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Biographical Note
Mr Chris Collinson

Mr Chris Collinson is a member of the Hydrogeology Research Group of the School of
Geography, Earth and Environmental Science at the University of Birmingham. He completed
his first degree, an MSci in Environmental Geology, at Imperial College, London. He is
currently developing an experimental test facility for studying natural attenuation processes
and transport- / remediation-related parameters. This research aims to provide a resource of
UK-based field data to facilitate characterization of a range of organic contaminants in
superficial aquifers in the UK. This work, which comprises his PhD study, reflects his primary
interest in organic contaminant hydrogeology. He maintains a keen interest in many aspects
of the earth and environmental sciences.

Dr Michael Rivett

Dr Michael Rivett is currently a Lecturer in Hydrogeology at the University of Birmingham,
School of Geography, Earth and Environmental Sciences. After completing a BA in Chemistry
(Oxford), he completed his PhD at the University of Birmingham concerning organic
contamination of the Birmingham aquifer. He completed a 4-year post-doctoral study at the
University of Waterloo, Canada on the “Solvents-in-Groundwater” research programme
undertaking field contaminant transport experiments in the Borden aquifer. On returning to the
UK he worked as a hydrogeologist for the Ridings Area of the Environment Agency for 3
years specialising in regulation of groundwater and land contamination. He joined the
University of Birmingham in 1997. His research interests are mainly within organic
contaminant transport and remediation in groundwater, including chlorinated solvents and
other VOCs, natural attenuation, groundwater — surface-water interactions and NAPLSs.
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Prohibition of injection of List I
due to Groundwater (EC GW Directive)

“"The Scientific Polluters”

* Canada (Mackay et al. 1986; Rivett
et al., 2001; and many others)

* USA, (MacIntyreetal., 1993)
* Australia (Thierrin et al., 1995)

* and even Denmark (Riigge et
al., 1999; and others).

.
N
(=7 g T =

* But not Here, if you want list I in field
» - use existing plumes kindly provided by industry...
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Hypothetical Conceptual Model

Dissolved-phase
Plume

Intra-Plume Test Facility (IPTF) - Concept
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Shallow S&G Aquifer focus

Boulder clay (~ 20 m)

* ~ 6 m Sheetpiles
keyed into clay

* A la Borden style

IPTE: > Adjacent, horizontal field columns

> Semi-constrained groundwater flow

»~ Quasi-steadystate source and plume
»EC List T organic contaminant experiment

e LR b
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IPTF - Highly monitored:

A Multilevel bundle piezometers - quality

NA, Remediation, tracer test options

IPTF: Intra-Plume Test Facility

Barrier / Impermeable wall (sheet piling

Injection \
AI::> 8 8 8 8 8 Fluid inject
1S) 1) o o o & extract
Existing o o 0 o o Slow
Dissolved |::> o) i O o o o Release
Solvent 8 8 8 8 8 barrier
Plume  c ° S o s S i
Q\ Attenuation
[¢] [e]
Plan D:> 8 8‘ PRB Multilevel sampling points
View
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Research aims

®* To install and evaluate the use of anvl
"Intra-plume test facility”, IPTF, approach
to..

TN N NS
= Determine in-situ natural attenuation (NA)
processes / plume transport parameters at

the 1-15 m field scale
TN S

= Test performance of in-situ groundwater
remediation technologies

Intra-Plume Test Facility (IPTF)
ok ofosed 2 streamtubes of dimension:
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Phase 1: MNA

* In-situ NA rates -inlet and outlet fluxes
* Plume fringe entry of electron acceptors
* Spatial heterogeneity: plume, parameters

e LR .

Phase 2: Tracer / Aqueous displacement test
* Advection, dispersion

* Sorption, non-ideal sorption

* Electron acceptor - perturbation

e LR b

Aqueous pulse
»Chloride,amino-g-
acid, fluorescein

»Electron acceptors
- (isotopes)
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Phase 3: Remediation tfechnology testing

* Likely an enhanced NA option

* PRB, electron acceptor release etc.

esting in known environment

Day

Electron
acceptor
release

Getting a TF (Test Facility) in the ground...
.. Read the Paper...

Issue (] N
- Contaminant type
[ ination type and i i
» Reviewed SIReN reports to locate preferred contaminants and concentration range, [ ] d I
moderate dissolved concentrations of BTEX, styrene and chlorinated solvents preferred y r'OgeO Ogy
Hydrogeology — Depth to water table, saturated aquifer thickness, depth to clay
> Preference for water table 1-2 m below ground, 4-6 m aquifer thickness and depth to clay ° GW I M
of 4-6 m allowing keying of piles to underlying aquitard, hence providing a streamtube base ow r‘egl me
Groundwater flow regime - direction and velocity
> Monitored at the local (~9 months) and wider field scale to assess temporaliseasonal ] S '1. I d & '1. : '1.
variability and allow orientation of with inant flow. Preferred residence ITe lanause sensiTivi y
time in streamtube 100-200 days

Site landi d sensitivi [ : : M
S S e i s, e s e oo | © AVANCE iNVEStTigations

area, transportation and services routes, areas for redevelopment, plovers nesting area

quality i igation local to the i ion site [ U d d M
> Soo following section nderground services
Determination of underground services (e.g. cables), obstructions (e.g. foundations) . .
> Critical to avoid such. Measures: check of service maps; CAT scans, several geophysical E 1- _ l
= e e s St xcavate pre-piling
probes and cores along proposed piing positions; excavation of piling footprint to ~1.2 m

Excavation of pre-piling trenches to allow pile cut-off at groundsurface 'I' renc h es
> Excavation of piling footprint to ~1.2 m - to ensure removal of any obstructions; comply
with'site policy (services check); allow piles to be cut-off at surface, needs 0.6 m trench °

T —— Disposal of excavated soils

> If contaminated — dispose off-site or to biopile and provide some supporting data

Pile design and access for piling rig [ ) NN M
> Interlocking sealed-joint piles capable of being driven to ~6 m in geology present 11 ng ISS UeS
Conti plans in case of i i

> Various contingencies — option chosen depends on timing of project programme failure ° C .'. M l
R e Tra e e onTihgency plans
> Sensitive site, contaminated soils, piling and CDM regulations - Significant issues to agree
* Liabilities, H&S
Liabilities,

between University, site owners,
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Candidate sites for TF O

Q IPTF location

Study area

SIReN: Estimated extent of shallow groundwater contamination
B

l§~—; - = ==
e SRR = : -
ol 1o =
NPT e | oLl )
fr-_ i I
g odn : ———
VP12 3 oo = .
Intra-Plume 4 s
Test Facility :

O Sources

Estimated extent of groundwater contamination
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April 2003: Shallow Groundwater Elevations

W118

L B B L B A B BN [ B B

N
= s B B B S B O ) B B B B

Clay Surface Elevation (m) - Below sand aquifer
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Additional monitoring installations - Sept ‘03

N Disused
railway

Grassy area
|_— surrounded by
hardstanding

OS

Key
O?% Monitoring well

OZ
+A  Multilevel sampler

&® Drivepoint VP12S

oOr>»rO0x

U "|Local GW Flow Regime

| * Anomalously high hydraulic
gradient

* Temporal data shows some
variability in flow directions

L » To be constrained by sheetpiles

» And transducer monitored

* Lower residence time in
streamtubes

IPTF Sheet piles |

27341000 373420 (
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Water Table local to TF

1

Test
Facility

<

Water table - Clay Surface Relationships
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Preliminary Multilevel sampling

Al S e T

4

Disused
railway
line

03

O?% Monitoring well
0O 2
+A  Multilevel sampler

D Drivepoint VP12S

! 30m !

Benzene (ug/l)

Elevation

Lol RleNORLE

45 o 32 ° 1
A

e QO s @x O @iy -

25

-4.5

G
QO 213

534

o 1

[

1006

18

IS

Generally low concentrations at TF location,

Slightly increasing with depth
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Toluene (ug/l)
0
-0.5 A e
o | B c D E -
15 | ° &8 T f
.§ Al y & o ! ® 525
g -2.5 1 Lo @ 25 @ 087 o 2 @ 1266
w
-3 e 131
-3.5 . 2045 ° 46
-4 | - 83
45
* Generally low concentrations at TF location,
 Exterior hotspot at multilevel G, 18.5 mg/L
Ethylbenzene (ug/l)
0
-0.5
B C E G
_w . © 556 D o F Q 6456
-1.5w 851
2176
é 2] 3 o O oo O
©
u;.‘j’ Bt O 36650 1450 O 1115 O 657 9@ 3665
5 Q 5184 @ s -
35 O ook @ 1419 QO 2008
4] O 1917
45

* Low concentrations consistently at TF location,

* No depth relationship obvious
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Naphthalene (ug/I)

Elevation

0
05 B ©
-1 G
o 2524 D e
L 77802 ’ 5316 Q@ 8731
‘ 23503 Q@ o547
2 d A
32328
7186
25| © ‘ 1589’(:7 1690“ 16726 © 2371 @ 7186
@ 2209
p2136
2 Q@ 11245 ‘
350 . 18385
@) 9695’ 122
b B10 . 18742
-45
Dissolved methane: B10=10.5mg/l, C7=3.2mg/l, E3=2.2mg/I

Naphthalene very high Solubility: 32 mg/L (solid); X, x 174 mg/L (NAPL)

Indicative of source material, eg NAPL, closeby

Test Facility Configuration...

