bioassays

Benthic
community
impacts

Daphnia magna mortality; Hexagenia mortality
Daphnia magna mortality
10-d Chironomus tentans LC50; 48-h Daphnia magna
LC50
Macrobrachium rosenbergii mortality
Hyalella azteca mortality (95%)
Hyalella azteca mortality
10-d Chironomus tentans / Gammarus lacustris /
Hyalella azteca LC50; 48-h Daphnia magna LC50
Nereis virens mortality (100%); TPAH: projected
toxicity to Ampelisca abdita
Macoma balthica burrowing time EC50
Bivalve larvae abnormality; Rhepoxynius abronius
mortality; TPAH: sediment quality triad bioeffects
Oyster larvae abnormality; Rhepoxynius abronius
mortality
Arthropod / echinoderm abundance; Grandidierella
japonica mortality; spp. richness
Benthic composition; Crassostrea gigas bioassay;
Microtox; Rhepoxynius abronius bioassay
Macrobenthos degradation; Rhepoxynius abronius
toxicity
Meiofaunal density
Macroinvertebrate taxa number
Benthic macroinvertebrate taxa number
Benthos species richness

Elizabeth River (VI)
Hudson-Raritan Bay
(NY)
Hudson-Rariran Estuary
(NY)
Eagle Harbour (WA)
Whidbey Island (WA)
Yaquina Bay (OR)
L.A. Harbour (CA)
Hampton Roads (VI)
Mississippi Sound (MS)
Torch Lake (MI)
Phillips Chain of Lakes
(WI)
Keweenaw Waterway
(MI)
Little Grizzly Creek (CA)
Trinity River (TX)
Tualatin River (OR)
Sheboygan River (TX)
Lake Union (WA)
Waukega Harbour (IL)
Soap Creek Pond (OR)
Black Rock Harbour
(CT)
Strait of Georgia
(Canada)
San Francisco Bay (CA)
Commencement Bay
(WA)
Southern California (CA)
Puget Sound (WA)
Palos Verdes Shelf (CA)
Forth Estuary (Scotland)
DuPage River (IL)
Kishwaukee River (IL)
Massachusetts Bay
(MA)
Norway Fjords (Norway)
Fraser River (BC)

Benthic species diversity
Macoma balthica abundance
LC50/EC50 = median lethal and median effective concentration respectively
TPAH = “Total” PAH, the sum of a minimum of 4 and a maximum of 18 PAH compounds (may be split
into “low” and “high” molecular weight; although the molecular weight used to differentiate low from high
is not stated)

The second major empirical dataset used in the derivation of guidelines adopted at
the level of international governments is a product of the Assessment and
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Remediation of Contaminated Sediment (ARCS) program (14) undertaken on behalf
of the US Environmental Protection Agency (USEPA). Findings derived from this
dataset are also published in the wider scientific literature (13). In contrast to the
NSTP approach, ARCS concentrated on a more focussed suite of endpoints that
were assessed in sediments of the Great Lakes region of North America. The ARCS
program sampling and endpoint assessments included all contaminants relevant to
highway runoff and are summarised below:
•
•
•

ARCS overview
Species: Hyalella azteca, Chironomus riparius
Endpoints: Survival (both species) + growth (length; both species), sexual
maturation (H. azteca). Test durations are noted alongside specific sampling
locations (below).
Habitat type: Freshwater harbours, rivers and bays plus brackish Mobile Bay
and Galveston Bay.
o Great Lakes Areas of Concern
1. Indiana Harbour (up to 8 samples, 1989)
2. Buffalo River (up to 11 samples, 1989)
3. Saginaw River (up to 8 samples, 1989; up to 16 samples,
1990)
• H. azteca (14 and 28-d), C. riparius (14-d):
o Waukegan Harbour, IL (4 samples, 1987)
• H. azteca 10 and 29-d; C. riparius 13-d
o Upper Mississippi River, near Minneapolis, MN (5 samples, 1987)
• H. azteca 32-d
o Upper Clark Fork River, MT (8 samples from Milltown Reservoir, 1991;
7 samples from Clark Fork River, 1991)
• H. azteca 28-d; C. riparius 14-d
o Trinity River, near Dallas, TX (5 samples, 1988)
• H. azteca 10-d, 32-d
o Mobile Bay, AL (6 samples, 1988)
• H. azteca 28-d
• 10‰ salinity in overlying water
o Galveston Bay, TX (5 samples, 1990)
• H. azteca 28-d
• 10‰ salinity in overlying water

There is an obvious contrast between the NSTP multiple, disparate lines of evidence
(designed to yield guidelines that are very broadly applicable) versus the more
focussed suite of endpoints used in ARCS. The sampling locations listed for both
programs reveal that the NSTP predominantly collated data from marine/estuarine
environments, whereas ARCS is based predominantly in freshwater systems. The
differing aims of each program will be discussed (section A3) in relation to their
suitability with respect to deriving trigger values for particulate highway runoff.
A2.2.3.1.2 Derivations of guideline values from NSTP and ARCS
As mentioned in the previous section, the BEDS database has been subjected to
revisions that have been used to recalculate sediment guideline values (16,17). In
addition, the performance of BEDS-derived guidelines to correctly identify “toxic” and
“non-toxic” samples taken from sites not included in the BEDS database has also
been evaluated (e.g. (17)). Whilst the ARCS database has not been updated
following its inception, a variety of methods have been applied to calculate and
validate SQG values. The various mathematical procedures used to derive guideline
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values from both the BEDS and ARCS databases are set out in Table 3. The
validation procedures are subsequently outlined in section A2.2.3.1.3.
Table 3: Summary of databases and mathematical procedures used to derive BEDS
and ARCS empirical sediment quality guideline values
Authors

Database

Long and Morgan
(1990; (15))

Original BEDS

Long et al. (1995;
(16)

The authors added a
large number of studies
to the BEDS database
and recalculated
guidelines. However, all
freshwater studies were
removed.

Derivation procedure
1.) Identified all studies in which sample
concentrations of contaminants were at
least twofold that of the mean of all
reference (non-toxic) samples = effects
database
2.) Sorted the concentrations of chemicals
that were observed (or predicted via EqP)
to be associated with a measurable
negative impact in the effects database
3.) Assigned the lower 10th percentile
concentration as the ERL value†
4.) Assigned the 50th percentile
concentration as the ERM value†

As for Long and Morgan (1990)

1.) Contaminant concentrations were sorted
in both “effects” and “no effects”
datasets
2.) TEL† = geometric mean of 15th percentile
Macdonald et al.
of “effects” database and 50th percentile
(1996; (17))
of “no effects” database
3.) PEL† = geometric mean of 50th percentile
of “effects” database and 85th percentile
of “no effects” database
Calculation of ERL and ERM values were
ARCS – Samples with
mathematically the same as Long and
higher contaminant
Morgan (1990) – except that the ERL
corresponded to the 15th percentile of the
levels than the mean
reference site values
“effects” database rather than the 10th
Ingersoll et al.
= effects dataset
percentile.
(1996; (13)) and
PEL† and TEL† values were calculated using
Samples less
USEPA (1996;
contaminated than
exactly the same approach as Macdonald et
(14))
al. (1996)
reference site mean
The NEC† was defined as the maximum
values
= no effects dataset
concentration that did not result in a
significant negative impact relative to control
samples.
† ERL and ERM = Effects Range Low and Effects Range Median respectively
TEL and PEL = Threshold Effects Level and Predicted Effects Level respectively
NEC = No Effect Concentration
Used the same dataset
as Long et al. (1995)
PLUS a dataset of
samples with
contamination <2-fold
mean background
levels. This was termed
the “no effects” dataset.

A2.2.3.1.3 Performance assessments of NSTP and ARCS guidelines
An internal check of the performance of the Long et al. (1995) guideline values was
undertaken (16). The percentage of samples that actually exhibited toxicity within the
predicted ranges of “minimal” (i.e. concentration < ERL value), “possible” (i.e.
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concentration between ERL and ERM value) and “probable” (i.e. concentration above
ERM value) effect ranges are presented below (Table 4).
Table 4: Percentages of toxic samples falling in minimal, possible and probable
predicted effects ranges

Contaminant
Cd
Cu
Zn
Anthracene
Fluoranthene
Phenanthrene
Pyrene
Total PAH

Proportion of
toxic samples
<ERL (%)
6.6
9.4
6.1
25.0
20.6
18.5
17.2
14.3

Proportion of toxic
samples >ERL and
<ERM (%)
36.6
29.1
47.0
44.2
63.6
46.2
53.1
36.1

Proportion of
toxic samples
>ERM (%)
65.7
83.7
69.9
85.2
92.3
90.3
87.5
85.0

The percentages given in Table 4 indicate that exceedance of ERM values was a
good predictor of the occurrence of toxicity (>69% of samples above the ERM proved
to be toxic). Similarly, samples that fell below the ERM and ERL were less likely to
exhibit toxicity. This indicates an attendant increase in precaution if ERL or ERL to
ERM guidelines are adopted to predict toxicity. ERL seems more precautionary for
metals, but still 6-10% of samples below ERL were toxic. For PAHs, by comparison
there was a false negative error rate of 14-25% (Type II errors; Table 4).
The authors also suggest that both the calculated ERL and ERM values are relatively
insensitive to changes from the original BEDS dataset. Values for ERL and ERM of
all chemicals varied on average by factors of 1.88 and 1.66 respectively, and none of
the metals and PAHs relevant to highway runoff varied by more than a factor of 3
(16).
The predictability of sediment quality guidelines (SQGs) produced by Macdonald et
al. (1996) was evaluated using four independent data sets from southeastern U.S.A
(17). Samples were either predicted to be toxic if one or more analytes exceeded the
PEL or non-toxic if no analytes exceeded the TEL. In this analysis, values falling
between the TEL and PEL were not considered.
Table 5: Performance of Macdonald et al. (1996) guidelines in predicting toxicity in four
test datasets

Test dataset
Tampa Bay Florida
Pensacola Bay
EMAP samples†† Gulf
of Mexico
GOOMEX samples†††
Gulf of Mexico
Overall

Toxicity endpoint assessment
10-d amphipod survival and 1-h sea
urchin fertilisation tests
10-d amphipod survival and 1-h sea
urchin fertilisation tests
10-d amphipod survival and 4-d
mysid survival

1-h sea urchin fertilisation /
embryological development
Cited above
†
T= toxic prediction NT = non-toxic prediction
††
Environmental Monitoring and Assessment Program (17)
†††
Gulf of Mexico Offshore Operators Monitoring Experiment (17)

Percentage succesful
prediction †
T (87%)
T (92%)
T (0%); only 3
samples predicted to
be T
NT (94%)
T(37%)
T(67%) NT (94%)
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The poor performance of Macdonald et al. (1996) in predicting toxicity of GOOMEX
samples (Table 5) was stated to be due to a lack of similarity between the conditions
used to derive the guidelines and the habitat used for the assessment (17). However,
the Macdonald et al. TEL values may be more precautionary than the Long et al.
ERL values when predicting the absence of toxicity. There was a lower percentage of
Type II errors associated with TEL-based predictions (maximum 6%) compared to
ERL-based predictions (maximum 25%).
An internal check of the predictive ability of SQGs derived from the ARCS database
was performed by generating ERM values using only the ”Great Lakes” portion of the
database (14). These ERMs (calculated by exactly the same procedure as for the
full database) were then used to predict whether samples taken from the ”Clark Fork
River” portion of the database were toxic. The authors report that for the 14-d
chironomid test, 80 – 90% of samples were correctly classified as toxic when either
one or two chemical ERM values were exceeded. Type II errors (observed toxicity
when none predicted) were always <10% and Type I errors (no toxicity when toxicity
predicted) were 20% when one chemical ERM was exceeded, dropping to <10% with
two or more exceedances. When using the Hyalella 28-d test, approximately 70% of
samples were correctly classified (Type II error <10%, Type I error 20% with 2 ERM
exceedances). The authors also report that substituting the ERM values for PELs or
NECs ”resulted in similar predictive ability” (14). Measured type II errors for ARCS
guidelines were apparently intermediate between ERL (Table 4) and TEL (Table 5)
guidelines derived from BEDS. A maximal difference across all guidelines in the
current section of between 4 and 5-fold was evident for performance in terms of
precaution. Type II errors above the (approximately typical) 10% rate would be
expected when the derivation data are not a good approximation of the systems to
which guidelines are applied.
In general, the above evaluations indicate that that greater similarity of the ecological
systems being assessed to the systems used to derive SQGs increases the
percentage of correct classifications of toxicity. The recommendation that ERM or
PEL values are more suitable for predicting the presence of toxicity than ERL or TEL
values (e.g. (16,17)) is also endorsed. Similarly, the absence of toxicity is likely to be
more reliably predicted by using ERL or TEL values.
In terms of adoption at the level of national Governments; the approach forwarded
and validated by Macdonald et al. (1996; (17)) has been used by the Canadian
Council of Ministers of the Environment (CCME) to derive and adopt freshwater and
marine guidelines from the BEDS database (1,34). Guidelines based upon Long et
al. (1995; (16)) have been adopted by the Australian and New Zealand Environment
and Conservation Council (ANZECC; (35))
A2.2.3.1.4 Supplementary examples
In addition to the empirical guidelines developed from ARCS and BEDS, a number of
regional marine (e.g. Malek (1992) in Chapter 11 of (36)) and freshwater (e.g. (21))
guidelines based on the apparent effects threshold (AET) concept have also been
forwarded. The AET (Table 1), in common with the ARCS NEC value, is the highest
concentration of a contaminant that is not observed to result in a toxic impact. A
proposed variation of this that may correct for a spurious outlying data points is a
probable apparent effects threshold (PAET; (21)). This was determined as the 95th
percentile of the sample concentrations with no significant biological effects above
the lowest concentration associated with an effect. Guideline values derived from
AET are not intended to have the broad applicability that, for example, the BEDSderived guidelines are designed to provide. A cautionary note on the generalisation
of AET-derived guidelines from a review of potential approaches to generate SQGs
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for Ontario remarks that there is “a paucity of chronic effects data suitable for AET
applications, particularly if consistency in level of protection (i.e., single species and
endpoint) is desired” (12). The review suggests that, in general, AET guidelines are
too specific to the systems within which they are developed to be applied elsewhere.
The AET-type guidelines that are most closely alligned with the assessment of
highway runoff into freshwater surface watercourses are those generated from the
freshwater sediment quality database (FSEDQUAL) of water bodies in Washington
and Oregon (21). These are summarised below and include all contaminants relevant
to highway runoff:
•

•
•

•
•

FSEDQUAL overview
Species: AET and PAET calculated using Hyalella azteca and Microtox a
small number of bioassays with Ceriodaphnia dubia, Daphnia magna,
Chironomus tentans and Hexagenia limbata were also included in the
database – but SQGs were not calculated for these individual species.
Instead, these were collectively referred to as the ”miscellaneous” set of test
species.
Endpoints:
o 10-14-d H. azteca mortality (whole sediment)
o Microtox (saline elutriate)
Geographical region: Washington and Oregon (USA)
o Lower Columbia Region: Columbia River (at Vancouver + Longview +
Goldendale), Columbia Slough, Columbia River Ports
o Puget Sound Region: Lake Washington, Snohomish River (no PAH
sampling), Nooksack River, Lake Union, Kitsap County (no PAH), Mill
Creek, Paine Field, Steilacoom Lake (no PAH)
o Upper Columbia River Region: Lake Wallula (no PAH), assorted
irrigation returns, Lake Roosevelt, Spokane River
o Willamette River Region: Willamette River
Habitat type: Freshwater lakes and rivers
Mathematical derivation of SQG(s):
o AET = the concentration of a given chemical above which a
statistically significant (p<0.05) biological effect (e.g., mortality) is
always expected to occur.
o PAET = 95th percentile of the sample concentrations with no
significant biological effects above the lowest concentration
associated with an effect.