Relative to Source zones

Scenario 1. NAPL source present a

significant distance up-gradient. o
& 3m
rG::aa e r’ v. o
SNABL e, s
E: \ Test o
‘w ” Dissolved- %% Facility =l
phase
o
2 plume

Scenario 2. NAPL
source present up-
gradient, but in
close proximity to,
the TF.

Scenario 3. NAPL source
within TF.
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Implications of preliminary data

Very high naphthalene and TPH indicates source
in TF or in close proximity

Move to a new location? ...

Develop an Intra-Source Test Facility (ISTF)
now

Apply for Intra-Plume Test Facility (IPTF) as a
follow on research grant...

If floating LNAPL source may find TF has:

» Source-based ISTF character in upper horizons
» Plume-based IPTF character at deeper horizons

Intra-Plume Test Facility (IPTF)

* Delineation of dissolved-phase plume and electron
acceptors spatial heterogeneity

* Determination of dispersion via benign tracer
injections.

* Determination of sorption controls via aqueous
injection plume displacement tests (akin to pump-
and-treat)

* Determination of dissolved-plume fluxes and NA /
(bio)degradation occurrence

* Evaluation of responses to pulse injections of plume-
depleted electron acceptors

* Remediation via enhanced NA with sustained electron
acceptor releases

* Remediation via PRBs

CL:AIRE Annual Project Conference April 20t 2004



An Intra-Plume Test Facility (IPTF) To Assess Natural Attenuation and Remediation

Michael Rivett and Chris Collinson

Intra-Source Test Facility (ISTF)

* Delineation of NAPL sources and spatial
heterogeneity via partitioning tracer tests;
geophysics, laser-induced fluorescence

* Determination of NAPL source dissolution fluxes and
controlling processes

* For multi-component NAPLs, evaluation of Raoult's
Law applicability and aqueous-NAPL re-equilibration

* High concentration influences on sorption

* High concentration / NAPL influences on
biodegradation rates

* Remediation via enhanced NAPL solubilisation, e.g.
surfactants, alcohols

* Remediation via in-situ NAPL destruction, e.g. in-situ
chemical oxidation

More demanding really compared to IPTF...

SIReN Test Facility

* Collaborative research opportunities
» Remediation proposals ...?

* Install IPTF (late Spring 2004
| * Phase 1
> Plume characterisation
> Flux measurements - Natural attenuation, Dissolution
» Hydrogeology, geochemistry, microbiology
> Benign tracer / electron acceptor injections
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IPTF - A Parallel approach to NA
and remediation
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Developing an Intra-Plume Test Facility (IPTF)
to Assess Contaminant Natural Attenuation and Remediation

Christopher J. Collinson', Michael O. Rivett', John H. Tellam',
Gareth Digges La Touche®

'School of Geography, Earth & Environmental Sciences, University of Birmingham,
Birmingham, B15 2TT
2MJCA, Baddersley Colliery Offices, main Road, Baxterley, Atherstone,
Warwickshire, CV9 2LE

Emails: cjc224@bham.ac.uk; M.O.Rivett@bham.ac.uk
ABSTRACT

The intra-plume test facility (IPTF) and intra-source test facility (ISTF) concepts are
introduced as novel field-scale methods to assess contaminant natural attenuation and
remediation. The approaches are compared and issues presented that require consideration
for a successful TF installation. Initial site data obtained local to the proposed TF installation
site at the UK’s SIReN, site (“Site for Innovative Research in Natural Attenuation”) are
presented. The TF is to be installed in 2004 to assess the aromatic hydrocarbons present.

INTRODUCTION

Field experiments involving injection of toxic organic chemicals of health concern into
groundwater are not permitted in the UK as they contravene the EC Groundwater Directive
that prohibits intentional discharge of List | substances to groundwater in Europe. Such
studies have, however, been undertaken elsewhere, e.g. Canada (Mackay et al.,1986; Rivett
et al., 2001; and many others), USA, (Maclintyre et al., 1993), Australia (Thierrin et al., 1995)
and even Denmark (Rugge et al., 1999; and others). Enormous scientific benefit has been
derived from these tests arising from the known source conditions and intensive monitoring.
Whilst one may debate that controlled field-injection research experiments should be
exempted from the Groundwater Directive prohibition, it still remains critical to develop
alternative field methods to evaluate groundwater-contaminant transport processes and
reliably estimate associated parameters that control migration and “natural attenuation” (NA)
of plumes as well as the ultimate success of in-situ remediation attempts. Such a need
provides the rationale for our research programme.

Our thesis is that controlled research within intentionally-isolated streamtubes of groundwater
contamination that already exists at real sites provides a way forward to meet the above
need. The original concept was to create an “intra-plume test facility” (IPTF) comprised of two
or more adjacent streamtubes within a dissolved-phase organic solute downstream of a
source area. We now also propose that the concept can be additionally extended to include
NAPL (nonaqueous-phase liquid) source zones that generate dissolved plumes and that an
“intra-source test facility” (ISTF) could also be built. Ultimately the proposal is to separately
develop both test facilities (TFs), a plume-based IPTF and a source-based ISTF. At present,
industrial funding has been secured to develop one of these TFs at the SIReN site. SIReN,
the “Site for Innovative Research in Natural Attenuation”, is a joint initiative between Shell, the
Environment Agency, AEA Technology, supported by CL:AIRE to promote field-based
research in monitored natural attenuation (MNA). The focus of initial phases of the TF
research is to be on discernment of contaminant transport processes, particularly those of
relevance to NA. Later, there will be a shift of emphasis at the characterised test facilities to
the implementation and evaluation of remediation technologies. Presently the research is
nearing installation of a TF at SIReN after an initial stage of site assessment.

The objectives of this paper are to: (i) outline the proposed groundwater streamtube test
facility concept and compare source-base ISTF and plume-based IPTF approaches; (ii)
discuss issues that require consideration for a successful TF installation; and (iii) review initial
site assessment data obtained local to the proposed TF installation site at SIReN.
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THE TEST FACILITY CONCEPT

The streamtube-based TF concept is shown in Fig. 1. It is a relatively simple concept, but not
used to date in the format we propose. The closest equivalent is the sheetpile stream tube-
based tracer injection — remediation experiment of Brown et al. (1999) undertaken at Borden,
Canada. The TF is to be located within an existing contaminated plume and comprises a set
of parallel rows of sheet piling aligned with the predominant site groundwater flow direction.
Multiple streamtubes may be created adjacent to one another that may allow side-by-side
comparisons. The adjacent “groundwater streamtubes” created are open both up-gradient
and down-gradient; this allows near-natural flow of the existing contaminant plume through
the streamtubes. Intensive monitoring, tracer-injection testing, and remediation technology
testing within the constrained streamtube flow environment permit an array of controlled
contaminant transport and remediation research options. A key advantage of the streamtube-
based approach is the constrained groundwater flow environment that significantly reduces
problems caused by vagaries in natural groundwater flow direction changes induced by
seasonal or other spatially/temporally variable groundwater recharge or discharge events.
Tracer tests conducted under natural gradient groundwater flow conditions have often
suffered from such flow direction variability causing significant concentration variability at
specific monitoring points (Rivett et al., 2001) and even plumes moving laterally beyond
monitoring networks necessitating “plume chasing” (Leblanc et al. 1991; Rivett et al., 2001).

IPTF: Intra-Plume Test Facility

Barrier / Impermeable wall (sheet piling)
njection \
A 0 e} 0O 0 e} Fluid inject
0] @) 0O O @)
|::> S 3 o 5 3 & extract
Existing B o) D o) o) o) 0o Slow
Dissolved |::> o) @) 0 0 o) - Release
Solvent o o O O o barrier
o) ) o) o) )
Plume c::> 5 3 0 0 o) - Natural
o) O 0 o) .
Q\ Attenuation
0] o
Plan Dl::>8 8- PRB Multilevel sampling points
View
NAPL

, Dissolved
Source
plume

Fig.1. The groundwater streamtube test facility concept showing a variety of research
possibilities for an intra-plume test facility (IPTF).

The piling-based TF is restricted to unconsolidated, shallow water table aquifers. Piles will be
joint-sealed and preferably keyed into an underlying clay aquitard. Dimensions of streamtubes
depend upon aquifer dimensions, groundwater velocities, contaminant types and funding
availability; for the present research individual streamtubes are anticipated to be ~12 m
pathlength, ~3 m wide and extend over an aquifer depth up to ~ 6 m. An array of multilevel
samplers will be installed within each streamtube that allow point groundwater samples to be
obtained from discrete depths allowing detailed longitudinal and transverse “fence” images of
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contaminant concentrations migrating through the streamtube to be collected. Concentration
data combined with groundwater flow rate data will allow contaminant flux estimations at the
various fences positioned along individual streamtubes and hence estimation of NA. Other
tests or remediation technologies may also be implemented within streamtubes, for example:
tracer tests with benign tracers; large-scale displacement of the resident plume by a large
aqueous pulse (akin to pump-and-treat); enhanced NA remediation methods, permeable
reactive barriers (PRBs) etc.

Comparison of intra-source and intra-plume test facilities

The ISTF and IPTF offer differing research possibilities. Research issues that could be
potentially studied within these two facility types are compared in Table 1. Although the
originally envisaged concept was for an IPTF, Table 1 illustrates that there are plenty of
worthwhile research options for the ISTF approach although this latter facility type is both
practically and technically more demanding.

Table 1. Examples of research issues for intra-source and intra-plume test facilities.