An internal check applied to these guideline values was attempted by comparing
Microtox-derived SQGs to incidences of toxicity detected by H. azteca as well as to
”miscellaneous” test species battery. Similarly, the H. azteca-derived guidelines were
compared to incidences of toxicity detected by Microtox and ”miscellaneous” test
species bioassays. Two factors were evaluated with respect to guideline efficacy in
predicting toxic impacts; efficiency (correctly predicted/number predicted) and
sensitivity (correctly predicted/impacted). The overall range of efficiency was 23% to
76%, whilst sensitivity varied between 25% and 100% (21).
As an alternative to AET approaches, the Ontario guidelines adopted three different
guidelines: 1) the no-effect level (NEL), implying no effect on the water quality or its
uses, and benthic organisms accordingly, 2) the lowest effect level (LEL), above
which some uses may be affected, and 3) the severe effect level (SEL), above which
the majority of benthic organisms would be impaired. These effect levels were
derived via a combination of equilibrium partitioning (EqP; section A2.2.2.2) and the
screening level concentration (SLC) approaches. The SLC is an empirical approach
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using field data on the co-occurrence of chemical concentrations in sediment and the
presence or absence of a number of benthic species. A cumulative frequency
distribution of stations at which a particular species was present was plotted against
the concentration of a chemical stressor (normalised to organic carbon for non-ionic
organic contaminants) to derive the species SLC (SSLC). The SSLC was defined as
the concentration at the 90th percentile of this frequency distribution. SSLCs for a
large number of species were then plotted in another frequency distribution. The SLC
was originally defined as the chemical stressor concentration above which 95% of
the SSLCs were found (19). The Ontario guidelines (12) are summarised below and
capture all contaminants relevant to highway runoff:
•
•
•
•

Ontario guidelines overview
Endpoints: Benthic organism occurrence relative to contaminant
concentration
Geographical region: Ontario (Great Lakes; but specific locations not
reported)
Habitat type: Freshwater
Mathematical derivation of SQG(s):
o NEL (non-polar organics): EqP using existing provincial water quality
objectives / guidelines.
o LEL: SLC approach. Species SLCs plotted in order of increasing
concentration and 90th percentile determined. 90th percentiles for all
species present plotted in order of increasing concentration. 5th
percentile and the 95th percentile calculated. A minimum of 10
observations required to calculate SSLC for any one species. A
minimum of 20 SSLCs required to calculate an SLC. Organic carbon
(OC)-normalised contaminant concentrations for non-polar organics.
OC-normalised contaminant concentrations converted to bulk
sediment concentration assuming 1% total organic carbon (TOC).
Site-specific background level calculated if site naturally exceeds LEL.
o SEL: 95th percentile of SLC. For non-polar organics, normalise to
TOC. The TOC-normalised SLC is converted to a bulk sediment value
at the time of application to a specific site, based on the actual TOC
concentration of the sediments at that site (to a maximum of 10%, the
95% SLC guideline for TOC).

It has not been possible to determine the precise source and nature of the datasets
used in the derivation of Ontario guidelines, and it is not known whether performance
validations have been undertaken.
A2.2.3.1.5 Summarised SQG ranges
The numerical values of the empirical SQGs detailed above are represented in
Figure 4. Figure 4a collates the guideline values representing infrequent or minimal
effects (NEL, LEL, TEL, ERL) whilst 4b collates guideline values indicating that toxic
effects are frequent (SEL, TEL, ERM, PAET, AET/NEC). The plotted ranges indicate
that, for all contaminants, there is a large amount of “within chemical” variation
between different guideline values. This variation is still evident even when “minimal
effects” guidelines are considered separately from “frequent effects” guidelines (Fig.
4). In fact, the variation in the higher values (Figure 4b) appears to be greater than
the variation in lower guideline values (Figure 4a). The necessity to carefully evaluate
such variable guidelines prior to adopting a particular set of trigger values is,
correspondingly, reinforced.
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Figure 4: Ranges of evaluated empirical guideline values (12,13,15-17,21) designed
to predict (a) minimal and (b) severe effects where PAH abbreviations are Phe =
phenanthrene, Ant=anthracene, Flu=fluoranthene, Pyr=pyrene and Tot=Total PAHs
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A2.2.3.2 Mechanistic guidelines
As noted in section A2.2.2.2, the basis for all current mechanistic guidelines is the
application of equilibrium partitioning (EqP) theory. Organic contaminants and metals
are considered separately in this report due to differences between the respective
partitioning models.
A2.2.3.2.1 Organic contaminants
The technical basis for establishing toxicity criteria to judge sediment quality based
on non-ionic organic compounds was principally defined by Di Toro et al. (1991;(24)).
In what has become an extensively cited paper (circa 530 citations up to July 2007),
the methodology and justification for adopting the procedure outlined in section
A2.2.2.2 is set out. However, Di Toro et al. do not present sediment quality guideline
values for contaminants. The paper is, instead, an advocation of a particular
approach to defining such values. As well as developing and presenting the formula
by which SQGs may be estimated (Eqn. 2, section A2.2.2.2), Di Toro et al. also
argue that sensitivity of benthic and water column species does not systematically
vary. This is important since aqueous toxicity tests with water column species are
used to produce protective guidelines for benthic species in the EqP approach. For a
suite of 40 chemicals (including 16 metals but only 2 PAHs) the minimum water
column median lethal concentration (LC50) was plotted against the minimum benthic
species LC50 using both freshwater and marine species. Whilst there is a qualitative
tendency for these data to lie close to the 1:1 line on a bi-variate plot, no statistical
quantification of this relationship was reported. Similarly, when species sensitivities
were ranked, there was no qualitative tendency for benthic or water column species
to occupy the most tolerant or most sensitive 10th percentiles of distributions (24).
The concept of Toxic Units (recurrent in EqP-based approaches for both organic and
metallic contaminants) is outlined by Di Toro et al. One toxic unit (TU) is achieved
when the pore-water concentration of a chemical equals its aqueous LC50 value (24).
Toxic units provide a convenient estimate of the toxicity that is likely to occur due to
chemicals dissolved in pore-water. Summation of toxic units as a means of
estimating the toxicity of contaminant mixtures is considered in the third paragraph of
the current section.
The generation of Dutch sediment quality guidelines for organic compounds by
Crommentuijn et al. (2000; (32)) uses the Di Toro et al. approach of converting water
quality criteria to sediment quality guidelines via EqP (section A2.2.2.2). Of the two
high priority PAHs, only fluoranthene is captured by this study and a value for pyrene
is not reported (32). Additionally, for PAHs, Crommentuijn et al. report that there were
too few examples of aqueous toxicity studies to produce a species sensitivity
distribution. The minimum requirement cited by the authors was at least four chronic
“no observed effect” (NOEC) values. Therefore, the preferred approach of deriving
the aqueous concentration impacting the lowest 5th percentile of species (HC5) was
not applicable to PAH compounds (32). Instead assessment factors were applied to
the lowest known median lethal or median effective (LC50 or EC50 respectively)
concentration. For some chemicals (though cases were not explicitly identified)
quantitative structure-activity relationships (QSARs) were used to estimate L(E)C50
values (32). The assessment factors by which median lethal or effective
concentrations were multiplied in order to provide precautionary estimates of toxic
concentrations are listed according to the type of available data (Table 6).
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Table 6: Assessment factors by which measured or estimated toxic concentrations are
multiplied to produce precautionary estimates of environmentally harmful
concentrations (32)

Available information
Lowest acute L(E)C50 or QSAR estimate
for acute toxicity
Lowest acute L(E)C50 or QSAR estimate
for acute toxicity for minimal
algae/crustacean/fish
Lowest NOEC or QSAR estimate for
chronic toxicity
Lowest NOEC or QSAR estimate for
chronic toxicity for minimal
algae/crustacean/fish

Assessment factor
1000
100
10
10

LC50 and EC50 = medial lethal and median effective concentrations respectively
QSAR = quantitative structure-activity relationship
NOEC = No observed effect concentration

Crommentuijn et al. converted their maximum permitted concentrations (MPCs) in
water (derived according to the application of assessment factors indicated in Table 6
to available aqueous toxicity data) to MPCs in a standardised sediment containing
10% organic carbon using Eqn. 2. The value for KOC was implied by the authors to
be estimated by using the relationship between published octanol-water partition
coefficients (KOW) and KOC described by Di Toro et al. (1991; (24)). Sediment quality
guideline values reported for this 10% organic carbon sediment are divided by ten
and then multiplied by the organic carbon content percentage relevant to specific
cases (32).
Polyaromatic hydrocarbons never occur as single compounds in contaminated
sediment, but instead occur as a mixture of many PAHs. Concerns over the ability of
individual PAH guidelines to account for mixture toxicity lead to the development of
an assessment procedure for PAH mixtures by Swartz et al. (1995; (28)). Laboratory
toxicity tests with estuarine amphipods and sediment spiked with one of three PAHs
(Table 7) were used to develop a concentration/response curve for those PAHs and
a QSAR for PAH toxicity based on octanol-water partition coefficients (Eqn 3).
log(10-d interstitial water LC50) = 5.92 – 1.33 log KOW

Eqn 3

(r = -0.979, p<0.001)

Table 7: Species and compounds used in 10-day toxicity tests to develop
concentration / response curves for three PAHs and a QSAR for generalised PAH
toxicity (28)

Chemical
Fluoranthene
Acenaphthene
Phenanthrene

Species
Rhepoxynius abronius
Corophium spinicorne
Eohaustorius estuarius
Leptocheirus plumulosus
Eohaustorius estuarius
Leptocheirus plumulosus
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Swartz et al. applied the toxic units approach to mixture toxicity by taking bulk
measurements of PAH contamination (13 different PAHs) and sediment organic
carbon content and using equilibrium partitioning to predict the interstitial water
concentration of each PAH. Interstitial water concentrations of each PAH were
divided by the QSAR-estimated LC50 value to generate toxic units (TU). The TUs for
each sediment were summed and, assuming toxicity to be additive, used to predict
toxicity.
A statistical basis for defining toxicity was developed from an existing comparison of
365 control mortality rates versus mortality rates in field-collected sediment for
Rhepoxynius abronius (Mearns et al. 1986, cited in (28)). Mortality rates of >24%
were always statistically greater than mortality rates in control groups, therefore
Swartz et al. designated all exposures resulting in mortality >24% as “toxic”.
Conversely mortality rates of <13% were never different from controls and were
designated as non-toxic (28). Mortality rates falling between 13 and 24% were
termed “uncertain”. Predicted toxicity was related to toxic units via regression (e.g.
mortality >24% = 60.64 + 76.09(log10 ΣTU), r=0.999, p<0.001). This approach was
applied to observed toxicity in amphipods exposed to sediments collected from field
sites known to be principally contaminated by PAHs in North America (Table 8). The
overall concordance between predictions and observations of toxicity (presence and
absence) was 86.6% for these field sites (28). Conversely, in samples that PAHs
were close to background concentrations (but contained other pollutants (28)),
predictions were markedly less accurate. A maximum discrepancy between the
prediction that 79.2% of samples would be non-toxic versus the observation that only
35.2% of samples was actually non-toxic was recorded (28). Therefore, care must
be taken when other, potentially toxic, chemicals are present in the sediment under
assessment.
Table 8: Origin of PAH-contaminated sediments versus estuarine amphipod species
used in laboratory toxicity tests (28)

Sediment sampling location (US state)

Species

San Diego bay (CA)

Rhepoxynius abronius

Eagle Harbor (WA)

Rhepoxynius abronius

Curtis Creek (VA)
Halifax Harbor (NS)

Eohaustorius estuarius
Leptocheirus plumulosus
Rhepoxynius abronius
Corophium volutator

More recently, efforts have been made to improve and extend the type of approach
adopted by Swartz et al. (1995; (28)). In particular, companion papers by Di Toro et
al. (2000; (30)) and Di Toro and McGrath (2000; (8)) aimed to establish a universal
approach to deriving SQGs for all non-polar narcotic chemicals (including all PAHs).
Di Toro et al. (2000; (30)) established and validated an approach to deriving water
quality criteria for any individual or mixture of narcotic chemicals, based on
octanol/water partition coefficients (KOW) and linking toxicity (LC50) to critical body
burden in lipid (CL*)
Evidence is presented to suggest that the slope of the linear relationship between
log(LC50) and log(KOW) is a function of the chemical (i.e. KOW) and is therefore
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equivalent across all species, but that the intercept is species-specific. Using a
database of 156 chemicals and 33 species (species and chemicals are given in
Appendix A2 and A3 respectively) the universal slope of the relationship between
KOW and LC50 for chemicals with a narcotic mode of action was -0.97 or -0.945 +
0.014 when chemical class correction factors (∆c ) were used to account for
predictable deviations from an “idealised” narcotic mode of action. The intercept of
the relationship between Kow and LC50 is a function of CL* (Eqn 4)

( )

log C L* = log(LC 50 ) + 0.945 log(K ow )

Eqn 4

US EPA water quality guidelines are based on a final chronic value (FCV), which is
the 5th percentile of ranked genus-specific chronic toxicity data. If insufficient chronic
data are available, acute data are used to calculate a final acute value (FAV), which
is converted to a FCV using acute-to-chronic ratios (ACR; described (31) and applied
specifically (30)). The FAV, expressed as tissue lipid concentration, for baseline
narcotic chemicals was 35.3 µmol/g octanol and is equivalent to the critical lipid body
burden for 5% of genera (CL*(5%, baseline)). The target lipid FCV, was computed by
dividing the FAV, corrected for chemical class (∆cl), by an ACR (Eqn 5). The ACR
determined for narcotic chemicals was 5.09 and ∆cl for PAHs was 0.546, giving a
FCV of 3.79 µmol/g octanol (30).

[

]

log (FCV ) = log C L* (5%, baseline )∆ c l / ACR − 0 . 945 log (K ow

)

Eqn 5

In the second companion paper, Di Toro and McGrath (2000; (8)), extend this
methodology to derive sediment quality guidelines for narcotic chemicals. They use
equilibrium partitioning approaches to derive organic-carbon normalised sediment
quality guidelines (CSQG) from FCV used to derive water quality guidelines and
sediment organic carbon partitioning coefficient (KOC) (Eqn 6).
log(CSQG ) = log(K oc ) + log(FCV )

Eqn 6

In addition, Di Toro and McGrath (8) highlight that KOC can be calculated from KOW
(Eqn 7).
log(KOC) = 0.00028 + 0.983 log(KOW)

[

log(CSQG ) = 0.00028 + 0.038 log(K ow ) + log C L* (5%, baseline )∆c l / ACR

Eqn. 7

]

Eqn 8

Using equation 8, which combines equations 5, 6 and 7, CSQC for PAHs of between
4.9 to 5.9 µmol/g OC were derived over the range of log KOW of 3 to 5 (8). The log
KOW for PAHs of concern in highway runoff (Table 4) are: phenanthrene = 4.57,
anthracene = 4.53, fluoranthene = 5.08 and pyrene = 4.92 (8).
In common with the approach of Swartz et al. (28), Di Toro and McGrath (8) suggest
that their method can be applied to mixture toxicity via additive aqueous toxic units.
This idea was developed using toxicity data (including pore-water concentrations)
from spiked sediment toxicity tests (Ozretich et al. 1997; cited in (8)). The relevant
critical body burden (12.2 µmol/g octanol) was computed by fitting the narcosis model
(Eqn. 5) to these pore-water LC50 concentrations – rather than FCV aqueous
concentrations. The narcosis line fitted to these data was a qualitatively good fit apart
from one point; this was eliminated from the analysis by the authors on the grounds
that it was an outlier (8).
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The predictive ability of pore water toxic units based upon the C*L values at LC50 was
validated by comparison to existing laboratory exposures (using Rhepoxynius
abronius) performed with field-collected sediment by Swartz et al. (1995; (28)) and
Ozretich et al. (1997; cited in (8)). The Ozretich et al. dataset had measurements for
33 PAHs and this was deemed to be a good representation of ”total PAH”
contamination (data for 34 PAHs comprised the most complete datasets in previously
reported material (8)). Conversely, the Swartz et al. dataset had measurements for
only 13 PAHs. The estimated total concentration of 34 PAHs was derived by
multiplying the concentration of the 13 PAHs by the median ratio of the two
concentrations (a factor of 2.75). All of the ”total PAH” mortality predicted from the 13
measured PAHs were reported to be within probable error estimations (8). All but
one prediction of toxicity ≥50% (i.e. where the sum of toxic units was ≥1) in the
remaining dataset was found to occur. There was a single instance of the absence
of observed toxicity when toxicity was predicted. This was deemed to be due to the
presence of inert pitch globules within sediment by the authors but cannot be
supported without further experimental testing (8). Finally, the application of this
model to 34 PAHs will encompass log KOW values ≥5 (thus extending the model
beyond the range of data used in the additive model derivation). Spehar et al. (1999;
cited in (8)) has shown that high KOW PAHs can collectively cause toxicity by additive
narcosis at tissue concentrations predicted from the target lipid model. Di Toro and
McGrath contend that this supports the application of the model to PAHs of log KOW
≥5 .
In conclusion, the narcosis model of additive toxicity applied to PAHs represents the
most comprehensive mechanistic treatment of PAH mixture toxicity in sediment.
Instances where judgements were made by the authors regarding data acceptability
are highlighted above, along with potential confounding observations. Di Toro and
McGrath (8) compared their FCV-derived guideline for total PAHs to the empirically
derived Predicted Effects level guideline of Macdonald et al. (1996; (17)) by
assuming an average molecular weight of PAHs (173) and assuming a sediment
organic carbon content (1%). The resultant comparison suggested that the narcosismodel FCV guideline was approximately 3-fold higher than the empirical guideline
(29.0 versus 9.69 µmol/g organic carbon respectively).

A2.2.3.2.1 Metal contaminants
Section A2.2.2.2 introduced the basic concept behind the utilisation of acid volatile
sulphide (AVS) as the appropriate binding phase for divalent metals in anoxic
sediments. Three case studies are presented below in support of this notion.
Additionally, potential methods of application to produce sediment quality guidelines
are also highlighted.
Di Toro et al. (1990; (26)) suggested that AVS is the sediment phase that determines
the LC50 for Cd in the marine sediments tested. Ten-day amphipod sediment toxicity
tests (three sediments with differing AVS concentrations) were conducted in the
laboratory. The observed AVS-normalised amphipod LC50 values were the same for
sediments with an order of magnitude difference in dry weight-normalised Cd LC50
values. Sorption phases other than AVS are expected to be important only for lowAVS sediments, for example, fully oxidised sediments. Three sediments were spiked
with Cd to perform these tests:
• Long Island Sound sediment, with a high AVS concentration (15.9 µmol/g),
was collected from an uncontaminated site in central Long Island Sound.
• The Ninigret Pond sediment was a low AVS (2.34 µmol/g) sand that was
rinsed to remove high-organic fine particles.
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•

Intermediate mixture sediment was a 50/50 mixture of Long Island Sound
and Ninigret sediments with an intermediate AVS concentration (5.45 µmol/g)
.

Results of 10-d toxicity tests using both dry-weight and AVS normalisations are given
below (Table 9).
Table 9: Toxicity test results using dry weight and AVS normalisation

LC50

95%
Confidence
limits

Long Island Sound (Ampelisca abdita)

2850

2400, 3390

Intermediate mixture (Ampelisca abdita) –

1070

870, 1310

Ninigret Pond sediment
(Rhepoxynius hudsonii)

290

240, 360

Long Island Sound (Ampelisca abdita)

1.70

1.44, 2.02

Intermediate mixture (Ampelisca abdita)

2.19

1.79, 2.68

Ninigret Pond sediment
(Rhepoxynius hudsonii)

1.97

1.60, 2.44

Exposure sediment and species
dry weight normalised (µg Cd/g sediment):

AVS normalised (µmol Cd/µmol AVS):

Ankley et al. (1996; (27)), extend this idea to suggest that whenever AVS exceeds
simultaneously extracted metals (SEM), that the pore-water concentration of those
metals will remain below toxic levels. This is based on a review of both acute and
longer term exposures performed by a variety of authors across both freshwater and
marine systems. The four suggested applications were listed as follows:
a. Comparison of molar AVS concentrations to the summed molar concentration
of SEM
b. Measurement of interstitial water metal concentrations and calculation of
summed interstitial water criteria toxic units (IWCTU) for the five metals,
based upon final chronic values (FCVs) from water quality criteria
c. Calculation of summed IWCTU based upon sediment AVS concentrations
and metal-specific partitioning of the metals to organic carbon (OC)
d. Calculation of summed IWCTU based upon partitioning of the metals to a
minimum binding phase sorbent (chromatographic sand).
At the time of publication, Ankley et al. suggested that sufficient evidence existed to
support approaches a and b, but that approaches c and d required additional work to
be performed (27). Therefore, approach a will predict the absence of metal toxicity.
However, in order to apply a version of approach b to highway runoff pollutants, it
would be necessary to estimate partitioning of metals into porewater (as well as
suitable aqueous water quality criteria) before guideline sediment concentrations
could be predicted. Partitioning values for all three metal contaminants relevant to
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highway runoff have been measured empirically using suspended particulate material
in Dutch watercourses (25). Van der Kooij et al. (1991) suggest that sediment
guidelines could be calculated by using a version of Eqn.2. A suitable aqueous water
quality criterion (Ceffect) could be inserted and multiplied by the empirically measured
partitioning coefficient (KSW) in place of KOC. The authors also apply a conversion
constant for metals in suspended solids relative to metals in bed sediment (value =
1.5). This is derived from the standard ratio of clay in suspended particles to clay in
bed sediments (approximately 40% and 25% respectively) (25). Therefore guideline
values would be calculated by (Ceffect x KSW) ÷ 1.5. It must be noted, however, that
Van der Kooij et al. urge caution over applying both partition coefficients and
suspended:bed sediment conversion constants in systems outside the Netherlands
(25).
An approach similar to approach c proposed by Ankley et al. has subsequently been
developed by Di Toro et al. (2005; (9)), as part of their biotic ligand model work.
Whilst Di Toro et al. (9) highlight that whenever AVS>SEM, then toxicity is unlikely to
occur, it does not usefully predict when the onset of toxicity might be expected.
Again, an approach based initially on using FCV in Eqn. 2 was forwarded. Di Toro et
al. (2005; (9)) suggest that, apart from AVS, another major binding phase for metals
is sediment organic carbon. Therefore, where there is an excess of SEM relative to
AVS, that excess metal pore water concentration may be predicted by an organic
carbon partitioning coefficient (KOC). If normalising this excess SEM to organic
carbon is observed to result in a constant value for the onset of toxicity, then this
suggests the importance of organic carbon as a binding phase. Spiked sediment
toxicity datasets used to test this prediction are summarised in Table 10.
Table 10: Acute and chronic spiked sediment toxicity tests used to examine onset of
toxicity using organic carbon normalised SEM (9)

Organism type

Species/endpoint

Metals

Ampelisca abdita
Gammarus locusta
Chaetocorophium c.f. lucasi
Leptocheirus plumulosus
Capitella capitata
Neanthes arenaceodentata
Lumbriculus variegatus
Helisoma sp.

Cd, Cu, Ni, Pb, Zn
Cu
Cd
Zn
Cu, Pb, Zn
Cd, Ni
Cd
Cd

Leptocheirus plumulosus
Colonisation
Colonisation
Caenorhabditis elegans
Chironomus tentans

Cd
Cd, Zn
Cd, Zn
Cd
Zn

Acute exposures
Marine amphipods
Marine polychaetes
Freshwater oligochaete
Freshwater snail
Chronic exposures
Marine amphipod
Marine
Freshwater
Freshwater nematode
Freshwater midge

Remarkably, the onset of toxicity in both acute and chronic exposures was almost
perfectly predicted where (SEM – AVS) ÷ ƒOC had a value of 100 µmol/g OC (where
ƒOC is the fraction of organic carbon in sediment) (9). Only 3 instances, from many
hundreds, of acute toxicity (and only one instance of chronic toxicity) below the 100
µmol/g OC were plotted in graphs by Di Toro et al. (2005 (9)). This, therefore, may
form a molar basis for a sediment quality guideline value for metal toxicity.
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The most suitable candidate empirical and mechanistic sediment quality guidelines
are recommended in section A3. In addition, the most appropriate method of
application/calculation of trigger values using candidate guidelines will also be
addressed.

A2.3 Modifying variables
It is proposed that a tiered approach should be adopted in the estimation of sediment
variables that may ameliorate toxicity (TOC and AVS). Tier I should use a suitable
invariant conservative estimate of the realistic minimum value (when existing
information permits such an estimate to be made). Confining investigations to the
first tier of assessment is appropriate when predicted contaminant levels are too high
to be influenced by modifying variables. Tier II assessments will make use of existing
desk-based information to derive suitable local-scale estimates. Finally, it may be
desirable, or necessary, to undertake direct analysis of sediment cores taken from
the receiving watercourse under assessment (Tier III).

A2.3.1 Total organic carbon (TOC)
Both empirical and mechanistic sediment quality guidelines recognise that sediment
total organic carbon (TOC) is likely to be an important binding phase for organic
contaminants (11). In the absence of reliable local-scale estimates of sediment TOC,
the minimum 2% assumed in Dutch mechanistic SQGs (25) could be adopted as the
static Tier I value. Ideally, the risk assessment procedure should consider local
sediment TOC values. In this way, the variation in potential for TOC to ameliorate
toxicity is accommodated. Since no extensive database of freshwater stream
sediment TOC values exists, soil TOC is proposed as a suitable proxy estimate. The
NSRI (National Soil Resources Institute; www.silsoe.cranfield.ac.uk/nsri) database of
soil TOC values on a 5-km grid across England and Wales was interpreted by an
Environment Agency specialist on behalf of The University of Sheffield. This process
identified the dominant percentages of organic carbon associated with differing land
uses (Table 11).
Table 4: Soil percentage total organic carbon (TOC) associated with specified land
uses

Land Use
Arable land
Managed grassland
Other

Mean TOC (%)
3.2
5.6
9.4

Range (%)
1 - 12
1.3 - 29
0.2 - 40

Of these land uses, the mean values for arable land and managed grassland were
deemed to be reliable realistic lowest estimates by the Environment Agency. In
contrast, the category for “other” land uses was too ill-defined to safely assume that
the mean value of 9.4 % was representative. However, interpretation of the
Geographic Information System (GIS) maps of soil TOC by the Environment Agency
suggests that the very high values (>40 %) tend to be confined to moorland areas.
The highest common “non-moorland” TOC percentage was 12.6 %. Minimum
realistic Tier II estimates of stream sediment TOC should, therefore, not exceed 12.6
%. Overall, Tier II estimation of TOC (for landuses other than arable and managed
grassland) should be obtained by reference to the NSRI database. A user licence
can be purchased for access to this database (www.silsoe.cranfield.ac.uk/nsri).
Information to indicate land use can be obtained from a downloadable and interactive

58

Accumulation and Dispersal of Suspended Solids in Watercourses
Final Report
HA3/368 & EA SC020048/SR

dataset called “Landscape Typography” that is available upon request from the
DEFRA website: http://www.magic.gov.uk/datadoc/metadata.asp?dataset=31.
For the most detailed level of assessment (Tier III) it is necessary to obtain direct
measurement of sediment TOC. However, in order to retain a suitable degree of
precaution in accounting for variation in measured values, the lower 95% confidence
interval of measured values should be used. Tier III assessments are appropriate
when there is the potential for the prediction of toxicity to be reversed by a realistic
increase in TOC above the Tier II value. The potential influence of variable TOC
values in the risk assessment is illustrated in the example provided under “Applying
the risk assessment procedure” (section A4).