Intra-source test facility (ISTF) Intra-plume test facility (IPTF)
= Delineation of NAPL sources and spatial = Delineation of dissolved-phase plume and
heterogeneity via partitioning tracer tests; electron acceptors spatial heterogeneity
geophysics, laser-induced fluorescence = Determination of dispersion via benign
= Determination of NAPL source dissolution tracer injections.
fluxes and controlling processes = Determination of sorption controls via
= For multi-component NAPLs, evaluation of aqueous injection plume displacement
Raoult's Law applicability and aqueous- tests (akin to pump-and-treat)
NAPL re-equilibration = Determination of dissolved-plume fluxes
= High concentration influences on sorption and NA / (bio)degradation occurrence
= High concentration / NAPL influences on = Evaluation of responses to pulse injections
biodegradation rates of plume-depleted electron acceptors
= Remediation via  enhanced NAPL = Remediation via enhanced NA with
solubilisation, e.g. surfactants, alcohols sustained electron acceptor releases

= Remediation via in-situ NAPL destruction, = Remediation via PRBs
e.g. in-situ chemical oxidation

Many contaminated sites are highly complex with a near ubiquitous potential for multiple
source zones. A number of NAPL sources are often present that are often spatially
heterogeneous, comprise smaller sub-sources and difficult to reliably locate, particularly if
NAPL resides below the water table. Indeed it may be difficult to prove that a proposed TF
location is completely free from NAPL sources without significant investigation, i.e. a
proposed IPTF may ultimately prove to be an ISTF when detailed monitoring of multilevel
samplers installed within the streamtube is undertaken. It is noted, however, that typically
weak vertical dispersion of plumes (Rivett and Allen-king, 2003), may cause source zones
restricted to discrete horizons of the streamtube, e.g. within 1-2 m of the water table, to act as
an ISTF at such elevations and the deeper, source-free zone, to act as an IPTF at depth. This
would clearly be beneficial and more probable in streamtubes isolating a greater depth of
aquifer formation and in cases where just (light) LNAPL contamination is present near water
table. These vertically distinct zones may be potentially discerned via conventional tracer and
partitioning tracer tests. The issue of multi-sources and their discernment is judged important
in relation to NA assessment and MNA strategies as missed sources may result in serious
misinterpretations of site data and risks posed.

INSTALLATION OF A TEST FACILITY — ISSUES TO CONSIDER

Various issues need to be considered to facilitate a successful TF installation. The main
issues considered are indicated in Table 2 and a brief comment relating to our SIReN
experiences made. SIReN is a large (~1x2 km), active petrochemicals plant in the north-west
of England (Jones et al., 1999). Much of the contamination at the site is within the shallow,
water table unconsolidated aquifer comprised of mainly fine-medium sand with occasional
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gravel and silts. This is underlain by a variable thickness clay aquitard. It has to date proved
challenging to find the ideal test facility site within SIReN and that a compromise is probable
after reviewing in detail ~5 potential sites. The preferred site at present, referred to as VP12
(Lethbridge et al., 2003), is one that fulfils logistical criteria, but does display elevated
concentrations that are symptomatic of very nearby sources, but not initially recognised as a
source in early reports (Jones et al., 2001). Historical site plans later proved to indicate the
area had been used for product storage.

Table 2. Considerations for a test facility installation and SIReN-relevant comment.

Issue
» SIReN experience

Contamination type and concentration magnitude
» Reviewed SIReN reports to locate preferred contaminants and concentration range,
moderate dissolved concentrations of BTEX, styrene and chlorinated solvents preferred

Hydrogeology — Depth to water table, saturated aquifer thickness, depth to clay
> Preference for water table 1-2 m below ground, 4-6 m aquifer thickness and depth to clay
of 4-6 m allowing keying of piles to underlying aquitard, hence providing a streamtube base

Groundwater flow regime — direction and velocity

» Monitored at the local (~9 months) and wider field scale to assess temporal/seasonal
variability and allow orientation of streamtubes with predominant flow. Preferred residence
time in streamtube 100-200 days

Site landuse and sensitivity
» Active petrochemicals plant, hence high sensitivity. Requirement to avoid: active plant
area, transportation and services routes, areas for redevelopment, plovers nesting area

Groundwater quality investigation local to the installation site
» See following section

Determination of underground services (e.g. cables), obstructions (e.g. foundations)

> Critical to avoid such. Measures: check of service maps; CAT scans, several geophysical
techniques (incl. hydrogeological assessment); hand-excavation of pits and drive-point
probes and cores along proposed piling positions; excavation of piling footprint to ~1.2 m

Excavation of pre-piling trenches to allow pile cut-off at groundsurface
» Excavation of piling footprint to ~1.2 m - to ensure removal of any obstructions; comply
with site policy (services check); allow piles to be cut-off at surface, needs 0.6 m trench

Disposal of excavated soils
> If contaminated — dispose off-site or to biopile and provide some supporting data

Pile design and access for piling rig
> Interlocking sealed-joint piles capable of being driven to ~6 m in geology present

Contingency plans in case of unsuccessful installation
» Various contingencies — option chosen depends on timing of project programme failure

Liability, insurances, health and safety
> Sensitive site, contaminated soils, piling and CDM regulations - Significant issues to agree
between University, site owners, contractors etc.

ADVANCE SITE INVESTIGATION LOCAL TO THE PROPOSED TEST FACILITY

Contamination at SIReN is predominantly due to hydrocarbons, particularly the aromatics, but
with occasional occurrences of low-concentration chlorinated solvents. In relation to the
superficial sand aquifer, several LNAPL source zones have been identified (Jones et al.,
2001) Some dissolved concentrations are high and symptomatic of nearby NAPL other site
areas showed very limited or absent contamination (Jones et al., 2001; Lethbridge et al,
2003). The area around Geoprobe® point VP12S has been examined in detail and actively
instrumented by ourselves as shown in Fig. 2 that indicates the proposed TF location at
SIReN. Four multilevel samplers ~ 2m apart (10 sample points on each) were installed close
to the proposed inlet of the TF and three other multilevels nearby. A number of additional
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water table observation wells were installed to determine the flow regime (Fig. 2). The flow
regime delineated is orientated with the regional direction of flow, but apparently has
increased gradients around the test facility location that have not been fully explained.

L 5

Proposed Test Facility location

IPTF Sheet piles ?EM‘?%

Figure 2. (a) Proposed Test Facility location at SIReN ; (b) Close up of Test Facility
location showing monitoring and November 2003 water table (tic marcs at 10 m).

Concentration data from a selection of 20 points on the multilevels are shown in Fig. 3a and
3b. Concentrations vary by nearly 3 orders of magnitude for benzene and ethylbenzene.
Concentrations for BTEX and styrene were consistently lower in the TF inlet multilevels than
the other surrounding multilevels and represent acceptable dissolved-phase concentrations
for an IPTF. Naphthalene data (Fig. 3b), however, show the reverse with extremely high
concentrations detected in the TF inlet in particular. Naphthalene ranges from 2-78 mg/I which
compares to its pure-phase aqueous solubility of 32 mg/l and a supercooled solubility
(appropriate if dissolving from a multi-component NAPL source) of 174 mg/l. Such
naphthalene values are indicative of nearby sources zones; i.e. the facility may prove to be an
ISTF. Methane levels at 2-10 mg/l in the inlet TF multilevels indicate conditions have
developed to a methanogenic status for which biodegradation for many aromatics is
potentially absent or at best low. Further samples have recently been collected (data not
available yet) to better verify concentration distributions, potential for sources, confirm extent
of higher molecular weight hydrocarbons potentially present and evaluate other electron
acceptor distributions.
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(b) Naphthalene

Figure 3. Concentrations (ug/l) in selected sampling points with multilevels B,C,D and E
located at the entry of the proposed IPTF location: (a) Benzene; (b) Naphthalene.
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CONCLUSIONS

The groundwater streamtube TF concept proposed is believed to be a useful and novel
concept to evaluate transport and remediation of contaminants in a semi-controlled, relatively
natural manner. The approach can be used potentially within a dissolved plume, IPTF, or
within a source, ISTF, the latter is the more difficult to both scientifically and technically
undertake. The site, VP12S, for which most local data have been obtained to date would
appear to be in the ISTF category due to elevated naphthalene concentrations. Subject to the
results of on-going assessment, it is proposed to install a TF at this location soon.
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CL:AIRE Technical Demonstration Project (TDP) 16

m  An assessment of the performance of ex-situ soil vapour extraction in
above ground treatment beds.

m  An assessment of the health and safety risks of excavation and treatment
of chlorinated hydrocarbon contaminated soils along with a discussion of
associated air monitoring requirements.

m An assessment of the feasibility and uncertainties of a mass balance on
volatilisation losses during excavation and treatment.

Rm A\ DD

e FRarep

Background (1)

m Conceptual Site Model
m Purpose and Objectives of Overall Project
m Voluntary Remediation

m Controlled Waters
® Human Health
m <6 Months duration

m Remediation Options Appraisal
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Conceptual Site Model and Generalised Contaminant Processes

. Contaminant Processes
[.] Made Ground — Contaminant Sources Mass transfer from DNAPL phase and aqueous
= Sand - Water Level phase to soil vapour
Clay
Historical Chemical Manufacturing Works Infil 3
Mudstone nfiltration Source: Cracked concrete tank base
Product found '

(now demolished) I

in soil matrix

. Contaminants within
- drainage systems and old
Contaminants in -
granular material ! f P e 1

Contaminant Processes
Sorption of contaminants onto soil grains

Dissolved phase

Soil grains Sorbed

Partitioning of contaminants onto the aquifer solids will retard
contaminant movement in direction of groundwater flow
Contaminant Processes
Accumulation of free phase DNAPL in a depression on

1 2 3 glacial clay (aquitard) surface after removal of surface
cTC cTC source
Ground surface
Chloroform | Carbon monoxide | Formate | Aquitard Surface.
Dichloromethane C D Carbon dioxide
Methy! Chloride 1. Sequential 2-electron reduction process.
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Emiscess

2. Sequential 2-electron reduction process in which chloroform is only a minor product ‘. I. l.
3. Sulphur and oxygen substitution in 1-electron reduction process " l ..
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Background (2)

m In-situ SVE Pilot Test
m Ex-situ SVE selection
m Legislation
m Mobile Plant Licence

m Waste Management Licence Exemption
m Planning Permission

Duty of Care
m Development of cleanup criteria
m Delineation of remediation volume
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Health and Safety

m Control of exposures to site workers and off-site residents:

m Workplace monitoring: Excavation face, Treatment bed and Work Area
Threshold Limit

m Boundary monitoring

m Fixed monitoring

m CDM Requirements — Full time health & safety works management

m Formal inductions and regular tool box talks and safety audits

m PPE including respiratory protective equipment

e FRarep

In stu SVE Pilot Testing

m THREE SVE EXTRACTION WELLS WITHIN AN ARRAY OF VAPOUR
MONITORING WELLS

m ALL LOCATED WITHIN THE DELINEATED CTC SOIL
CONTAMINATION ZONE

m FOUR SVE TESTS PERFORMED EACH 24 HOURS LONG

m PARAMETERS DETERMINED:
m Radii of influence
m Mass recovery rates and any trend
m vacuum/flow characteristics of the vadose zone

FAEPRP

CL:AIRE Annual Project Conference April 20t 2004



Ex-situ soil vapour extraction to remediate chlorinated hydrocarbons

Richard Croft and Paul Noble

Pilot Testing Conclusions

m MASS RECOVERY RATES LOW AND SHOWING DECLINING TREND IN
24 HOUR PERIOD

m RADII OF INFLUENCE LIMITED
m EFFECTIVE AIR PERMEABILITY LOW (high moisture content in fine sand)

m CAPILLARY FRINGE BELIEVED TO EXTEND CLOSE TO GROUND
SURFACE

m EX-SITU SVE CONSIDERED TO OVERCOME IN-SITU DIFFICULTIES:
m Easier to control moisture content / saturation of soils
m Subsurface obstructions would be avoided
m Low permeability soils could be segregated
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Ex s¢tu SVE Remedial Design

m CONSTRAINTS
m Minimise fugitive emissions
m Minimise further mobilisation of CTC to groundwater
m Prevent release of CTC to surface water
|

Protect workers and public
m MAIN DESIGN FEATURES
m Lined treatment bed with integral sump
m Cover for soil within treatment bed

m Maintenance of hydraulic control in the excavation during soil removal
(water treatment requirement)

m SVE off-gas treatment by activated carbon adsorbtion

m Extensive VOC monitoring (real-time PID, personal dose monitoring,
boundary monitoring)
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Construction of Treatment Bed

© ABB Industries - 2004

Covered Treatment Bed
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Excavation and Treatment Bed Filling

m  MANAGEMENT OF EXCAVATION
m Excavation area divided using a numbered grid
m Treatment bed divided into 23 numbered cells

m The excavation grid reference for soils placed in each cell
was recorded

m Vapour concentrations noted at the ‘face’ during each grid
square excavation

m six headspace analyses using on-site PID conducted per
cell for qualitative assessment of soil contaminant levels

H
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Ex-situ SVE Operation

m SVE EXTRACTION MANIFOLD
m Each arm of the SVE manifold had a gate valve with which to adjust flow

m The manifold was balanced to ensure flow throughout bed and avoid
short circuiting at any point

m As remediation progressed cells deemed ‘treated’ could be isolated from
the SVE system. This concentrated SVE ‘effort’ onto remaining cells
requiring treatment

m OPERATING PARAMETER MONITORING

m Laboratory analysis of SVE exhaust vapour to give site specific response
factor for the PID used for vapour monitoring

m Routine air flow rate from the SVE exhaust
m Routine VOC concentration in SVE exhaust

m Routine monitoring of atmospheric discharge from vapour phase granular
activated carbon adsorbers
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Assessment of SVE Performance

m ON-GOING MASS RECOVERY CALCULATIONS

m The vapour flow rate and VOC monitoring were used to estimate
VOC mass recovery rates

m From the mass recovery rates a cumulative VOC mass recovery
was calculated

m ESTIMATING SOIL CONTAMINANT LEVELS DURING OPERATION

m Periodic sampling of treatment bed and use of on site PID for
headspace testing.

m Each treatment bed cell verified by laboratory analysis of a
duplicate samples selected from the highest PID headspace test

m Continued treatment of cells not below site specific target levels
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Cumulative Mass Recovery
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Atmospheric monitoring

H

m Site weather station monitored
m Wind speed
m Wind direction
m Temperature
m Local Met Office monitored
m All of the above

m Atmospheric turbulence
(Monin-Obukov length)

m Concentration monitoring

m Passive diffusion tubes

m Personnel & soil samples
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Air dispersion analysis
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Mass Balance

m Mass of VOCs present in remediation volume prior to start of project

m Mass of VOCs collected by SVE treatment system

m Mass of VOCs estimated to have been emitted to atmosphere from
boundary monitoring data and ADMS

m Mass present in backfilled material (below site specific cleanup criteria)
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Lessons Learned

m Site Investigation Data

m Legislation:

m Early discussion with authorities

m |Importance of good relations with authorities

m |Importance of good relations and communication with local community
m Disposal of treated water
m Health & Safety Management
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Ex-Situ Soil Vapour Extraction To Remediate Chlorinated
Hydrocarbons

Richard Croft' and Paul Noble?

'RemedX Ltd, 36 Westbury Lane, Bristol BS9 2PP
2ABB Ltd, Daresbury Park, Daresbury, Warrington WA4 4BT

Email: richard.croft@remedx.co.uk; paul.noble@gb.abb.com

INTRODUCTION

Organic chemical manufacture was carried out at the project site from the 1940s to the 1990s.
Carbon tetrachloride (CTC), together with chloroform (an impurity of the CTC) was used in
this operation and released to ground during the lifetime of the plant. Ground conditions at
the site comprise made ground (variable depths but average occurrence 0-0.5m of hardcore,
pipe trenches, submerged concrete structures with associated viscous organic product
containing chlorinated hydrocarbons) overlying a medium sand (average 0.5 — 2.0m), which in
turn, overlies a stiff clay (>2.0m). Remediation was proposed in order to prevent CTC from
contaminating a local stream and leave the area suitable for commercial end-use.

A volume of approximately 2,500m® (which included the highest concentrations of chlorinated
organics detected by previous investigations) was defined as requiring remediation by
investigations with reference to site-specific cleanup goals. The area covered by this soil
volume coincided with the location of the former carbon tetrachloride (CTC) storage tanks.

Soils data for the former CTC tankage area were analysed in order to estimate the mass of
total volatile organic compounds (VOCs) present in the remediation volume prior to
remediation. The data were manipulated in a number of different ways in order to give an
indication of the likely range of VOC mass present. The impacted area was divided into two
layers (upper and lower) in a grid pattern to give two sets (layers) of cells of discrete volume.
The average concentration of each cell was calculated using the available site investigation
data to allow computation of the estimated mass in each cell (assuming that this average
concentration was representative of all the soil in that cell).

SELECTION OF REMEDIATION METHOD
The following remediation options were assessed:

1. Excavate and dispose to landfill, however, cost estimates were high and there was
uncertainty about availability of landfill to take these types of waste;

Capping - was considered unlikely to achieve the remedial objectives;

Soil Vapour Extraction - appeared to be the most cost-effective potential approach;
Bioremediation - likely to require a number of years to implement;

Thermal desorption - was considered better suited to much larger volumes of soil and
also likely to be relatively expensive for the volumes of soil concerned.

aRwdN

Hence, soil vapour extraction (SVE) was considered to be a viable option for CTC removal
and a pilot trial for in-situ SVE was carried out. This trial indicated that SVE could be
successful, but that the ground conditions were not conducive to in-situ treatment and an ex-
situ scheme was proposed.

Soil vapour extraction is a remediation technique that is commonly used to physically remove
volatile compounds from contaminated soils above the water table (vadose zone). The
process involves recovering soil gas from the vadose zone by applying vacuum at selected
points within the contaminated zone. The process relies totally on the partitioning of volatile
contaminants into the vapour phase, and thus into the soil gas present within the soil pore
spaces.
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COMPARISON OF IN-SITU AND EX-SITU SVE RELATIVE TO THE PROJECT SITE

The following section summarises pros and cons of In-Situ SVE and Ex-Situ SVE with specific
reference to the project site.

Advantages of In-situ SVE:

e Excavation/abstraction of contaminated soil/water, if required to meet the remedial
objectives, would take place at lower contaminant concentrations;
e Lower emissions to atmosphere.