A2.3.2 Acid volatile sulphide (AVS)
A pan-European sampling program of AVS in freshwater stream sediments has
recently been published (37) and is the first study of its kind. As part of this large
scale sampling exercise, sediment cores were taken from sixteen wadeable streams
across England and Wales. Unfortunately, the results indicate that local variation in
both AVS and simultaneously extracted metals (SEM) is likely to be very high.
Whether the results are considered separately for different geographic regions, or
combined for all English and Welsh sites, the variation between samples is too great
to produce a reliable prediction of available sediment AVS (Table 12). In view of the
information currently available, it is not appropriate to predict either an overall static
(Tier I) or a regionally variable estimate (Tier II) for available excess AVS. We
recommend, therefore, that at Tiers I and II, no excess AVS is assumed. The
predicted molar metal concentrations in highway runoff should be ascribed
“additional risk” on top of existing background metal concentrations. Predicted metal
concentrations would then be normalised to organic carbon content (estimated as per
section A2.3.1) and compared to the mechanistic metals guideline (section A3.2).
Direct analysis of sediment cores from the watercourse (Tier III) is the only method
by which excess AVS may be incorporated.
Table 12: Net balance of simultaneously extracted metals (SEM) against acid volatile
sulphide (AVS) sampled in 16 field sites across England and Wales (37)
Geographic region
North East (England)
North West (England)
Midlands (England)
Wales
Thames (England)
Southern (England)
All regions combined

Mean SEM - AVS per region
(µmol/g)
-1.94
1.004
6.060
0.02
-10.67
-2.21
-1.31

SD
4.65
Single value
10.37
2.04
16.84
0.37
9.18

A2.3.3 Assessment of critical shear velocity for sediment deposition
The major conclusion of Stage 2 work was that the prime determinant of biological
impacts was whether highway-derived sediment accumulated within the study reach
(10). Judging the potential for fine sediment to deposit at proposed outfall site is,
therefore, a crucial component of the risk assessment tool for particulate material.
Here, we propose a tiered approach to the assessment of this potential. The first tier
of assessment is a simple and conservative desk-based evaluation. Subsequent
observations and measurements may be made during a site visit to improve the
precision of predicted sediment accumulation. The decision process for this
procedure is outlined by flowchart (Fig. 5) and the details of the information sources
and calculations are provided in the subsequent section.
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Tier I
The first tier of assessment for sediment deposition potential uses a comparison
between:
• The predicted shear velocity that will result in settling of fine sediment
and
• Velocity in receiving watercourse predicted from a simple relationship
between discharge, channel cross sectional area and flow velocity
Gordon et al (2004; (38)) summarise the important concepts in stream sediment
transport and describe Shields (1936; (39)) method to provide a means of estimating
the critical shear stress required to just move fine uniform sediments. This work has
been the basis of several studies and Yalin and Karahan (1979; (40)) expanded the
work to look at different flow conditions. As a first approximation, assuming
hydraulically rough conditions, the critical shear velocity (u*) for a 63-µm diameter
particle with a density of 2650 kg/m3, is approximately 0.01m/s.
Hjulstrom (1939; (41)) developed a plot which relates the particle size to the average
flow velocity required to move from a depositional regime to transportation and from
transportation to erosion. For a 63-µm diameter particle these velocities are
approximately 0.004 m/s and 0.2 m/s respectively. The transportation to erosion
threshold value is similar to the ‘rule of thumb’ approach which estimates a mean
velocity of approximately 10x the critical shear velocity (for an example see (38);
p145, Figure 6.14 where bed shear velocity (6.14b) is almost exactly 10% of the
area-mean velocity represented in 6.14a). Hence for this application, a threshold
mean velocity, vt, of 0.1 m/s has been assumed, below which deposition is assumed
likely to occur. Using the low flow discharge (Q95; discharge exceeded for 95% of
time) predicted by Lowflow 2000, the threshold cross sectional area (At), above which
deposition of 63-µm diameter particles may result, is calculated from continuity:

Q95
Eqn. 9
vt
At = 10 Q95 )
At =

(which when vt = 0.1m/s, then

Calculated values for At can then be compared to an estimate of the receiving water
channel cross sectional area. Cross sectional areas for typical receiving
watercourses (width x depth) have been calculated from the WS Atkins/Humphries
Rowell associates’ investigation of 100 watercourses receiving highway runoff (42).
Using these measurements, channel width was established as a suitable predictor of
cross sectional area (appendix A1). Therefore, using maps of scales in the region of
1:2000 (e.g. those available at http://www.magic.gov.uk/website/magic/), estimates of
stream width can be converted to estimates of stream cross sectional area. It is
recommended that the upper 95% confidence interval of the regression equation is
used to produce suitably precautionary predictions of cross sectional area. The upper
95% confidence interval regression equation is given as:
log10(area) =1.66log10(width) - 0.93

Eqn. 10

Consultation of Environment Agency personnel should also be considered in order to
make a suitable estimate of watercourse width (especially in cases where stream
width is <3 m). The degree of compliance with, or exceedence of, At by the estimated
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cross sectional area should be used to determine the appropriate course of action
according to the flow chart (Fig. 5).

Tier II
In cases where the estimate of channel width is highly uncertain, or when
exceedence of At is less than ten-fold, Tier II assessment is appropriate and consists
of simple on-site examination for sediment deposition. There is also an optional
confirmation of channel cross section by measurement to complement A versus At
comparison at Tier I (Eqn. 9). Where deposition of sediment (sand and finer) is
apparent and/or downstream flow structures that will retard flow at the point of
discharge are observed, mitigation is mandatory. Alternatively, where the stream bed
is dominated by gravel (and coarser) substrate a Tier III assessment must be made.
Tier III assessments enable extrapolation of flow conditions beyond those evident
during site visits.
Tier III
The Tier III assessment of critical shear velocity is desirable since Q95 flow is, by
definition, an example of relatively rare conditions within the receiving watercourse. It
may be possible to reduce the degree of precaution by estimating sediment
deposition under a more complete range of discharge values. Here, a model of
velocity within a channel is applied:

R 2 / 3 s1 / 2
V =
n

Eqn. 11 (given in (38))

Where V = velocity, R = hydraulic radius (cross sectional area divided by wetted
perimeter), s = bed slope and n = roughness coefficient appropriate to bed material
and channel form. Conducting a site visit allows measurements of the channel
bathymetry (cross sectional shape, dimensions and bed slope) and discharge/
velocity to be performed (using either (43) or (44)). These, together with a visual
assessment of the channel roughness (and subsequent lookup of appropriate values
of n) enable velocity to be calculated via equation 11 for the conditions encountered
on the visit. For the desired percentile value(s) of discharge (Q) derived from Lowflow
2000, continuity (Q = VA) and equation 11 may be solved to estimate the flow depth
(assuming uniform flow conditions and adopting the values for bed slope and
roughness). In turn this depth may be used in equation 11 to calculate the velocity.
This refined estimate of velocity plotted against percentiles of Q will indicate the
proportion of time that the receiving watercourse is likely to exceed, or fall short of,
the threshold velocity. Tier III assessments of deposition potential assess the
receiving water conditions during a single site visit. Conditions during this single
assessment are then placed within a context of the range of in-bank conditions
experienced at that site.
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Will sediment deposit?

At =

Q95
= 10Q95
vt

Tier I:
Estimated area ≥ At ?

(Eqn. 9)

Y

N

More than ten-fold
exceedance?

End:
Risk Acceptable as
long as no
downstream
controls on flow or
sediment
accumulation are
found

Y

Mitigation

N
Between 1 and 10-fold
exceedance?

Y
Y

Tier II:

Sediment deposition
observed?
(Or measured A ≥At)

N
Tier III:

N

Y

Are “Manning equation” estimates of V (eqn. 11)
calculated at Q90 below vt ? (i.e. below 0.1 m/s
≥10% of the time)

R 2 / 3 s1 / 2
V =
n

Eqn. 11

Figure 5: Tiered assessment of sediment deposition potential where Qx is volumetric flow

exceeded on x% of occasions, At is the threshold cross sectional channel area resulting in
deposition, V is flow velocity, R is cross sectional area divided by wetted perimeter, s is bed
slope and n is the Manning roughness coefficient of the channel. Dotted arrow indicates
mitigation in the case that downstream structures or vegetation modify the flow at the point of
discharge.
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A3. Recommendation of sediment quality guidelines and
application to toxicity classification
A3.1 Initial screening using empirical guidelines
In order to produce a suitably precautionary and flexible risk assessment tool – it is
recommended that two types of sediment quality guideline are adopted. Firstly, a
generalised guideline based on individual chemicals that can be used to judge
whether toxicity at the end of pipe is likely to be:
• absent
• uncertain
• probable
Therefore, the need for generality, precaution and the capacity to assess individual
contaminants within a mixture promotes the use of an empirical guideline in this first
instance.
The recommendation of this report is to adopt the empirical guidelines of the
Canadian Council of Ministers of the Environment (CCME; (1)); at least until such
time that more appropriate guidelines are devised. As noted previously (section
A2.2.3.1.1), these were derived using the methods advocated by Macdonald et al.
(1996; (17)). Of the empirical guidelines evaluated (section A2.2.3.1.1), the BEDS
dataset encompasses the broadest range of conditions and endpoints. Additionally,
the consideration of both ”effects” and ”no-effects” portions of the overall database by
the CCME/Macdonald et al. approach represents a suitably thorough and
precautionary use of all available data. There is currently a precedent within the
Environment Agency to refer to the CCME guidelines during habitat quality
assessments. Adoption of the Canadian guidelines as a generalised initial screening
tool for highway runoff is, therefore, also consistent with current Environment Agency
practices.
Values for the recommended empirical guidelines are given below (Table 13). Note
that there are currently no CCME guidelines for “Total PAHs”, and here we
recommend the marine/estuarine guidelines derived by Macdonald et al. (1996; (17))
due to the consistency in approach and source database (BEDS). It must be noted
that the number of individual PAHs reported as “Total PAHs” in studies within BEDS
ranges between at least 4 and 21, with most investigations using 13 – 18 individual
PAHs (15). Eighteen individual PAHs were incorporated in our own Stage 2 assays
of “Total PAH”.
The TEL and PEL values will be used to classify the risk of toxicity by placing
sediment contaminant concentrations into three categories as follows:
• <TEL; toxicity predicted to be “absent”
• >TEL but <PEL; toxicity prediction is “uncertain”
• >PEL; toxicity is “probable”
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Table 5: Canadian empirical sediment quality guidelines recommended as initial
screening tool

Substance

Metals (mg/kg)
Cadmium
Copper
Zinc
PAHs (µg/kg)
Phenanthrene
Pyrene
Total PAH*

Sediment quality guideline values
TEL†

PEL†

0.6
35.7
123

3.5
197
315

41.9
53
1684

515
875
16770

†
TEL = Threshold effects level, PEL = Probable effects level
* Macdonald et al. (1996; (17)) estuarine/marine guideline value

A3.2 Refined toxicity prediction using mechanistic guidelines
Where toxicity is judged to be “probable” or “uncertain” according to initial screening
(section A3.1), a guideline that evaluates case-specific bioavailability and mixture
toxicity can be applied. Separate mechanistic guidelines will be used to assess
metals and PAHs as appropriate.
Comparison of acid volatile sulphide (AVS) to simultaneously extracted metals (SEM)
will be used to assess the risk of metallic contaminants. Where AVS>SEM, then
toxicity is predicted to be absent (27). In the case of proposed outfalls – the
predicted summed molar concentrations of Cd, Cu and Zn in sediment must be
added onto the SEM measured in receiving-water sediment before comparing SEM
to AVS. Of course, for existing outfalls, measured SEM will incorporate highwayderived metals already and can be compared directly to AVS. Using measurements
of sediment organic carbon (OC), the onset of toxicity will be predicted when SEM
in excess of AVS reaches the 100 µmol/g OC (Table 14). This threshold was
calculated as part of the sediment biotic ligand model (Di Toro et al. (2005; (9)). As
indicated previously (section A2.3.2), no assumption of excess AVS above SEM
must be made unless Tier III site-specific measurements are performed. At Tier III,
OC should also be measured (OC is typically reported by analysts alongside AVS
and SEM as standard). For Tiers I and II (where all metal discharged in highway
runoff is assumed to be in excess of AVS; section A2.3.2), the TOC estimate used for
PAH guidelines assessment (section A2.3.1) should be used to normalise the
combined molar concentrations of Cd, Cu and Zn predicted in runoff (section A2.1).
As suggested in the previous paragraph, various tiers of OC estimation or
measurement (section A2.3.1) may be employed in order to apply mechanistic
guidelines to PAHs. The narcosis model sediment quality guideline values derived
by Di Toro and McGrath (2000; (8)) using the Final Chronic Value (FCV, section
A2.2.3.2.1, para 6) water quality criteria are given below (Table 14). For total PAHs,
these guidelines were developed using 34 individual PAHs. Di Toro and McGrath
recommend converting concentrations of 13 PAHs used in Swartz et al. (28) to the
predicted concentration of the full 34 compounds via multiplication by the median
ratio of the two concentrations (a factor of 2.75; (8)). Therefore, as a conservative
measure when analysis of total PAHs is based on 13 – 20 compounds, we
recommend multiplication by this same factor.
64

Accumulation and Dispersal of Suspended Solids in Watercourses
Final Report
HA3/368 & EA SC020048/SR

Table 6 Mechanistic sediment quality guideline values used to incorporate assessment
of mixture toxicity and bioavailability

Substance
Metals (biotic ligand
guideline (9)):
SEM* (in excess of AVS*)

PAHs (FCV* narcosis
guideline (8))
Fluoranthene
Pyrene
Total PAH

Molecular weight
(g/mol)

Organic carbonnormalised SQG*
(µmol/g OC*)

Calculate from predicted Cd,
Cu and Zn concentration
(Tier I and II)
or transcribe measured
excess SEM (Tier III)

100

202.26
202.26
173†

5.92
5.83
5.70

* SQG = sediment quality guideline, OC = organic carbon, SEM = simultaneously extracted metals, AVS
= acid volatile sulphide and FCV = final chronic value
†
mean molecular weight of PAHs used by Di Toro and McGrath (2000; (8)) in derivation of “Total PAH”
SQG

Predicted sediment concentrations of all contaminants that are below guideline
values are classed as non-toxic, whereas concentrations of any contaminant above
guideline values are expected to be toxic. In the concluding section (section A4,
below), the method by which different sediment toxicity classifications should be
combined with potential extent of exposure is outlined. In addition, a worked
example utilising a range of data sources is provided to illustrate the overall process.
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A4. Applying the risk assessment procedure
A4.1 Overview of procedure
Prior to a demonstration using example data (section A4.2), an overview of the
“insolubles” risk assessment procedure is presented here. The process is
represented by Figure 6 and the first step is a comparison of predicted sediment
concentrations of contaminants against the TEL trigger values (section A3.1). If all
predicted contaminant concentrations are below the TEL then no sediment toxicity is
predicted and risk assessment can be confined to soluble pollutants (toxicity “absent”
in section A3.1). Conversely, contamination in excess of the TEL for any pollutant
means that the risk from insoluble pollutants must be characterised further. Potential
for exposure is then assessed by Tier I (compulsory) and Tiers II and III (optional
refinement) methods (section A2.3.3). In the absence of predicted sediment
accumulation under worst realistic conditions, the insoluble assessment can be
exited at this point; with the caveat that the sediment must not deposit within a
protected conservation area (Figure 6). When sediment accumulation is predicted,
an assessment that combines the degree of sediment contamination with the
potential extent of sediment coverage is applied. The colour-coded matrix of
contamination versus potential channel width coverage (Figure 6) is used to grade
the severity of risk to the receiving watercourse. Sediment coverage may be
estimated on an annual basis by the following process:
1. Estimate annual discharged mass of sediment (SA, kg) (predicted by the
“Improved determination of pollutants” model)
2. Predict critical width of stream channel required to accommodate sediment mass
within 10% of width (i.e. stream channel must be 10-fold greater than width of
sediment deposited 0.01m-deep for a 10-m reach):
Assuming the density of sediment is 2000 kg/m3* ≡ 0.0005 m3/kg,
Volume of sediment = width x depth x length =

SA
S
= A ≡ 0.0005 S A
density 2000

Eqn. 12

Where depth = 0.01 m and length = 10 m:
Width of sediment ( Z ) =

0.0005S A
volume
=
= 0.005S A
depth ×length 0.01× 10

Critical channel width ( Z *) = 10 Z ≡ 0.05S A

Eqn.13
Eqn. 14

* Where 2000 kg/m3 is a conservative estimate of bulk sediment density (a density of 2650 kg/m3 is cited
in Gordon et al. 2004; (38))

Under these combined assessment criteria, the acceptable (green) scenario refers to
cases with contamination <PEL (toxicity “uncertain” section A3.1) and with a potential
channel width covering of <10%. In all other cases, the default condition is the
amber/unacceptable condition. However, the amber colour coding is intended to
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Q1. Is particulate material potentially toxic?
(i.e. predicted concentration >TEL?)

Insoluble risk assessment

Yes

No

Q2. Would sediment accumulate under low
flow?
• Predict using critical area at Q95 calculation
in Appendix 1
• Sediment accumulation/downstream flow
modification by vegetation/weirs observed
during site visit

No

Could the
discharge reach
a protected
conservation
area where
sediment would
accumulate?