Advantages of Ex-situ SVE:

e Can deal with variations in contaminant concentrations (e.g. viscous product observed in
discrete zones at the site)

Can deal with variations in grain size and nature of material

Shorter time of operation (12 weeks per treatment bed in-fill)

Higher degree of confidence in attaining cleanup target

Ease of sampling to check progress

Moisture content can be controlled

Disadvantages of In-Situ SVE:

e Potentially longer period of operation
e More uncertainty as to final cleanup target
e Problem of dead zones due to heterogeneity

Disadvantages of Ex-situ SVE:
e Air emissions during excavation
Hence, the principal benefits of this project were:

e Cost-effective remediation when compared to other options;

o Time-efficient remediation when compared to other options given the project aim which
was to reduce concentrations of VOCs in surface water drainage and remediate soils
such that site specific cleanup criteria are met in a timeframe of 6 months or less;

e Reduction in amount of waste transported off-site for disposal - this method was
considered to have wider environmental benefits linked to reducing traffic movements and
producing less waste for landfill disposal

e Ex-situ option should ensure that contamination in awkward areas (e.g. within redundant
process drains, clay pockets, former concrete structures, e.t.c.) is identified and treated.

LEGISLATION

Details of liaison with statutory authorities are summarised below:

Item: Statutory Description:
Authority:

Mobile Plant | Environment RemedX Ltd activated their mobile plant licence by

Licence Agency — | producing a Site Specific Working Plan and Site
Environmental Specific Risk Assessment, which were agreed with
Protection the EA. Approval was conditional upon

implementation of a surface and groundwater
monitoring programme and agreement of site specific
cleanup criteria

Planning Vale Royal | Planning Permission was obtained to undertake the
Permission Borough Council remediation project. This included measures to be
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taken to protect the public from nuisance (e.g. noise,
odours)
Waste Environment A waste management licence exemption was
Management Agency — granted covering replacement (backfill) of treated
Licence Waste Regulation | soils
Exemption
Waste Disposal | Environment Duty of Care
Agency —
Waste Regulation

EX-SITU SVE REMEDIATION SCHEME
The remediation methodology is summarised in the following steps:

1) Excavation of contaminated soils;

2) Validation of soil quality in excavation sides and base;

Abstraction of water and treatment;

Construction of treatment bed;

Treatment bed filling;

Operation of the treatment bed;

SVE Plant Operation and continuous assessment of treatment bed performance;
Validation of soil treatment results (i.e. monitoring of contaminant concentrations in
treatment bed);

9) Backfill of treated soils into original excavation.

IJgEL

Detailed work plans were developed for:

e Vapour Control of Excavation of Volatile Organic Compound Contaminated Soils Such
That Vapour emissions do not exceed action levels;

e Excavation of VOC Contaminated Soils from the Former Tankage Area including
Delineation, Redundant Drainage Removal, Redundant Structure Removal, Soil
Excavation Sequencing, Residual Soil Quality Validation, Reinstatement.

e Treatment Bed Construction, Filling Sequence, Bed Turning, Plant Operation, Controls,
Monitoring, Soil Quality Validation, Carbon Management.

Real-time VOC monitoring was specified to provide a practically workable and safe method
for protecting workers and measuring exposures at the excavation, treatment bed, site
boundary and at a fixed point to the nearest residential properties. Monitoring at the
excavation and treatment bed was designed to detect peak concentrations which could cause
ill-health effects as a result of acute exposures.

A guide to preventing exposures from exceeding the eight-hour time-weighted average (TWA)
of 2 ppm of VOCs was achieved using the above real time monitoring. Exceeding the TWA of
2 ppm would require an exposure to an average of 20ppm for the individual (due to the safety
factor of the Respiratory Protective Equipment of 10).

In order to provide retrospective confirmation data, site personnel (3 plant operators,
2 environmental scientists) wore carbon tubes with pumps in order to measure average daily
exposure. A percentage of the tubes were analysed with 3-5 day turnaround to provide
confirmation.

Measures to reduce VOC emissions during operation were:

e Reduce excavation rate, use smaller buckets for areas with higher concentrations of
contaminant, excavate more slowly;

e Reduce exposed contaminated soils — uncontaminated soils were available to cover
more contaminated areas.
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e Leave contaminated areas covered at the end of each working day;
e Transport excavated soils rapidly to treatment bed and cover.

Once an area was excavated, the soil quality in the base and sides of that part of the
excavation was sampled and analysed. This was done at the end of excavation by collecting
samples 0.3-0.5m into the sides or base (to ensure a fresh sample was collected). One half
of each sample was head-space tested on site using a PID. The second half of each sample
will be sent to a chemical testing laboratory for analysis.

If the laboratory results are below the Site Specific Cleanup Levels, then the excavation limits
tested were deemed the excavation’s final extent. If the laboratory analysis results showed
values above the Site Specific Cleanup Levels, then further excavation was required.

The ex-situ soil vapour extraction bed was designed with the following features:

e to ensure segregation of the contaminated soil from the clean ground, and to prevent
leachate or free draining liquids infiltrating into the ground beneath.

e to have sufficient liquid storage capacity to be able to capture precipitation falling
within the bed such that this can be pumped out periodically to a treatment plant prior
to disposal.

e to contain vapour extraction pipe network such that soil vapours within the
contaminated soils are readily recovered by applying a vacuum to the network.

e to be robust enough to be filled and emptied repeatedly by heavy earthmoving plant
such that the bed is not destroyed during these activities.

e to minimise the fugitive emissions of VOC to the atmosphere from the bed, achieved
by covering the soils in the bed during operation with high density plastic sheeting.

The vapour extraction plant’s purpose was to extract vapour from the treatment bed soils by
applying a vacuum to the venting pipe work manifold. Vapour is drawn into the manifold
under vacuum and is then discharged from the vacuum pumps through a discharge manifold
into two granular activated carbon vessels mounted in series.

The plant was capable of flexible operation using multiple vacuum pumps. This allowed the
applied vacuum and flow rate to be varied depending on the vapour extraction requirements
at the time. The plant operating parameters of vacuum, flow rate, VOC vapour concentration
and temperature were monitored using hand held instruments.

Sampling of the treatment cells within the treatment bed took place periodically during
treatment using the headspace technique. Validation sampling took place after a number of
weeks of treatment bed operation. On the basis of the validation sampling, the contents of
forty treatment cells were backfilled, the contents of two cells were treated through two
phases of treatment while the contents of one cell was disposed of to landfill. This equates to
a total volume of approximately 1,000 m® of (sandy) soil (measured by volume in ground),
which was treated to concentrations below the cleanup criteria, and therefore backfilled.

Mass Balance
A VOC mass balance estimate is in preparation with the following parameters approximated:

e mass of contaminants present in remediation area at outset ('VIO ),
e mass of contaminants emitted to atmosphere derived from extensive boundary and

personal monitoring, weather data and air dispersion modelling ('vIb ). Personal and
vapour monitoring points were situated at distances of 0-200m from the excavation
and treatment areas. Most emissions are likely to have occurred during excavation,
treatment bed filling and treatment bed turning

e mass of contaminants present in activated carbon after treatment (Mc ),
e mass of contaminants collected by treatment system by measuring concentration

passing through total discharge air flow ( My ),
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e mass present in treatment bed after treatment ('VIt ).

This mass balance for the soils aspect of the remediation is represented by the following
equation:

M, = (M, orMy)+M, +M,

Volatile loss to atmosphere has been estimated using ADMS Version 3.1 to ‘back calculate’
the source term (i.e. emission rate) on the basis of the following site-specific data:

e on-site weather station output supplemented by regional weather station records;

e site log describing type and duration of activities on site;

e VOC concentration data from diffusion carbon tubes on the site boundary, worker-
mounted pumped samples and selected instantaneous breathing zone monitoring
using a PID.

It was considered that ADMS is an appropriate model to use for this exercise as it is designed
to deal with relatively low concentrations typical of environmental projects. A degree of
uncertainty is accepted when estimating the source term in this way due to the very nature of
excavating contaminated soils and the number of controlling factors (initial contaminant
distribution in the ground, properties of soil, degree of disturbance during excavation and
transport to the treatment bed, weather conditions, etc). This uncertainty will be included in
the final mass balance results.

Conclusions

All treated material required successful validation testing prior to backfill. Concentrations in
each treatment cell were below site-specific cleanup criteria, with the exception of 1 treatment
cell out of 40 cells, which did not meet the site-specific cleanup criteria and was dispatched to
landfill under duty of care regulations. Validation sampling of the base and sides of the
excavation void prior to backfill was carried out during the project - results indicated that the
SSCVs were achieved.

Whilst it was attempted to limit the mass of soils disposed of to landfill, the following material
was disposed in this way:

¢ soil unsuitable for treatment (mainly clay and made ground);
e viscous product containing CTC;

e vapour phase granular activated carbon used for treatment of the vapour discharge
from the soil vacuum extraction plant;

¢ liquid phase granular activated carbon used for treatment of water from dewatering of
the excavation and the treatment bed.

Given that the project was competed in 6 months, the project achieved the stated contract
objectives. In addition, there were no health and safety incidents or complaints from the
public.

Conclusions with regards to the success of ex-situ soil vapour extraction and the feasibility of
a mass balance will be presented in the TDP report which is in preparation.
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The Problem

=Urban regeneration can only be
achieved by using Brownfield land.

=Up to 10% of the land in some
cities is classed as derelict.

=High remediation costs but low
development value.

=Complex obstacles such as
contamination.

SUBR:IM - Aims and Obijectives

AIM

*Produce integrated & sustainable solutions.

OBJECTIVES:

sEnhance technical solutions and tools for
restoration.

sIncrease stakeholder knowledge & integrate needs
within a sustainable framework.

=Establish best environmental practice.
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Restoration of Acid Tar
Lagoons: SUBR:IM Work

Package H

Colin Smith
University of Sheffield

Background

What is Acid Tar?

+ waste residue of three petrochemical processes:
benzole refining, white oil production and oil re-

refining

* acidic, viscous, corrosive substance with black
color and oily smell.

* mixture of sulphuric acid, hydrocarbons, water,
often with a large range of co-disposed materials.

+ typical composition: 44% sulphuric acid, 50%
organic, 6% water.
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Background

What is Acid Tar?

Background

Acid Tar Vs. Coal Tar

) Town Gas

Gas = Purified Benzole
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Coal Carbonization
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Conceptual model

| Precipitation

Acidic top water

Conceptual model
Acidic Top Water

CL:AIRE Annual Project Conference April 20t 2004



Restoration of Acid Tar Lagoons: SUBR:IM Work Package H

Michael Brown and Colin Smith

Conceptual model

Precipitation

/ e B 7
________ - C YV §ugar, vege - P 5 e
s ’ -

Conceptual model

Oozing Tars

CL:AIRE Annual Project Conference April 20t 2004



Restoration of Acid Tar Lagoons: SUBR:IM Work Package H

Michael Brown and Colin Smith

Conceptual model

Conceptual model

Precipitation

Acidic top water
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Conceptual model

Tar migration near steam

Conceptual model
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Conceptual model

Opened tar surface

Conceptual model
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Conceptual model
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Conceptual model

Precipitation
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Opened tar surface
VOCs? Dust? Capping
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Conceptual model

Capping

Conceptual model

Capping
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Key Linkages/Hazards

Yolatiles/gases

Pust

beaching into ground / surface water
Pirect contact / ingestion

Bulk migration

Fire

Next steps

Site characterisation:
Review of existing S| data
Tar sampling — surface and shallow
Soil sampling
Surface water sampling

6Geophysics
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Geophysics

Tar P 15

Fipuie S View of Survey Asca 1. ooking easiwands (May, |9597)

Chambers, J.E. (2001) PhD thesis, University of Sheffield

Geophysics

Chambers, J.E. (2001) PhD thesis, University of Sheffield
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Next steps

Laboratory characterisation:
€hemical/thermal analysis
beaching tests
Mechanical properties
Microbiology
Weathering

Remediation

€ontainment: barrier stability
- chemical compatibility
- mechanical stability
Natural attenuation
Source control: incineration/stabilisation?

Stakeholder views
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Remediation

€ontainment: barrier stability
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- mechanical stability
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Stakeholder views

Remediation: barriers
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Remediation

€ontainment: barrier stability
- chemical compatibility
- mechanical stability
Natural attenuation
Source control: incineration/stabilisation?

Stakeholder views

Remediation — natural attenuation

Precipitation

Opened tar surface
? VOCs? Dust?

Island on
m Acidic top water — top of water
Hydrogen sulphide

Tar migration to near steam Tar migra 0
Groundwater ?
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Remediation

€ontainment: barrier stability
- chemical compatibility
- mechanical stability
Natural attenuation
8Source control: incineration/stabilisation?

Stakeholder views

Remediation: source control
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Remediation

€ontainment: barrier stability
- chemical compatibility
- mechanical stability
Natural attenuation
Source control: incineration/stabilisation?

Stakeholder views

Data gathering and dissemination

*Currently in process of contacting owners of
additional sites to build up database of Sl and
laboratory test data.

*Acid Tar Lagoons web site in process of being
set up:

- hosted at www.subrim.org.uk

- will provide up to date bibliography, images, test
data, abstracts

- provides contact point for exchanges of data,
establishment of links with other projects
/remediations

CL:AIRE Annual Project Conference April 20t 2004



Restoration of Acid Tar Lagoons: SUBR:IM Work Package H

Michael Brown and Colin Smith

End of presentation

CL:AIRE Annual Project Conference April 20t 2004



Paper presented to the CL:AIRE Annual Project Conference, April 20" 2004

Restoration of Acid Tar Lagoons: SUBR:IM Work Package H
Colin Smith', Xu Hao? Michael Brown®

"Lecturer, Research Student’, Research Associate®
Department of Civil and Structural Engineering, University of Sheffield, UK

Email: c.c.smith@sheffield.ac.uk
ABSTRACT

Acid tar lagoons are a significant source of contamination that is a hazard to human health,
controlled waters and the natural environment. Acid tars are normally defined as tars of high
sulphuric acid content that have arisen as by-products of benzole refining, refining petroleum
fractions (particularly white oil) and oil re-refining. In situ, acid tar comprises a mass of
hydrocarbons that is generally viscous and tarry with very low pH. Surrounding soils are likely
to be contaminated to varying degrees with tars and hydrocarbons. Many of these acid tar
lagoons are now situated in close proximity to residential areas.

Due to the complexity of the problems associated with these sites, adequate, robust and
durable long-term remediation options have not been developed. Previous attempts to break
the pollutant linkage by capping sites have often failed technically due to the mobility of the
tars. Excavation is environmentally unsustainable, while total encapsulation and destructive
techniques are financially prohibitive.

INTRODUCTION

The research on the restoration of acid tar lagoons forms one work package (WP) of a large
EPSRC funded research consortium: ‘Sustainable Urban Brownfield Regeneration: Integrated
Management’” (SUBR:IM, www.subrim.org.uk). This consortium has initial funding of
£1.9million to tackle the multidisciplinary research problems associated with brownfield land.
As well as acid tar lagoons other science based projects will look at sustainable technical
solutions for the remediation of contaminated land, the effect of climate change on pollutant
linkages and the use of novel special composts for remediation (WP K). Both the acid tar
lagoon (WP H) and the novel compost packages are designated as CL:AIRE research
projects.

The restoration of heavily contaminated land in the urban environment requires an inclusive
approach and the development of sustainable methods of site remediation which take
account of both socio-economic and technical issues.

In this paper we present the initial findings of a multi-disciplinary research programme which
is seeking to advance technical and scientific knowledge on remediation of acid tar lagoons.
This research is also seeking to develop a technically sound remediation plan for a specific
case study site acceptable to all stakeholders.

BACKGROUND

Origin of acid tar
Acid tar is a waste residue of petrochemical processes, which are now mostly abandoned. Its
production can be traced from the end of the 19th century (Milne, 1986).

There are three main processes that produce acid tars: benzole refining, white oil production
and oil re-refining (Nancarrow et al., 2001). Each involves the use of concentrated sulphuric
acid as a washing liquid to purify an organic material, which results in a residual tar containing
a high proportion of sulphuric acid compared with other tars from coal carbonization
processes.
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Benzole refining is a set of processes which extract purified fractions of benzene, toluene and
xylene from crude benzole, a by-product of coal carbonization. Washing with concentrated
sulphuric acid removes two major impurities: sulphur-containing compounds and unsaturated
hydrocarbons (Claxton, 1961). After the washing is complete, the purified benzole is decanted
for further treatment and the bottom acid tar is run off from the base of the washer. Although
acid tars contain many similar compounds to coal tars, the acid tar is not coal tar plus acid.
They are generated from different stages of the coal carbonization process, Figure 1,
(Claxton, 1961).

Town Gas
Gas Purified Benzole
—] —»
Scrubber
Sulphuric acid wash
Crude Benzole
—> — .
Acid Tar
Coal Carbonization » Coal Tar

Coke

Figure 1, Production of acid tars and coal tars.

Oil re-refining is a process that regenerates spent lubricants. The oil is fed into a contact tank
where it is mixed with concentrated sulphuric acid and Fullers earth to remove non-
hydrocarbon material, unsaturated hydrocarbons and sulphur-containing compounds (Milne,
1986).

White oils are highly purified compounds used for medicinal, cosmetic and specialized
lubrication purposes. Again sulphuric acid is used for removal of unsaturated and sulphur-
containing compounds.

Scale of problem

During the period 1930-1980, there were approximately 140 benzole refining plants with an
estimated total production of 2.5 million tonnes. White oil production generated an estimated
2 million tonnes of acid tar across ten to twelve sites in the UK. Information about oil re-
refining is very limited. There were about 30-40 small plants typically producing 500 tonnes of
acid tar per year over an average 40 years operation (Nancarrow et al., 2001).

Acid tar disposal

Historically, the methods used for acid tar disposal were mostly by landfill into existing holes
or lined lagoons, usually near the former chemical plants. The tar sometimes underwent a
limited pre-treatment, and was often co-disposed with other materials such as drums of
various chemicals, sugar waste, sand, ash, clinker, vegetation, PCBs etc. Typical lagoon
depths reported in the literature vary from 4-10m, open or capped (1-2m), and volumes vary
from ~3000-60000m?® (Nichol, 2000, Chambers, 2001, Banks et al., 1998).

Before the 1970s, the disposal of acid tar was usually not an environmentally friendly process.
In the benzole refining industry, the acid tar produced was often pre-treated by diluting it with
creosote oil and then steaming to recover any entrained benzole and some of the sulphuric
acid (Claxton, 1961). Some efforts were made to neutralize the acid by mixing the tar with
lime and other alkaline materials. However due to poor mixing with the thick tar, this usually
proved to be inefficient.
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CHARACTERISTICS OF ACID TAR

Composition

The chemical composition of acid tar from each individual process differs significantly due to
the different starting material and final product. Therefore the chemical characteristics of acid
tar cannot be closely specified. However the basic characteristics of acid tar remain similar
across the three major processes. Acid tar is a complex mixture of hydrocarbon, sulphuric
acid, water and a various range of co-disposed materials. The chemicals inside acid tar can
be grouped into following categories: aliphatic hydrocarbons, aromatic hydrocarbons,
phenols, metals, organic acids, sulphonated hydrocarbons and gases such as hydrogen
sulphide, sulphur dioxide and methane (Nancarrow et al. 2001). Disturbed tars may thus give
rise to significant odour problems. Some tars were pretreated to reduce their acid content
before disposal. Nichol (2000) reports a typical composite breakdown of tar as 44% sulphuric
acid, 42% oil residues, 8% sulpated oil residues and 6% water.