Exit
insoluble
assessment

No

Yes
Q3. What is the potential magnitude and extent
of risk?:
c) What is the potential toxicity of the sediment?
d) What area of the channel could be covered
annually (to a 1-cm depth)?
Contamination

Channel width covered (%) for
10m reach
<10%
>10%
>TEL but <PEL
Acceptable
Unacceptable*
>PEL
Unacceptable* Unacceptable**
May be acceptable if toxicity is not predicted
*
when bioavailability is taken into account:
• Measure/estimate Organic Carbon and
Acid Volatile Sulphide concentrations
• Apply mechanistic SQGs and estimate
mixture toxicity

**

Yes

May be acceptable if both:
• Sediment dispersal is predicted 90% of the
time by Tier III methods
• Accumulation not likely to occur at
sensitive time for valued resident fauna
(using seasonal low-flow profile derived
using method in main report) OR sediment
not predicted to be toxic by * (above)

Unacceptable scenarios

Q4: What is the extent of failure?
i.e. what is cost of reducing annual discharged mass
of runoff particulate material to meet acceptability
criteria?

Figure 6: Flow chart detailing full application of insoluble pollutants risk assessment
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indicate caveats that may lead to acceptable scenarios. The amber scenarios are
restricted to toxicity classifications of “uncertain” and “probable” (section A3.1). For
two scenarios (i.e. toxicity “probable” with coverage <10% OR toxicity “uncertain”
with coverage >10%) the application of mechanistic guidelines (section A3.2) can be
used to refine predictions of toxicity. These scenarios would be acceptable where
toxicity is predicted to be absent via mechanistic guidelines. In a third scenario (i.e.
toxicity “probable” and coverage >10%), acceptability would only be achieved when
two conditions were satisfied. Firstly, Tier III estimates of sediment deposition
(section A2.3.3 and Figure 5) must indicate that sediment would disperse 90% of the
time. Secondly, lowest monthly flows (i.e. lowest monthly Q95 values) must not occur
at a sensitive time of year for valued resident fauna.
For all unacceptable scenarios, the extent of failure would be indicated by the
magnitude and cost of mitigation measures. For insoluble pollutants, successful
mitigation requires the reduction of discharged particulate matter to satisfy
acceptability criteria above (Figure 6). However, for contamination levels >PEL, this
may equate to reducing particulate discharges to ≈ zero.

A4.2 Worked example of risk assessment procedure
Using example inputs of data, the risk assessment procedure is demonstrated below.
The inputs and assessment results are based on field sites studied during Stage 2 of
the current project (i.e. sites that are already well characterised). Summary details of
the six “Stage 2” sites are also presented (Table 15)
Table 7 Summary details of sites studied during Stage 2 of the current project

Original Site
code†

HA01

HA08

HA09

HA11

HA12

HA37

Road /
watercourse

M1/Pigeon
Bridge
Brook

M5/River
Salwarpe

M42/River
Arrow

M6/River
Petteril

A1/River
Skerne

A14/River
Sapiston
(trib.)

SP028735

NY492330

NZ303242

TL968633

Grid
reference
Sediment
accumulating
site? (Y/N)
Impacted?
(Y/N)
†

SK476851

SO919663

Y

N

Y

N

Y

N

Y

N

Y

N

Y

N

For reference to site information in previous reporting outputs during Stage 1 (45) and Stage 2 (10)

Following the procedure detailed in Figure 6:
Q1. Is predicted contamination >TEL?
Firstly, we exemplify the procedure of determining whether the predicted sediment
contamination would exceed the TEL (section A3.1). For the purposes of this
example, 90th percentile values of our measured storm sample contamination are
used as a replacement for modelled concentrations (section A2.1) that would
normally be used. These actual measured “worst 10%” concentrations are plotted
against the CCME (section A3.1) empirical guidelines (Fig. 7). The exceedence of
the TEL by this (conservatively estimated) in-pipe sediment contamination prompts
an assessment of the deposition potential of sediment. Using measured values also
indicates that it is not unrealistic for modelled values to exceed trigger levels.
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CCME TEL (dry wt)
CCME PEL (dry wt)
90th percentile value

Concentration (µg/g or ng/g)

100000

61685
16770

13867

10000

5241
2975

197

100
10
1

1374

1071

1000

2355

315

245

375

123

111
53

46.9

41.9

35.7

1684
875

515

5.21
3.5
0.6

0.1
Cd
(µg/g)

Cu
(µg/g)

Zn
(µg/g)

PHE
(ng/g)

ANT
(ng/g)

FLU
(ng/g)

PYR
(ng/g)

Total
PAH
(ng/g)

Figure 7: Observed storm sample 90th percentile contamination levels plotted against CCME
threshold effect level (TEL) and probable effects level (PEL) values. Individual PAH
abbreviations are PHE = phenanthrene, ANT=anthracene, FLU=fluoranthene, PYR=pyrene

Q2. Would sediment accumulate under low flow (Q95)?
Calculations of threshold cross-sectional area for deposition (section A2.3.3) are
tabulated below (Table 16) using Tier I estimates of channel width (screen
measurement tool for 1:2000 maps at http://www.magic.gov.uk/website/magic/) and
Tier II (site visit confirmation of channel width) with annual Q95 values. As an
additional demonstration of seasonal variation, monthly as well as overall annual Q95
values are tabulated in Appendix A4.
Table 8 Tier I and Tier II estimates of sediment accumulation potential for Stage 2 sites
versus observed sedimentation

Site
M1/ PBB
M5/
Salwarpe

Mean
Flow
(m³/s)

Q95
(m³/s)

0.0076

0.0013

Thresho
ld Area
(At) =
10xQ95
(m2)
0.013

0.4660

0.1470

1.470

TIA÷At

Tier II
area
(TIIA)
(m2)

TIIA÷At

Actual
sediment
accumulation

0.37

28.46

0.55

42.40

Y

1.17

0.80

0.76

0.52

N

Tier I
area
(TIA)
(m2)

M42/
0.1190 0.0322
0.322
1.70
5.28
1.01
3.14
Y
Arrow
M6/
1.0800 0.2290
2.290
2.29
1.00
1.57
0.69
N
Petteril
A1/
1.0370 0.1210
1.210
1.70
1.40
2.64
2.18
Y
Skerne
A14/
0.0884 0.0178
0.178
1.37
7.70
0.11
0.62
N
Sapiston
Red shading indicates exceedence of Tier-specific acceptability criteria (10-fold exceedence at Tier I or
any exceedence at Tier II). Amber shading indicates critical Tier I area exceeded by <10-fold
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Notably, predictions of deposition at Tier I can lead to revised predictions of sediment
dispersion (i.e. M6/Petteril and A14/Sapiston) following site-specific measurements of
cross-sectional area (Table 16). Tier II predictions also map well onto actual
observed sediment accumulation or dispersal. In particular, when seasonally
variable flows are used in calculations, the temporal variation in sediment
accumulation observed at A1/Skerne is predicted by this method (Appendix A4). In
the current example, sites M5/Salwarpe, M6/Petteril and A14/Sapiston would exit
the assessment procedure without need for mitigation following Tier II
assessments of deposition potential (N.B. this is subject to the provisos that a.) no
sediment accumulation is evident when the site is visited and b.) the discharge
cannot reach a conservation area where sediment would deposit).

Q3. What is the potential magnitude and extent of risk?
Q3a. What is the potential toxicity of the sediment?
For all contaminants, the concentrations predicted in the current example exceed the
PEL (section A3.1) benchmark (Fig. 7).
Q3b. What area of the channel could be covered annually (to a 1cm depth)?
With reference to the detailed flowchart (Fig. 6) of the full risk assessment; sites
M1/PBB, M42/Arrow and A1/Skerne would require an assessment of the potential
extent of sediment accumulation. In order to enable comparisons across all six sites,
the potential sediment accumulation extent is reported for all Stage 2 sites (Table
17); even though site M5/Salwarpe, M6/Petteril and A14/Sapiston have already
exited the assessment procedure. Unfortunately, the lack of pavement area data for
A1/Skerne and A14/Sapiston dictated that a surrogate estimate (detailed in footnote:
Table 17) was required. All three sites remaining in the current assessment (M1/PBB,
M42/Arrow and A1/Skerne) would be impacted for >10% of the reach according to
the conventional prediction method (Table 17).
Table 17 Comparison of estimated critical channel widths of receiving watercourse to
accommodate annual sediment load within 10% of channel width for 10-m reach

Site
M1/
PBB
M5/
Salwarpe
M42/
Arrow
M6/
Petteril
A1/
Skerne†
A14/
Sapiston†

Individual
storm
loadings ‡
(kg)
Min
Max

Overall
annual
estimate (kg)

Critical channel width
(Z*) estimates (m)

Actual
flow
width
(m)

0.93

37.7

1646

82

2.12

0.04

1.4

1876

94

3.77

0.06

1.0

1229

61

4.43

2.00

48.5

1344

67

4.76

0.42

4.5

649

32

5.53

0.20

13.0

1433

72

1.5

Annual sediment load estimated by WRc model (kg/ha drained pavement area)
† No available plans showing drained pavement area, therefore estimated from continuity as “effective
pavement area” based on runoff volume measured during storm events (using Stage 2 storm data
(10))
‡ Ranges measured during Stage 2 (10)
Critical channel width (Z*) calculated as per section A4.1 and shaded cells indicate sediment coverage
>10%
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However, prior to the availability of model predictions of annual sediment load (SA),
an alternative method was used to estimate SA. The min/max range of sediment
loads actually captured during all sampled storm events at each site during Stage 2
(10) was coupled with an estimated min/max range of the annual number of storm
events producing runoff (expert judgement; (46)). The product of minimised
parameters (min mass x min No. storms) and the product of maximised parameters
(max mass x max No. storms) were calculated and the geometric mean of the two
products provided an estimate of SA. The consequence of using this alternative
estimate of SA on the critical channel width, and its relationship with actual flow width
is illustrated in Table 18.
Table 18 Comparison of estimated critical channel widths using site specific measured
sediment loads
Individual
storm
loadings ‡
(kg)
Site
M1/
PBB
M5/
Salwarpe
M42/
Arrow
M6/
Petteril
A1/
Skerne
A14/
Sapiston

Annual storm
loadings (kg) †

Overall
annual
estimate (kg)

Critical
channel
width (Z*)
estimates
(m)

Actual
width
(m)

min

max

Min
(a)

Max
(b)

Geometric
mean of
a&b

0.93

37.7

19

1506

167

8.4

2.12

0.04

1.4

0.84

55

6.81

0.34

3.77

0.06

1.0

1.2

40

6.81

0.34

4.43

2.00

48.5

40

1938

278

14

4.76

0.42

4.5

8.4

179

38.7

1.9

5.53

0.20

13.0

4.0

519

45.5

2.3

1.5

‡ Ranges measured during Stage 2 (10)
† Estimated annual storm number ranges between 20 and 40 (46)
Shaded cells indicate sediment coverage >10%

Using the alternative estimates of SA, as presented in Table 18, the only sediment
accumulating site predicted to be at risk of sediment coverage for >10% of the
channel width is M1/PBB. These results are included as an illustration of the
influence of SA estimation on the discriminatory power of the sediment coverage
assessment step. For the remainder of this exercise, the standard model predictions
in Table 17 are used to complete the example application.
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With further reference to the risk assessment flowchart (Fig. 6; Q3 acceptability
scenarios matrix), the combined assessment of toxicity and sediment would be
described as follows:
•
•
•

M1/PBB – Toxicity “probable”, coverage >10%
M42/Arrow – Toxicity “probable”, coverage >10%
A1/Skerne – Toxicity “probable”, coverage >10%

In the case of M1/PBB (invoking Q3 sediment deposition caveats) – even the mean
annual flow is too low to justify the Tier III assessment of sediment dispersal for 90%
of the time (Fig. 6 and section A2.3.3). The critical area for deposition based on the
mean flow (Table 16) would be 10(0.0076) or 0.076 m2 and is therefore still around 7fold in excess of the value at which deposition is predicted. Similarly, a Tier III
estimate of velocity at mean annual flow for M42/Arrow is below 0.1 m/s (0.05 m/s at
mean flow). Both M1/PBB and M42/Arrow are predicted to be sediment accumulating
sites in excess of 90% of the time. Consequently, M1/PBB and M42/Arrow would
be deemed to pose an unacceptably high risk of negative ecological impacts
from contaminated sediments.
Therefore, the remaining assessment for site A1/Skerne requires a revised
assessment of potential toxicity based upon mechanistic guidelines (Q3
bioavailability caveat). Firstly, consideration of metal toxicity (simultaneously
extracted metals; SEM) relative to acid volatile sulphide (AVS), would benefit from
Tier III investigation (section A2.3.2) in order to modify the existing toxicity prediction.
Stage 2 analyses included AVS and SEM in receiving water sediment for A1/Skerne
and the results are given below (Table 19):
Table 19 Comparisons of receiving water sediment AVS and SEM

Site

[SEM] (mmol/kg)

[AVS] (mmol/kg)

[SEM]-[AVS] >1?

A1/Skerne

3.3

16.0

N

In this case, no metal toxicity would be predicted in the receiving watercourses since
AVS is present in excess of the metallic contaminants.
Assessment of PAH toxicity by mechanistic guidelines is required to complete the full
risk assessment procedure (section A3.2). Exceedences based upon Tier I, Tier II
and Tier III assessments of sediment organic carbon (OC) are plotted over (Fig. 8)
and OC estimates are presented for each Tier (Table 20).
Table 9 Organic carbon percentage estimates for each Tier of assessment

Site

Tier I

Tier II

Tier III

A1/Skerne

2%

3.7%

16.9%

Tier I OC is set at 2% for both sites, Tier II estimates by reference to NSRI data and Tier III by
measurement (section A2.3.1); lower 95% confidence interval of upstream OC values obtained in Stage
2 (10) used for Tier III
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HA12

Tier I
Tier II
Tier III

60

µmol/g OC

50
40
30
20
10

SQG

0
Fluoranthene

Pyrene

Total PAH

Figure 8: Site A1/Skerne molar concentrations of PAHs (normalised to varying percentages
of organic carbon according to Tier of assessment) as compared to narcosis sediment quality
guideline value (red dotted line)

The result of this final part of the assessment indicates that no individual PAH
exceeded the narcosis guideline value (Fig 9). Conversely, total PAH values
(measured for 18 PAHs and then multiplied by conversion factor of 2.75; section
A3.2) exceeded the guideline value at A1/Skerne (Fig. 8). It is notable, however, that
the relatively high sediment organic carbon measured at A1/Skerne meant that the
narcosis SQG is only marginally exceeded. Overall, A1/Skerne is judged to present
an unacceptable risk of contamination based upon total PAHs. This site, along
with M1/PBB and M42/Arrow, would therefore be considered under Question 4 (Fig.
6) for an assessment of mitigation costs.
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Appendix A1: Derivation of stream cross-sectional area
prediction using channel width.

Channel width was evaluated as a predictor of stream cross sectional area using
data from WS Atkins/Humphries Rowell associates (42). Since frequency
distributions of both channel width and cross sectional area were found to be
positively skewed, log10 transformations were used to produce normally distributed
datasets. Linear regression with the log-transformed values related cross sectional
area to channel width (Fig. A1; log10 area = - 1.01 + 1.48 log10 width; r2= 0.743;
p<0.001). The highly significant relationship meant that channel width explained
almost three quarters of the variation in area. Using the upper 95% confidence
interval of the linear regression model predictions (log10 area = -0.93 + 1.66 log10
width) is recommended in order to provide a suitably precautionary estimate of cross
sectional area.

Stream width as a predictor of cross sectional area

log10 Cross sectional area

1
0.5

log10 area = - 1.01 + 1.48 log10 width
r2=0.743; p<0.001

0
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Figure A1: Assessment of channel width explains 74% of the variation in maximal
cross sectional area for the sites studied (42)
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Appendix A2: Organisms used in development of target
lipid model of non-polar narcosis (30)
Species

Common name

Tetrahymena elliotti
Hydra oligactis
Aedes aegypti
Culex pipiens
Tanytarsus dissimilis
Palaemonetes pugio
Mysidopsis bahia
Artemia salina nauplii
Leptocheirus plumulosus
Daphnia cucullata
Daphnia magna
Daphnia pulex
Nitocra spinipes
Orconectes immunis
Portunus pelagicus
Lymnaea stagnalis
Neanthes arenaceodentata
Alburnus alburnus
Carassius auratus
Cyprinodon variegatus
Gambusia affinis
Ictalurus punctatus
Jordanella floridae
Lepomis macrochirus
Leuciscus idus melanotus
Menidia beryllina
Oncorhynchus mykiss
Oryzias latipes
Pimephales promelas
Poecilia reticulata
Ambystoma mexicanum
Rana catesbian
Xenopus laevis

Paramecium
Hydra
Diploid mosquito
Mosquito
Midge
Grass shrimp
Mysid shrimp
Brine shrimp (juvenile)
Amphipod shrimp
Cladoceran
Cladoceran
Cladoceran
Copepod
Crayfish
Crab
Snail
Annelid worm
Bleak
Goldfish
Sheepshead minnow
Mosquitofish
Channel catfish
American flagfish
Bluegill
Golden orfe
Inland silverside
Rainbow trout
Medaka
Fathead minnow
Guppy
Mexican axolotl
Tadpole (frog)
Clawed toad
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Appendix A3: Chemicals used in development of target lipid
model of non-polar narcosis (30)
Triethylene glycol, Methanol, 2,4Pentanedione, Ethanol, Acetone, 2Chloroethanol, 2-(2Ethoxyethoxy)ethanol, 1-Chloro-2propanol, 1,3-Dichloro-2-propanol, 2Methyl-2,4-pentanediol, 2-Butanone, 2Propanol, 3-Chloro-1-propanol, 1Propanol, Cyclopentanone, 2-Methyl-2propanol, Methyl chloride, 2-Butanol,
Methyl bromide, 3-Methyl-2-butanone,
2,3-Dibromopropanol, Cyclohexanone,
Cyclopentanol, 2-Methyl-l-propanol, 4Methyl-3-penten-2-one, 2-Pentanone, 1Butanol, 3-Pentanone, 2-Methyl-2butanol, 2-n-Butoxyethanol,
Diethyleneglycolmono-n-butylether, 3,3Dimethyl-2-butanone, Diethyl ether, 4Methoxy-4-methyl-2-pentane, 4-Methyl2-pentanone, Dichloromethane, tButylmethyl ether, Cyclohexanol, 2Hexanone, 1,2-Dichloroethane, 1Pentanol, 3-Methyl-3-pentanol, 2Phenoxyethanol, 2,2,2-Trichloroethanol,
4-Methyl-2-pentanol, 3-Hexanol, 2Heptanone, 5-Methyl-2-hexanone, 2,4Dimethyl-3-pentanol, 6-Methyl-5heptene-2-one, 2-Hexanol, 1,3Dichloropropane, 1,2-Dichloropropane,
Diisopropyl ether, Chloroform, 1,1,2Trichloroethane, 1,4-Dimethoxybenzene,
2,6-Dimethoxytoluene, Benzene, 1Hexanol, 2-Octanone, 1-Chloro-3bromopropane, 5-Methyl-3-heptanone,
Anisole, 2,6-Dimethyl-2,5-heptadiene-4one
t-1,2-Dichloroethylene 1,2,3Trichloropropane, 1,1-Dichloroethylene,
1,3-Dibromopropane, Bromoform,
1,1,2,2-Tetrachloroethane, 1,4Dichlorobutane, 1,1-Dichloropropane, 2Nonanone, 1,1,1-Trichloroethane,
1,1,1,2-Tetrachloroethane, 5-Nonanone,
1-Heptanol

Chlorobenzene, 2-Ethyl-1-hexanol,
Bicyclo(2,2,1)hepta-2,5-diene, Toluene,
Styrene, Tetrachloromethane, 2Decanone, Bromobenzene,
Cyclopentane, 1,5-Dichloropentane
1,3,5-Cycloheptatriene,
Trichloroethylene, Di-n-butyl ether, t-1,2Dichlorocyclohexane,
Pentachloroethane, 2,4-Hexadiene,
Butylphenyl ether, Benzophenone,
Ethylbenzene, 2,3-Dimethyl-1,3butadiene, 2-Undecanone, 1-Octanol, 3Chlorotoluene, 4-Chlorotoluene, oXylene, m-Xylene, p-Xylene, 1,4Dichlorobenzene, 3,5,5-Trimethyl-1hexanol, 1,2-Dichlorobenzene, 1,3Dichlorobenzene, Naphthalene,
Cyclohexane, Tetrachloroethylene, 2Dodecanone, Cumene, Pentane, 1,2Dibromobenzene, 1,5-Cyclooctadiene, 1Nonanol, 1,2,4-Trimethylbenzene, nPropylbenzene, Dipentyl ether, 1,3,5Trimethylbenzene, Hexachloroethane,
2,4-Dichlorotoluene, 1Methylnaphthalene, 2Methylnaphthalene, 2Chloronaphthalene, 1Chloronaphthalene, 3,4-Dichlorotoluene,
Biphenyl, 1,3,5-Trichlorobenzene, 1,2,3Trichlorobenzene, 1,2,4Trichlorobenzene, Acenaphthene, 2,5Dimethyl-2,4-hexadiene, Methyl
cyclohexane, 1,2,4,5Tetramethylbenzene, Hexane, 1,3Diethylbenzene, 1-Decanol, p-tertButyltoluene, Diphenylether,
Amylbenzene, Phenanthrene, 1,2,4,5Tetrachlorobenzene, 1,2,3,4Tetrachlorobenzene, 1,2,3,5Tetrachlorobenzene, 1-Undecanol,
Pyrene, 9-Methylanthracene,
Fluoranthene, 1-Dodecanol,
Pentachlorobenzene, Octane, 1Tridecanol, Decane
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Appendix A4: Seasonal lowflow (Q95) predictions of
sediment accumulation potential for Stage 2 sites

M1/PBB
Annual
Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
M5/Salwarpe
Annual
Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
M42/Arrow
Annual
Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
M6/Petteril
Annual
Jan
Feb
Mar
Apr

Mean
Flow
(m³/s)

Q95
(m³/s)

Threshold
Area =
10xQ95
(m2)

0.00761
0.0148
0.0125
0.0101
0.00781
0.00534
0.00406
0.00283
0.00307
0.00342
0.00573
0.00835
0.0133

0.0013
0.00339
0.00331
0.00304
0.00261
0.00214
0.00162
0.00135
0.00122
0.00126
0.00156
0.0018
0.00264

0.013
0.0339
0.0331
0.0304
0.0261
0.0214
0.0162
0.0135
0.0122
0.0126
0.0156
0.018
0.0264

0.37
0.37
0.37
0.37
0.37
0.37
0.37
0.37
0.37
0.37
0.37
0.37
0.37

28.46
10.91
11.18
12.17
14.18
17.29
22.84
27.41
30.33
29.37
23.72
20.56
14.02

0.55
0.55
0.55
0.55
0.55
0.55
0.55
0.55
0.55
0.55
0.55
0.55
0.55

42.40
16.26
16.65
18.13
21.12
25.76
34.02
40.83
45.18
43.75
35.33
30.62
20.88

0.466
0.764
0.653
0.628
0.508
0.387
0.331
0.254
0.262
0.268
0.371
0.485
0.679

0.147
0.233
0.226
0.259
0.236
0.211
0.181
0.151
0.147
0.144
0.166
0.175
0.214

1.47
2.33
2.26
2.59
2.36
2.11
1.81
1.51
1.47
1.44
1.66
1.75
2.14

1.17
1.17
1.17
1.17
1.17
1.17
1.17
1.17
1.17
1.17
1.17
1.17
1.17

0.80
0.50
0.52
0.45
0.50
0.55
0.65
0.77
0.80
0.81
0.70
0.67
0.55

0.76
0.76
0.76
0.76
0.76
0.76
0.76
0.76
0.76
0.76
0.76
0.76
0.76

0.52
0.33
0.34
0.29
0.32
0.36
0.42
0.50
0.52
0.53
0.46
0.43
0.36

0.119
0.218
0.174
0.162
0.125
0.0923
0.0775
0.056
0.057
0.0574
0.0847
0.13
0.193

0.0322
0.063
0.0581
0.0642
0.0566
0.0468
0.0395
0.0331
0.0315
0.0321
0.0366
0.0429
0.0552

0.322
0.63
0.581
0.642
0.566
0.468
0.395
0.331
0.315
0.321
0.366
0.429
0.552

1.70
1.70
1.70
1.70
1.70
1.70
1.70
1.70
1.70
1.70
1.70
1.70
1.70

5.28
2.70
2.93
2.65
3.00
3.63
4.30
5.14
5.40
5.30
4.64
3.96
3.08

1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01

3.14
1.61
1.74
1.58
1.79
2.16
2.56
3.06
3.21
3.15
2.77
2.36
1.83

1.08
2
1.503
1.495
1.007

0.229
0.568
0.492
0.528
0.416

2.29
5.68
4.92
5.28
4.16

2.29
2.29
2.29
2.29
2.29

1.00
0.40
0.47
0.43
0.55

1.57
1.57
1.57
1.57
1.57

0.69
0.28
0.32
0.30
0.38

Tier I
area
(TIA)
(m2)

TIA÷At

Tier II
area
(TIIA)
(m2)

TIIA÷At
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May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
A1/Skerne
Annual
Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
A14/Sapiston
Annual
Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

Mean
Flow
(m³/s)

Q95
(m³/s)

0.641
0.555
0.456
0.505
0.591
0.981
1.39
1.84

0.313
0.265
0.241
0.228
0.232
0.295
0.363
0.476

Threshold
Area =
10xQ95
(m2)
3.13
2.65
2.41
2.28
2.32
2.95
3.63
4.76

1.037
2.023
1.642
1.52
1.053
0.727
0.537
0.391
0.469
0.532
0.805
1.117
1.628

0.121
0.384
0.354
0.327
0.255
0.203
0.159
0.124
0.105
0.12
0.164
0.215
0.269

1.21
3.84
3.54
3.27
2.55
2.03
1.59
1.24
1.05
1.2
1.64
2.15
2.69

0.0884
0.163
0.141
0.137
0.108
0.079
0.0576
0.0431
0.0392
0.0386
0.0576
0.0795
0.117

0.0178
0.0477
0.0428
0.0462
0.0384
0.0314
0.0245
0.021
0.0177
0.0157
0.0198
0.026
0.0355

0.178
0.477
0.428
0.462
0.384
0.314
0.245
0.21
0.177
0.157
0.198
0.26
0.355

Tier I
area
(TIA)
(m2)
2.29
2.29
2.29
2.29
2.29
2.29
2.29
2.29

0.73
0.86
0.95
1.00
0.99
0.78
0.63
0.48

Tier II
area
(TIIA)
(m2)
1.57
1.57
1.57
1.57
1.57
1.57
1.57
1.57

1.70
1.70
1.70
1.70
1.70
1.70
1.70
1.70
1.70
1.70
1.70
1.70
1.70

1.40
0.44
0.48
0.52
0.67
0.84
1.07
1.37
1.62
1.42
1.04
0.79
0.63

2.64
2.64
2.64
2.64
2.64
2.64
2.64
2.64
2.64
2.64
2.64
2.64
2.64

2.18
0.69
0.75
0.81
1.04
1.30
1.66
2.13
2.51
2.20
1.61
1.23
0.98

1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37

7.70
2.87
3.20
2.97
3.57
4.36
5.59
6.52
7.74
8.73
6.92
5.27
3.86

0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11

0.62
0.23
0.26
0.24
0.29
0.35
0.45
0.52
0.62
0.70
0.56
0.42
0.31

TIA÷At

TIIA÷At
0.50
0.59
0.65
0.69
0.68
0.53
0.43
0.33

Red shading indicates exceedence of Tier-specific acceptability criteria (10-fold exceedence at Tier I or
exceedence at Tier II). Amber shading indicates critical Tier I area exceeded by <10-fold
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Appendix 2: Outcomes of hazard assessment of 16 field sites
Thresholds
Stage 1
Site code

HA02

HA04

HA06

HA07

Road/National Grid
Reference

M1/SE343024

A12/TL691025

A14/TM090566

A14/TL380642

Watercourse

Rockley Dike

River Wid

Creeting Brook

Huntingdon

Metals (mg/kg)
Cadmium
Copper
Zinc
PAHs (µg/kg)
Anthracene
Phenanthrene
Fluoranthene
Pyrene
Total PAH*
Metals (mg/kg)
Cadmium
Copper
Zinc
PAHs (µg/kg)
Anthracene
Phenanthrene
Fluoranthene
Pyrene
Total PAH*
Metals (mg/kg)
Cadmium

EqP OC
normalised Molecular %TOC %TOC
weight
(Tier I) (Tier II)
SQG (µmol/g
OC*)

TEL

PEL

0.6
35.7
123

3.5
197
315

N/A
N/A
N/A

46.9
41.9
111
53
1684

245
515
2355
875
16770

5.66
5.92
5.64
5.83
5.7

0.6
35.7
123

3.5
197
315

N/A
N/A
N/A

46.9
41.9
111
53
1684

245
515
2355
875
16770

5.66
5.92
5.64
5.83
5.7

178.2
202.26
178.2
202.26
173

178.2
202.26
178.2
202.26
173

2
2
2

2
2
2

5.2
5.2
5.2

3.7
3.7
3.7

>PEL

>PEL

1 year RP
(mg/kg dry
weight)

1 month RP
(mg/kg dry
weight)

10.00
2134
9043

5.01
882
3916

46785
48758
281838

9335
9729
56234

10.00
3167
12549

5.01
1544
5765

46785
48758
281838

4679
4876
28184

0.6

3.5

N/A

10.00

2.51

Copper

35.7

197

N/A

2220

929

Zinc
PAHs (µg/kg)
Anthracene
Phenanthrene
Fluoranthene
Pyrene
Total PAH*
Metals (mg/kg)
Cadmium
Copper
Zinc
PAHs (µg/kg)
Anthracene
Phenanthrene
Fluoranthene
Pyrene
Total PAH*