Physically acid tars consist of three phases: a free tar phase, free oil and a sulphate-rich
acidic aqueous phase. The latter will not dissolve in the tar or oil and may exist as an
emulsion similar to those found in coal tars (Payne & Charles, 1987) or as pockets of clear
liquid (Nichol, 2000).

Physical properties

The viscosity of acid tar is highly sensitive to temperature, at high temperatures the tar will
become fairly mobile and tends to be fluid, but at lower temperatures the tar solidifies to a
variable degree, depending on its composition. At exposed surfaces, oxidation will occur
resulting in an anticipated increase of viscosity within the lagoon surface layers, in some
cases leading to surface cracking. The density of the tar is reported at between 1200 and
1400kg/m3 (Nichol, 2000), which is higher than typical coal tars at 1060 kg/m3 (Oudijk and
Coler, 1995) and it may therefore be regarded as a DNAPL. It is assumed that the higher acid
tar density is due in part to the high sulphuric acid content (density 1960 kg/m3).

Table 1 shows some of physical properties of acid tar from different processes.

Table 1, Physical property of acid tars (Nancarrow et al. 2001).

Origin Viscosity pH Colour Odour

Benzole refining | Thin to fairly pH 2 or lower Generally black Strongly
viscous aromatic

White oil Very viscous The most acidic Generally black Oily

production tars, pH below 1

Oil re-refining Variable pH 2 or lower Browner than Oily

others

Principal contaminants
The major contaminants within acid tar are PAHs, phenols, benzene, toluene, xylene (BTEX),
acid, heavy metals and sulphate all of which can cause environmental problems if they
migrate into surrounding soil and groundwater environment. Air pollution may be caused by
volatile organic compounds (VOCs) and dusts from the weathering of exposed tar surfaces
(Nancarrow et al., 2001).

Physical and chemical mobility of acid tar

In any consideration of the environmental impact of an acid tar lagoon, it is necessary to
examine both the physical and chemical stability of the tar, each of which are interdependent
and must be controlled. Barriers to contaminant migration may be mechanically disrupted
while physical barriers may be chemically attacked. Figure 2 depicts a conceptual model of a
range of processes and potential migration pathways that have been observed or are inferred
for a general acid tar lagoon.
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Figure 2, Model of generic acid tar lagoon processes.

Nichol (2000), reports results of probings of an acid tar lagoon that indicate stratification of the
tar into semi-solid layers separated by tar bands of softer consistency. Reynolds (2002)
reports seismic survey data indicating softer surface tars underlain by more viscous tar. It is
not clear whether this is simply due to differing batch properties as tar was placed in the
lagoon, or due to long term separation or weathering processes. Semi-fluid tar, driven by the
pressure head of the overlying tar and any capping material will find any cracks, and other
pathways in the soil e.g. along tree roots etc. The acid will also tend to dissolve components
of the mineral matrix helping to widen fissures and ease flow, which it is anticipated, will give
rise to unstable fingering (preferential flow paths). Fingering will increase the surface area to
volume ratio of the tar and will enhance leaching, oxidation and biodegradation, which in turn
will affect the mechanical properties of the flowing tar. If this generates a less viscous DNAPL
then further migration may occur, however the original tar is likely to be too viscous to migrate
downwards to any great extent except through larger fissures. While biodegradation is
unlikely to degrade a significant proportion of contaminants, it may have a significant
influence on the physical and chemical mobility of the tar and its constituents.

Acid tar is lighter than soil, and therefore typically heavier capping materials will tend to sink
into it. Capping stability will be dependent on a number similar to the Rayleigh number used
to characterise the onset of convection in cases of density inversion in stratified fluids.

While it is possible to infer and describe likely processes occurring in and around acid tar
lagoons, there exists little scientific data to quantify such processes or to establish their
significance.

Environmental impact

Table 2 lists an extensive but not necessarily exhaustive set of potential linkages and
environmental impacts of acid tar lagoons. Any restoration will seek to control these linkages
to acceptable levels.
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Table 2: Acid tar lagoons: potential linkages

Source Pathway Receptor
BTEX, PAHs, VOCs Volatilisation in upper soil | Site users
surface
BTEX, PAHs, heavy metals, | Inhalation of dust and | Site users, residents of
phenols & sulphate vapours adjacent properties
BTEX, PAHs, heavy metals, | Ingestion of surface soils Site users, residents of
phenols & sulphate adjacent properties
BTEX, PAHs, heavy metals, | Groundwater discharge Nearby water course
phenols & sulphate
BTEX, PAHs, heavy metals, | Surface run off Nearby water course
phenols & sulphate
BTEX, PAHs, heavy metals, | Migration along engineered | Nearby water course
phenols & sulphate structures (outfall)
BTEX, PAHs, heavy metals, | Leaching/migration of Major/Minor aquifer
phenols & sulphate contaminants through the soil
and unsaturated zone
Methane, sulphur dioxide and | Migration through permeable | Site users, residents of
hydrogen sulphide soil adjacent properties
BTEX, PAHs, heavy metals, | Bulk migration of tar. Direct | Site users, residents of
phenols & sulphate. Acid (burns). | contact. adjacent properties
Toxic combustion products Smoke from combustion of | Site users, residents of
tar in lagoon adjacent properties

CASE STUDIES

This project is based around a specific lagoon, though comparisons will be made with other
acid tar lagoons.

The case study site was originally the site of a 7m deep sand pit which was later used for the
disposal of domestic waste and included a bunded acid tar lagoon with an estimated volume
of 12000m®. Anecdotal evidence suggests that the lagoon and surrounding site was also used
for the disposal of foundry sand and lime. Little detail is available regarding the extent of the
acid tar disposal and form of the lagoon as the site was extensively remediated during the
1970’s. It would appear that the bund structures were levelled and the site capped with 1 to
3m of soil covering and converted to soft end use. Prior to levelling of the bunds, evidence
indicates that an excavation was made close to the lagoon and the excess tar decanted into it
by breaching the bund. The site is underlain by sands and gravels above a sandstone aquifer.
The site is also bounded by a stream. Recent site investigation data would suggest that both
the stream and the aquifer may have been contaminated due to the presence of the acid tar.
Additionally, large tar deposits are exposed at the ground surface in areas that have been
capped. These areas have been fenced off to stop public access.

THE WAY FORWARD

Technical remediation options need to deal with both physical and chemical stability issues;
even if the primary source were removed it is still necessary to address any residual tars and
associated plumes. At the same time, the remediation process has to be acceptable to site
owners, site users, the wider public, the wider environment and the regulatory authorities; i.e.
stakeholders with varying priorities.

It is clear that significant progress is required to characterize more fully mechanical, chemical,
and biological processes occurring in and around acid tar lagoons in order to fully realize a
robust remediation solution. Issues include chemical compatibility and mechanical stability of
containment systems, tar leachability by groundwater, potential for natural attenuation to
degrade leachants and changes in tar properties by weathering and time.
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Initial work will further characterise the study site, with sampling of the tar at various locations
and a geophysical survey. A range of chemical and mechanical laboratory tests on the tar will
be undertaken, together with leaching and weathering measurements.
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Context and rationale

*How to match expenditure on site investigation to
—the complexity/heterogeneity/uncertainty of the site
—the financial consequences of misclassifying the site

*Currently done subjectively by judgement and

experience of investigator
—Not easily justified, or transparent

* Need a decision support tool to
—Show the optimal approach
—Can be used to justify better survey — when required

University & E R
of Sussex GCER

Objectives (1)

*Aim: to develop a prototype decision support tool
for Optimized Contaminated Land Investigation
(OCLI-TOOL) for use by site investigators

— to develop cost-effective site investigations on
contaminated sites.

Objectives :-

*Assess advantages and limitations of existing
OCLI method - by

— applying to six contrasting contaminated land sites

University - E R
of Sussex e Nk

CL:AIRE Annual Project Conference April 20t 2004
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Objectives (2)
*Progressively improve performance and usefulness of

OCLI method

—by incorporating feedback from stakeholders (e.g. site
investigators, problem holders, developers, regulators)

—after each of the six investigations.

*Produce prototype decision support tool version of
OCLI method, ‘OCLI-TOOL”,

—can be used by site investigators in general, at any site.

*Publicize and explain the benefits of the OCLI method

— to site investigators & developers of brownfield sites.

University & E R
of Sussex b

vironmental Research

Case Studies — Selection Criteria

* Criteria used to select sites will include the
characteristics of’-

* the contamination (type, intensity, extent and
heterogeneity),

* the site (size, previous/intended land use and
value) and

* the measurements (costs and uncertainty of
sampling and analysis).