123

315

N/A

6958

3055

46.9
41.9
111
53
1684

245
515
2355
875
16770

5.66
5.92
5.64
5.83
5.7

18626
19411
112202

4679
4876
28184

0.6
35.7
123

3.5
197
315

N/A
N/A
N/A

10.00
3167
12549

5.01
1544
5765

46.9
41.9
111
53
1684

245
515
2355
875
16770

5.66
5.92
5.64
5.83
5.7

46785
48758
281838

4679
4876
28184

178.2
202.26
178.2
202.26
173

178.2
202.26
178.2
202.26
173

2
2
2

2
2
2

2.1
2.1
2.1

3.7
3.7
3.7

>EqP
>100
Threshold µmol/g OC
TOC
SEM-AVS
normalised
PAH (µmol/g (µmol/g OC)
OC*) 1y RP

5.05
4.64
31.33

7.10
6.52
44.03

4.98
4.57
30.88
47.5
47.5
47.5

7.10
6.52
44.03
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Thresholds
Stage 1
Site code

HA10

HA13

HA14

HA15

Road/National Grid
Watercourse
Reference

M6/NY431479

A74(M)/NY102910

A74(M)/NY126837

A74(M)/NY129825

Gill Beck

Dalmakethar Burn

Dryfe Water

Kirk Burn

Metals (mg/kg)
Cadmium
Copper
Zinc
PAHs (µg/kg)
Anthracene
Phenanthrene
Fluoranthene
Pyrene
Total PAH*
Metals (mg/kg)
Cadmium
Copper
Zinc
PAHs (µg/kg)
Anthracene
Phenanthrene
Fluoranthene
Pyrene
Total PAH*
Metals (mg/kg)
Cadmium
Copper
Zinc
PAHs (µg/kg)
Anthracene
Phenanthrene
Fluoranthene
Pyrene
Total PAH*
Metals (mg/kg)
Cadmium
Copper
Zinc
PAHs (µg/kg)
Anthracene
Phenanthrene
Fluoranthene
Pyrene
Total PAH*

EqP OC
normalised Molecular %TOC %TOC
weight
(Tier I) (Tier II)
SQG (µmol/g
OC*)

TEL

PEL

0.6
35.7
123

3.5
197
315

N/A
N/A
N/A

46.9
41.9
111
53
1684

245
515
2355
875
16770

5.66
5.92
5.64
5.83
5.7

0.6
35.7
123

3.5
197
315

N/A
N/A
N/A

46.9
41.9
111
53
1684

245
515
2355
875
16770

5.66
5.92
5.64
5.83
5.7

0.6
35.7
123

3.5
197
315

N/A
N/A
N/A

46.9
41.9
111
53
1684

245
515
2355
875
16770

5.66
5.92
5.64
5.83
5.7

0.6
35.7
123

3.5
197
315

N/A
N/A
N/A

46.9
41.9
111
53
1684

245
515
2355
875
16770

5.66
5.92
5.64
5.83
5.7

178.2
202.26
178.2
202.26
173

178.2
202.26
178.2
202.26
173

178.2
202.26
178.2
202.26
173

178.2
202.26
178.2
202.26
173

2
2
2

2
2
2

2
2
2

2
2
2

2
2
2

2
2
2

2
2
2

2
2
2

>PEL

>PEL

1 year RP
(mg/kg dry
weight)

1 month RP
(mg/kg dry
weight)

10.00
2936
9076

3.98
1266
4363

46785
48758
281838

9335
9729
56234

10.00
2936
9076

3.98
1266
4363

46785
48758
281838

9335
9729
56234

10.00
2936
9076

3.98
1266
4363

46785
48758
281838

9335
9729
56234

10.00
2936
9076

3.98
1266
4363

46785
48758
281838

9335
9729
56234

>EqP
>100
Threshold µmol/g OC
TOC
SEM-AVS
normalised
PAH (µmol/g (µmol/g OC)
OC*) 1y RP

13.13
12.05
81.46

13.13
12.05
81.46

13.13
12.05
81.46

13.13
12.05
81.46

Accumulation and Dispersal of Suspended Solids in Watercourses
Final Report
HA3/368 & EA SC020048/SR

Thresholds
Stage 1
Site code

HA16

HA17

HA18

HA19

Road/National Grid
Reference

A1(M)/SE287892

A12/TL783115

M1/SK448576

M5/SO883536

Watercourse

Bedale Beck

River Ter

Normanton Brook

Spetchley Brook

Metals (mg/kg)
Cadmium
Copper
Zinc
PAHs (µg/kg)
Anthracene
Phenanthrene
Fluoranthene
Pyrene
Total PAH*
Metals (mg/kg)
Cadmium
Copper
Zinc
PAHs (µg/kg)
Anthracene
Phenanthrene
Fluoranthene
Pyrene
Total PAH*
Metals (mg/kg)
Cadmium
Copper
Zinc
PAHs (µg/kg)
Anthracene
Phenanthrene
Fluoranthene
Pyrene
Total PAH*
Metals (mg/kg)
Cadmium
Copper
Zinc
PAHs (µg/kg)
Anthracene
Phenanthrene
Fluoranthene
Pyrene
Total PAH*

EqP OC
normalised Molecular %TOC %TOC
weight
(Tier I) (Tier II)
SQG (µmol/g
OC*)

TEL

PEL

0.6
35.7
123

3.5
197
315

N/A
N/A
N/A

46.9
41.9
111
53
1684

245
515
2355
875
16770

5.66
5.92
5.64
5.83
5.7

0.6
35.7
123

3.5
197
315

N/A
N/A
N/A

46.9
41.9
111
53
1684

245
515
2355
875
16770

5.66
5.92
5.64
5.83
5.7

0.6
35.7
123

3.5
197
315

N/A
N/A
N/A

46.9
41.9
111
53
1684

245
515
2355
875
16770

5.66
5.92
5.64
5.83
5.7

0.6
35.7
123

3.5
197
315

N/A
N/A
N/A

46.9
41.9
111
53
1684

245
515
2355
875
16770

5.66
5.92
5.64
5.83
5.7

178.2
202.26
178.2
202.26
173

178.2
202.26
178.2
202.26
173

178.2
202.26
178.2
202.26
173

178.2
202.26
178.2
202.26
173

2
2
2

2
2
2

2
2
2

2
2
2

3.6
3.6
3.6

2
2
2

2
2
2

5.2
5.2
5.2

>PEL

>PEL

1 year RP
(mg/kg dry
weight)

1 month RP
(mg/kg dry
weight)

10.00
1850
6929

2.51
738
2813

46785
48758
281838

9335
9729
56234

10.00
3167
12549

5.01
1544
5765

46785
48758
281838

4679
4876
28184

10.00
3433
13154

3.98
1584
6185

46785
48758
281838

9335
9729
56234

10.00
3183
11091

5.01
1462
5626

46785
48758
281838

5890
6138
35481

>EqP
>100
Threshold µmol/g OC
TOC
SEM-AVS
normalised
PAH (µmol/g (µmol/g OC)
OC*) 1y RP
negative
negative
negative

7.29
6.70
45.25

13.13
12.05
81.46

13.13
12.05
81.46
572
572
572

5.05
4.64
31.33
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Thresholds
Stage 1
Site code

HA36

HA38

HA42

HA43

Road/National Grid
Watercourse
Reference

M40/SP251631

M42/SP060729

M25/TQ039832

A14/TM046597

Horse Brook

River Arrow (Trib)

Colne Brook

River Gipping (a)

Metals (mg/kg)
Cadmium
Copper
Zinc
PAHs (µg/kg)
Anthracene
Phenanthrene
Fluoranthene
Pyrene
Total PAH*
Metals (mg/kg)
Cadmium
Copper
Zinc
PAHs (µg/kg)
Anthracene
Phenanthrene
Fluoranthene
Pyrene
Total PAH*
Metals (mg/kg)
Cadmium
Copper
Zinc
PAHs (µg/kg)
Anthracene
Phenanthrene
Fluoranthene
Pyrene
Total PAH*
Metals (mg/kg)
Cadmium
Copper
Zinc
PAHs (µg/kg)
Anthracene
Phenanthrene
Fluoranthene
Pyrene
Total PAH*

EqP OC
normalised Molecular %TOC %TOC
weight
(Tier I) (Tier II)
SQG (µmol/g
OC*)

TEL

PEL

0.6
35.7
123

3.5
197
315

N/A
N/A
N/A

46.9
41.9
111
53
1684

245
515
2355
875
16770

5.66
5.92
5.64
5.83
5.7

0.6
35.7
123

3.5
197
315

N/A
N/A
N/A

46.9
41.9
111
53
1684

245
515
2355
875
16770

5.66
5.92
5.64
5.83
5.7

0.6
35.7
123

3.5
197
315

N/A
N/A
N/A

46.9
41.9
111
53
1684

245
515
2355
875
16770

5.66
5.92
5.64
5.83
5.7

0.6
35.7
123

3.5
197
315

N/A
N/A
N/A

46.9
41.9
111
53
1684

245
515
2355
875
16770

5.66
5.92
5.64
5.83
5.7

178.2
202.26
178.2
202.26
173

178.2
202.26
178.2
202.26
173

178.2
202.26
178.2
202.26
173

178.2
202.26
178.2
202.26
173

2
2
2

2
2
2

2
2
2

2
2
2

2
2
2

2
2
2

2
2
2

2
2
2

>PEL

>PEL

1 year RP
(mg/kg dry
weight)

1 month RP
(mg/kg dry
weight)

10.00
3687
12097

5.01
1601
6052

46785
48758
281838

5890
6138
35481

10.00
3687
12097

5.01
1601
6052

46785
48758
281838

5890
6138
35481

10.00
5239
17766

3.98
2514
8578

46785
48758
281838

4679
4876
28184

10.00
2220
6958

2.51
929
3055

18626
19411
112202

4679
4876
28184

>EqP
>100
Threshold µmol/g OC
TOC
SEM-AVS
normalised
PAH (µmol/g (µmol/g OC)
OC*) 1y RP

13.13
12.05
81.46

13.13
12.05
81.46

13.13
12.05
81.46

5.23
4.80
32.43
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Assayed sediment AVS, SEM and TOC used in Hazard assessments for specified field sites

Site

TOC
(g/kg)

fOC

AVS
(umol/g)

SEM
(umol/g)

SEM-AVS

(SEMAVS)/foc
(umol/g)

A14/Hunt.US
A14/Hunt.DS
A1/B.BeckUS
A1/B.BeckDS
M5/S.BrookUS
M5/S.BrookDS

49.1
63.1
40.7
82
22.7
15.2

0.0491
0.0631
0.0407
0.082
0.0227
0.0152

20
14
2.5
59
0.7
1.3

6
17
13
7.6
12
10

-14.00
3.00
10.50
-51.40
11.30
8.70

-285.132
47.544
257.985
-626.829
497.797
572.368

Where AVS = Acid Volatile Sulphide, SEM = Simultaneously Extracted Metals, TOC = Total Organic Carbon.
Upstream and Downstream stations are indicated (US and DS respectively)
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Appendix 3: Results of invertebrate sampling in field sites (October 2007)

Common name

Mayflies

Family

BMWP

Baetidae

4

Caenidae
Ephemeridae
Ephemerellidae

7
10
10

Heptageniidae

10

Dytiscidae

5

Elmidae

5

Water Beetles
Gyrinidae

Hydrophilidae

Damsel flies

5

Haliplidae

5

Scirtidae

5

Calopterygidae

8
10

Leuctridae
Stoneflies

5

Nemouridae
Perlidae
Perlodidae
Brachycentridae

7
10
10
10
7

Glossosomatidae

Caddisflies
(cased)

Goeridae
Hydroptilidae
Leptoceridae
Limnephilidae
Odontoceridae
Phryganeidae
Polycentropodidae
Psychomyiidae
Sericostomatidae

Caddisflies
(caseless)

10
6
10
7
10
10
7
8
10
5

Hydropsychidae
Psychomyiidae
Rhyacophilidae

8
7

Taxa
Baetis rhodani
Baetis vernus
Caenis rivulorum
Ephemera danica
Serratella ignita
Ecdyonurus torrentis
Ecdyonurus venosus
Rhithrogena semicolorata
Coelambus sp
Colymbetinae
Ilybius fuliginosus
Potamonectes depressus elegans
Potamonectes griseostriatus
Macronychus quadrituberculatus
Riolus subviolaceus
Elmis aenea
Limnius volkmari
Oulimnius sp
Oulimnius tuberculatus
Gyrinus sp
Hydrobius fuscipes
Hydroporinae
Laccobius bipunctatus
Helophorus sp
Helophorus laticollis
Haliplus lineatocollis
Scirtes sp
Scirtidae
Calopteryx splendens
Leuctra hippopus
Leuctra inermis
Nemoura erratica
Protonemura meyeri
Perla bipunctata
Dinocras cephalotes
Perlodes microcephala
Brachycentrus subnubilus
Glossosoma sp
Glossosoma boltoni
Glossosomatidae (pupae)
Silo pallipes
Hydroptila sp
Leptoceridae
Limnephilidae
Potamophylax latipennis
Odontocerum albicorne
Phryganea grandis
Plectrocnemia conspersa
Plectrocnemia geniculata
Lype reducta
Sericostoma personatum
Hydropsyche angustipennis
Hydropsyche contubernalis
Hydropsyche pellucidula
Hydropsyche siltalai
Tinodes waeneri
Rhyacophila dorsalis

M1/
M1/ A14/ A14/ M6/ M6/ M74/ M74/
A1/
A1/
M5/
M5/
R.Dike R.Dike Hunt. Hunt. Gill Gill Dryfe Dryfe B.Beck B.Beck S.Brook S.Brook
US
DS
US
DS
US DS US
DS
US
DS
US
DS

1

1

186

305

22
721

4

147

1
1
3

6

8

29
126
1
2

30

8
30
11
239

2
85

3

4
3
1
1

5

4
1

10
1
41
21

7
1

7
20
3

8

8
1
7

56

14
53
1

1
1
1
1
1
1
1

1
1

29
1

1

3
2

3

2

7
1

4

7

3
4

28
6
1
3
1

24
2

4
6

1
23
1
1
2

3

4
11
1

3

2

15

1
13

2

8

2

1
1

2
5

1

4

2
2

3
1
2

5

35

9

50

1

Continued over.
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Common name

Family

BMWP

Alderflies

Sialidae

4
5

Pediciidae
Craneflies

5
Tipulidae

Phantom craneflies
Danceflies
Thick-headed flies

Ptychopteridae
Empididae
Dolichopodidae

Mothflies/sandflies

Psychodidae

Black flies

Simulidae

Midges
Meniscus midges
Mosquitos
Soldier flies

Chironomidae
Dixidae
Culicidae
Stratiomyidae

Backswimmers

Notonectidae

Waterboatmen

Corixidae

Water striders

Veliidae

Shrimp

Gammaridae

Hoglice

Asellidae

Clams

Sphaeridae

5
N/A
N/A
N/A
5
2
N/A
N/A
N/A
5
5
N/A
6
3
3

Lymnaeidae
Planorbidae
Snails

Valvatidae
Lymnaeidae
Zonitoidea

Leeches

Water mites

3
3
3
N/A
3

Glossiphoniidae
Erpobdellidae

Worm

3

Oligochaeta

3
1
N/A
N/A

Taxa
Sialis lutaria
Pediciidae
Pedicia rivosa
Dicranota bimaculata
Tipulinae
Tipula oleracea
Tipula paludosa
Tipula subcuntans
Ptychoptera sp
Clinocera sp
Dolichopodidae
Pericoma sp
Psychodidae
Simulidae
Prosimulium sp
Chironomidae
Dixidae
Culicidae
Stratiomyidae
Notonecta glauca
Notonecta maculata
Hesperocorixa sahlbergi
Sigara lateralis
Microvelia buenoi umbricola
Velia caprai
Gammarus pulex
Gammarus lacustris
Asellus aquaticus
Asellus meridianus
Sphaeridae
Sphaerium corneum
Pisidium sp
Pisidium personatum
Myxas glutinosa
Potamopyrgus jenkinsii
Planorbis sp
Planorbis acronicus
Valvata sp
Lymnaea sp
Lymnaea peregra
Zonitoides sp
Glossiphonia complanata
Glossiphonia heteroclita
Helobdella stagnalis
Erpobdella octoculata
Oligochaeta
Hydrachnellae
Halacaridae

M5/
M5/
A1/
A1/
M1/ A14/ A14/ M6/ M6/ M74/ M74/
M1/
R.Dike R.Dike Hunt. Hunt. Gill Gill Dryfe Dryfe B.Beck B.Beck S.Brook S.Brook
DS
US
DS
US
DS
US DS US
DS
US
DS
US

41

5

1

13
1

4
18
1

1

1

1
6
2

5
1

1

1

1
1

1
1

5
1
1
1

4

146

168

163

3

3

1
47

4

19
3

61

1
54

48

151

29

2

38

143

106

5

182

1
5
1
1
1
1
1
123
15

49

178
1
8 1343
6

1
616 783 276

440

37

345
14

1

33

951

10

237
1

44

62

60

993
146

3
7

1
3

12
4

1
4

140
4

69

139

983

89

2
1

3

3
3
1
5
7

2

2
51
1

11
4
47
1

5
3
8
1
4
2

1

1

1
2

30

4
12

5

1
61

13

1
16
133

50
6

See over for tabulated indices.
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Biotic Index values used to calculate EQIs (presented as observed/RIVPACS prediction)

2007
Metric

M1/R.
Dike
US

M1/R.
Dike
DS

A14/
Hunt.
US

A14/
Hunt.
DS

M6/
Gill
US

M6/
Gill
DS

M74/
Dryfe
US

M74/
Dryfe
DS

A1/B.
Beck
US

A1/B.
Beck
DS

M5/S.
Brook
US

M5/S.
Brook
DS

Number
of Taxa

20/32

7/35

19/32

26/30

16/21

10/29

34/32

29/30

18/33

27/31

11/27

12/27

BMWP

106/
169

32/
209

77/
161

113/
160

83/
124

45/
187

226/
190

191/
187

82/
186

147/
163

42/
133

48/
136

ASPT

5.30/
5.33

4.57/
5.75

4.05/
5.07

4.35/
5.31

5.19/
5.9

4.50/
6.42

6.65/
6.02

6.59/
6.16

4.56/
5.58

5.44/
5.22

3.81/
5.00

4.00/
5.03

Bold index values are where observed > predicted

2003
Metric

M1/R.
Dike
US

M1/R.
Dike
DS

A14/
Hunt.
US

A14/
Hunt.
DS

M6/
Gill
US

M6/
Gill
DS

M74/
Dryfe
US

M74/
Dryfe
DS

A1/B.
Beck
US

A1/B.
Beck
DS

M5/S.
Brook
US

M5/S.
Brook
DS

Number
of Taxa

13/27

9/35

4/31

1/30

13/21

14/30

21/32

11/31

16/32

18/34

9/27

8/27

BMWP

54/
136

30/
192

10/
161

2/
152

68/
127

62/
191

119/
190

81/
188

81/
177

91/
185

31/
133

27/
132

ASPT

4.15/
5.05

3.33/
5.55

2.50/
5.18

2.00/
5.09

5.23/
5.90

4.43/
6.48

5.67/
6.01

7.36/
6.13

5.06/
5.41

5.05/
5.49

3.44/
5.00

3.38/
4.99

Bold index values are where observed > predicted
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Appendix 4: Proformae used in data recording during site surveys
1 of 3

Stage 3 risk assessment tool site surveys HA 00Y91925
SITE DETAILS
Site reference code: H A

Survey Date:

/

/20

Watercourse:
Location and Road number:
Grid Reference:
Altitude (m):

Distance from source (km):

AADT:

Discharge category for site:

Site Sketch Map

Collection Tasks Checklist:
Upstream and downstream sediment contaminant
samples taken (from accumulating locations):

Sediment AVS sample
cores taken US and DS:

Water samples US + DS

5 L US and 5 L DS
sediment taken for lab
toxicity:

RIVPACS invertebrate samples taken U/S
and D/S:

PTO
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2 of 3
Site reference code: H A

Survey Date:

/

/20

SURVEY DETAILS AT UPSTREAM AND DOWNSTREAM LOCATIONS
Visible evidence of siltation/sedimentation downstream of carriageway discharge
Distance (and range) from
discharge in “m downstream”:

From:
To:

From:
To:

m
m

From:
To:

m
m

m
m

Plan-view sketch
of deposit in
channel:

U/S

D/S

Channel crosssection:

Distance from outflow pipe:

Mean of 3 Widths:

1

2

3

Mean of 3 Depths:

Upstream

Downstream

Minus

Plus

m
m

1

2

3

m
m

m

m

Bank-full Wdth:

m

m

Bank-full Dpth:

m

m

Slope at survey location:

cm in

m

m/km

cm in

m

m/km

Boulders/Cobbles:

%

%

Pebbles/Gravel:

%

%

Sand:

%

%

Silt/Clay:

%

%

PTO
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3 of 3
Survey Date:

Site reference code: H A

/

/20

Water chemistry for upstream and downstream water samples (mean of 3 measurements)

Upstream

Downstream

Sample
1

2

Sample
3

Conductivity:

1

2

3

mS/cm

mS/cm

%

%

DO:

mg/l

mg/l

Alkalinity:

mg/l

mg/l

Temp:

ºC

ºC

pH:
DO(%):

Flow measurements

U/S

D/S

Flowmeter velocity 1 (SD):
Flowmeter velocity 2 (SD):
Flowmeter velocity 3 (SD):

Velocity (flow meter):
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Appendix 5: Anomalously low rainfall during June-August 2003 and
anomalously high rainfall during June-August 2007

2003: percentages of the long term average rainfall during summer months (blue
lines indicate anomalously low values
(c) Crown Copyright [2004], the Met Office
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2007: percentages of the long term average rainfall for summer months. Blue
shading indicates values in excess of the long term average.
(c) Crown Copyright [2007], the Met Office
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Appendix 6: Report of “Effects working group” meeting held on 13/08/07 at
the University of Sheffield
Attendees; Paul Whitehouse (Environment Agency), Ian Johnson (WRc), Paul Gaskell and
Lorraine Maltby (University of Sheffield)

1.

Background to the Assessment Framework

In deriving the Water Quality Assessment, it is important to have an overarching
approach for the assessment of potential risks posed by soluble and insoluble
pollutants released in highway runoff. In this way, consistency is ensured and equal
weight is applied to each element of the framework. However, it needs to be
recognised that there are differences in the exposure profile resulting from releases
of soluble and insoluble contaminants which are highlighted in Table 1. For the
soluble element of the assessment framework magnitude and duration and frequency
of exposure are the key parameters. In contrast, for the insoluble element, magnitude
and extent of exposure (i.e. how far contaminated sediment is dispersed) are the key
parameters.

Table 1

Key parameters likely to affect the soluble and insoluble parts of
the assessment framework

Part of the assessment
framework
Soluble
Insoluble

2.

Is the factor key to the exposure profile in the receiving
water?
Magnitude
Duration and
Extent
frequency
Yes
Yes
No
Yes
No
Yes

Thresholds for the assessment of the risks posed by soluble pollutants

To assess the impacts of soluble pollutants from highway runoff on receiving water
organisms, Runoff Specific Thresholds (RSTs) have been derived for substances
shown to present at levels with the potential to cause impacts (i.e. copper and zinc).
Runoff Specific Thresholds (RSTs) have been developed as water quality
benchmarks that will be applied as part of a predictive assessment tool to determine
whether highway runoff from new or modified highway drainage schemes presents a
risk to associated downstream reaches of the receiving water. In the predictive
assessment tool, dissolved concentrations ≤RSTs in the receiving water at the point
of discharge should equate to a low risk of a directly attributable impact in the
downstream reach.
The runoff specific thresholds for copper and zinc have been prepared in a manner
consistent with that used in the derivation of short-term and long-term environmental
quality standards for Specific Pollutants under the Water Framework Directive
(WFD). The approach adopted has involved generating the Runoff Specific
Thresholds using a probabilistic approach (Aldenberg and Jaworska 2000). In this
process the ETX software (Van Vlaardingen et al 2005) was used along with
appropriate toxicity data (as EC20 or LC20 values) which was either generated by
Kings College London (KCL 2006) or obtained from peer reviewed literature. For
metals it was recognised that the potential effects of hardness needed to be
considered and this was achieved by deriving RSTs for different hardness ranges
(<50, 50-200 and 200-250 mg CaCO3 l-1). Hardness was not found to affect the RSTs
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for copper but did affect those for zinc such that the RST value for the <50 mg
CaCO3 l-1 value is used in the early stages of the assessment framework.
Table 2 summarises the derived RSTs using 24 hour exposure data from Task 1 of
the project for copper and zinc. The RST24h values are designed to protect against
adverse effects in 95% of the species for which testing was carried out after 24 hours
exposure, but are considered to be precautionary. The table also includes RST
values for protection of 95% of species after 6 hour exposure which is an exposure
duration that is more typically experienced by receiving water organisms following
highway runoff events. The RST6h values have been derived by applying a factor of 2
to the RST24h values to account for the higher concentrations that are required to
cause adverse effects in receiving water organisms over the shorter, but more
realistic, exposure durations. This factor was derived using the data from the toxicity
testing carried out by Kings College, London.
Table 2 Derived RST24h and RST6h values for copper and zinc

Substance
Copper
Zinc

3.

Derived RST24h value (µg l-1)

Derived RST6h value (µg l-1)

21
60

42
120

Thresholds for the assessment of the risks posed by insoluble
pollutants

At Stages 1 and 2 of the water quality assessment framework the potential risks
posed to receiving water organisms from insoluble pollutants could be assessed by
the use of:
1. Empirically based thresholds such as those derived by regulatory bodies in
Canada and the United States;
2. Mechanistically derived thresholds such as those derived by regulators in the
Netherlands.
After discussions at the Effects Group Meeting it was proposed that empirically
based standards from Canada should be used at Stages 1 and 2 since these are
currently being used by the Environment Agency in connection with assessments
under the Habitats Regulations. Stage 2 subsequently incorporates a potential
application of mechanistic guidelines to account for potential site-specific
modifications in bioavailability.
The Canadian Sediment Quality Guidelines for the Protection of Aquatic Life are
expressed in two forms:
•

Threshold Effect Levels (TEL) that represent concentrations below which no
adverse effects on indigenous organisms are expected;

•

Probable Effects Levels (PEL) that represent concentrations above which
adverse effects on indigenous organisms would be expected.

Table 3 summarises the TEL and PEL values which are being used in Stages 1 and
2 of the insolubles element of the water quality assessment.
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Table 3

Canadian Sediment Quality Guidelines for the protection of
Aquatic Life

Substance

Insoluble thresholds (sediment dry weight basis)
TEL
PEL

Metals (mg/kg)
Cadmium
Copper
Zinc

0.6
35.7
123

3.5
197
315

46.9
111
41.9
53
1684

245
2355
515
875
16770

PAHs (µg/kg)
Anthracene †
Fluoranthene
Phenanthrene
Pyrene
Total PAH*

* No Canadian guideline for Total PAHs; therefore marine/estuarine values reported in Macdonald et al.
(1996) are inserted here since Canadian guidelines are based on the methods and database used in
that study
†
Insufficient data for anthracene meant that an unspecified precautionary safety factor was applied to
the TEL and PEL values before being reported in the Canadian guidelines

4.

Application of the thresholds to the water quality assessment
framework

The proposed use of the thresholds for soluble and insoluble pollutants in Stages 1
and 2 of the water quality assessment framework are described in the following
flowcharts.
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Stage 1 – Tier 2: Is there a potential risk of pollution to surface waters?

Run EM1001 model
Is there toxicity at end
of pipe?

Toxicity
Soluble
Insoluble
Yes
Yes
Yes
No
No
Yes
No
No

Outcome
Go to 1 and 2
Go to 1 and 3
Go to 3 and 2
Go to 3 and 4

Toxicity thresholds
Solubles
24h Runoff specific thresholds (RST24h) with a return period of one per
year
Insolubles
Theshold Effect Concentrations (TELs) from Canadian Sediment Quality
Guidelines
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Solubles

Stage 2: What is the exposure profile?
1.

3.

Is receiving water exposure (RWE) > RST24h more than once a year?

No

Exit soluble
assessment

Yes
What is the potential magnitude and frequency of risk based on comparison
of receiving water exposure (RWE) against RST24h and RST6h?
Magnitude

RWE > RST24h
but < RST6h
RWE > RST6h

*
**
***

****

Frequency of exceedence
1 per year

2 per year

>2 per year

Acceptable*

Acceptable**

Unacceptable

Unacceptable***

Unacceptable*****

Unacceptable

Acceptable
scenarios

May be unacceptable where the discharge is to:
- a SAC/SPA
- an ephemeral watercourse outside of a dry period
May be unacceptable where the timing of exceedences could have a
potential impact on sensitive life stages of valued flora and/or fauna
May be acceptable where the discharge is part of drainage system
and further dilution is available before it reaches the receiving water
May be acceptable for a zinc exceedence if water hardness is a
mitigating factor and is >50 mg CaCO3 l-1 in receiving water such
that modified RST is applied
May be acceptable for a zinc exceedence if water hardness is a
mitigating factor and is >50 mg CaCO3 l-1 in receiving water such
that modified RST is applied

Unacceptable scenarios

Stage 3: What is the extent of failure?
For unacceptable scenarios what is the degree of mitigation/dilution required
to achieve the threshold concentration?
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Insolubles

Stage 2: What is the exposure profile?
2.

Would sediment accumulate under low flow (Q95)
using calculation in main report?

No

Could
the
discharge reach
a
protected
conservation
area
where
sediment would
accumulate?

No

Exit
insoluble
assessment

Yes
What is the potential magnitude and extent of risk?:
e) What area of the channel could be covered
annually (to a 1cm depth)?
f) What is the potential toxicity of the sediment?
Contamination

Channel width covered (%) for
10m reach
<10%
>10%
>TEL but <PEL
Acceptable
Unacceptable*
>PEL
Un acceptable* Unacceptable**
May be acceptable if toxicity is not predicted
*
when bioavailability is taken into account:
• Measure/estimate [Organic Carbon] and
[Acid Volatile Sulphide]
• Apply mechanistic SQGs and estimate
mixture toxicity

**

Yes

May be acceptable if both:
• Sediment dispersal is predicted 90% of the
time by Tier III methods
• Accumulation not likely to occur at
sensitive time for valued resident fauna
(using seasonal low-flow profile derived
using method in main report)

Unacceptable scenarios

Stage 3: What is the extent of failure?
By how much does the annual discharged mass of
runoff particulate material need to be reduced to
meet the acceptability criteria?
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