University ' E R
of Sussex -~

Enviconmental Ressarch
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Case Studies — Selection Criteria

Criterion Sub-division Site 1 Site 2
Contamination Type Inorganic (As) Org (PAH) +
Inorg(Pb+As)

Intensity (conc) High (c~T) High (c~T)
Extent (width/depth) Large/shallow Large/shallow
Heterogeneity High High
Threshold? (T, e.g. SGV) Yes Yes

Site Size Small/medium Small
Value Low High
Consequence Cost** Low High

Measurement Analytical cost Low High
Analytical Uncertainty Low? Mod/High?
Sampling cost Low/Mod Mod/High
Sampling uncertainty High High

Logistics Piggy back on routine SI? Yes (ideally) Yes (ideally)
Routine SI date Dec 03 Nov03

University =~
of Sussex | E R

Centre for Environmental Research

Case Studies

*Site 1: Housing development on old Cornish mine
site

Location of site
investigated. N

Location of
previous survey.

University 5
of Sussex G E R

Contre for Envirenmental Research

CL:AIRE Annual Project Conference April 20t 2004
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Case Study #1 - Cornwall

16 trial pits were dug across the site (map?)

— sampled by routine investigator — single grab ~650g
Duplicate samples from 8 pits - at 2 depths = 0.5 and 1.5m

- by independent application of the same protocol

- allow for ambiguity & effect of small-scale heterogeneity

Send for analysis to commercial lab
-request ‘balanced design’ =
-analytical duplicates on sample duplicates
-un-rounded and un-truncated measurements

-problematic in routine lab — not use to it

University ")
of Sussex E‘ E R

Balanced Sampling Design

Sampling
point

Sample 1

Sample 2

| Analysis 1 | | Analysis 2 | | Analysis 1 | | Analysis 2 | _)I Analytical precision Sana ‘

University
of Sussex

- 10% of Sampling points
in whole survey n > 8

_)I Sampling precision Seamp ‘

CL:AIRE Annual Project Conference April 20t 2004



Cost-Effective Investigation of Contaminated Land: Initial Findings

Mike Ramsey and Paul Taylor

Results from Cornish site

As concentration in soil duplicates mg/kg, at depth 0.5m

- note large variation between samples from the same trial pit

sampleid | S1A1 | S1A2 S2A1 S2A2
RRO1 153 153 144 144
RR02 | 412 457 459 477
RR0O3 | 314 342 343 419
RR04 | 124 134 325 315
RROS | 125 139 654 723
RRO6 | 675 778 704 676
RR10 | 837 878 20428 19908
RR14 | 145 152 257 288

Estimation of Uncertainty

* Robust ANOVA — allows for non-normality

* U% =200s/ X obust (95% confidence)

* U analysis = 15%

* U sampling = 62%

* U measurement = 64% - dominated by the sampling
 But is there too much uncertainty?

* Only accounts for 21% of the total variance (~FFP <20%)
» Consider financial consequences — OCLI method

University ' E R
of Sussex - &= W

CL:AIRE Annual Project Conference April 20t 2004
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Cost considerations

*Analysis for Total As = £10 per determination
«Sampling = £30 per sample
*‘False positive’ (‘contaminated’ when not)

= £6000 per location for unnecessary remediation
*10m x 10m plot,
scover with 0.4m imported topsoil (£70 /m?) and
egeotextile membrane (~£30/m?)

University ")
of Sussex E‘ E R

Environmental Ressarch

Classification of Contamination

*Threshold value:
—As generic SGV = 20 mg/kg

—Local As threshold, initial suggestion of 400mg/kg
Due to locally high background concentration of As

*OCLI optimised for As conc = 500 mg/kg

- Typical value for false positive mis-classification

University ' E R
of Sussex -~

Enviconmental Ressarch
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Optimization of Uncertainty

1800

1600 A
1400 Optimal uncf:rtamty. .
b R 49 ug ¢! As R
2 1200 ne e
2
5 1000 A / A ‘\
s [
H 800 = n
2 600 A A N -
& VA Actual uncertainty.
400 130 g g' As ™
200
0

0 20 40 60 80 100 120 140 160 180

Measurement uncertainty (smess) / A ug g

Change of financial loss with increasing uncertainty, Site 1,Eqn 1,

- much higher loss ~£1200 at actual uncertainty, than £500 at optimal
- measurements not optimal - improved sampling x3 indicated

-will cost more to reduce U, - less than reduction in expectation of loss

Universit_y V-
of Sussex | I E R

Centre for Environmental Researc h

Conclusions (1)

+ OCLI method is applicable to routine site investigation

* [t is easy to estimate uncertainty (arising mainly from sampling)
- 64% is not unusual (generally 40-80%)

* Advantages of OCLI
-Gives a value of uncertainty (usually present but unknown)
-Indicates whether this uncertainty will cause problems
-Shows how uncertainty can be reduced — if justified financially

-Allows you to make reliable decisions, despite the
uncertainty/heterogeneity

University ' E R
of Sussex - s
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Conclusions (2)
- Challenges of OCLI — a few teething problems

Motivation of contractor

—’duplicate measurement never give same result’ — confuse interpretation!

Liaison with lab difficult
— getting design implemented
— unrounded measurements reported
— encourage a good lab to offer a OCLI package?
Extra cost — at small sites there is a higher % cost
Looking into way of reducing this — unbalanced design (-25%)
No analytical duplicates (can’t separate sources of U)

Extra training of samplers - does give them feedback on quality of sampling

University & E R
of Sussex - 8

Further work (1)

Application of OCLI to other sites

Ex-Gasworks site has multiple contaminants
-apply to organic contaminants
-Investigate optimization of system over all contaminants
-Site investigation and chemical analysis complete

-Uncertainty being estimated and OCLI being applied

University ' E R
of Sussex - s

CL:AIRE Annual Project Conference April 20t 2004
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Further work (2)

Selection of other test sites, several possibilities:-

Lampton Ex- Coking Works — groundwater, monitoring —
temporal variation causes uncertainty

Southwark — small high value site — highly heterogeneous —
low sampling cost?

Need other sites (Suggestions welcome), with:-
High consequence cost?
Low heterogeneity

Generally low levels of contamination (+ few hot spots)

CE

Centre for Enviran

Depth of contamination — 3D characterisation?
University

of Sussex

uuuuu

h
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ABSTRACT

The first application of the Optimised Contaminated Land Investigation (OCLI) method to a
routine site investigation has demonstrated the practicality of the method and the usefulness
of its results. In the first case study a high level of uncertainty was determined (64% of the
concentration value, at 95% confidence), and the source was identified as the sampling rather
than the analytical procedure. Calculations suggest that taking 9-fold composite samples,
rather than single grab samples, for each trial pit will reduce the uncertainty by a factor of
three, This will reduce the expectation of loss by a factor of three from £1200 to £500 per
sampling location, making it a much more cost-effective and reliable site investigation.

INTRODUCTION

Deciding upon the optimal level of expenditure for a site investigation currently depends upon
the subjective judgement of an investigator, often based upon years of experience. It requires
a balance to be made between many conflicting factors. One important factor is the expected
complexity of the contamination at the site. This is often evident in a high level of small-scale
heterogeneity of the contaminant concentration, which causes a large degree of uncertainty
in estimates of the extent and intensity of the contamination across the site. A second equally
important factor is the financial considerations, such as the cost of the investigation and also
the potential costs that may arise as a consequence of misclassifying the contamination at the
site. The balancing of such factors by an expert can be effective, but it is not always clear
how the conclusion has been reached. This may make it difficult to justify a high-cost
investigation, when the expert considers it justified. A new approach to finding this balance is
to use a mathematically-based decision support tool to identify the optimal approach. This can
be used by less experienced investigators, and also allows experts to justify a better survey in
a transparent way, when it is required.

The overall aim of this research project is therefore, to develop a prototype decision support
tool for Optimized Contaminated Land Investigation (OCLI-TOOL) for use by site investigators
to develop cost effective investigations on contaminated sites.

The individual objectives of the project are:-

1. To assess the advantages and limitations of the existing OCLI method, by applying it to a
series of six contrasting contaminated land sites

2. To progressively improve the performance and usefulness of the OCLI method by
incorporating feedback from stakeholders (e.g. site investigators, problem holders,
developers, regulators) after each of the six investigations.

3. To produce a prototype decision support tool version of the OCLI method, called OCLI-
TOOL, that can be used by site investigators in general, at any site.

4. To publicize and explain the benefits of the OCLI method to the site investigation
community, and to developers of brownfield sites.

This paper aims to describe the progress that has been made in the first six months of the two
year project. It will explain the criteria upon which the initial test sites have been selected, and
the practicalities of applying the OCLI method to routine site investigations being undertaken
for other purposes. It will discuss the advantages and limitations of the OCLI method that
have been identified so far, and suggest how improvements can be made in subsequent
applications.
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CRITERIA FOR SELECTION OF TEST SITES

In order to test out the OCLI method under a wide range of realistic conditions, the sites have
been selected to have contrasting expected properties (Table 1).

Table 1. Site selection criteria for OCLI method, and qualitative values for the first two
sites. * Site Investigation (Sl) are ‘piggy backed’ onto a routine site investigation.
**Consequence Cost is the cost of making error, e.g. unnecessary remediation, leaving

undetected contamination in place

Criterion Sub-division Site 1 Site 2
Contamination Type Heavy Metal Org (PAH, TPH)
(As) + Pb+As
Intensity (concentration) High (c~T) High (c~T)
Extent (width/depth) Large/shallow Large/shallow
(<0.5m) (<0.5m)
Heterogeneity High High
Threshold? (T, e.g. SGV) Yes Yes
Site Size Small/medium Small
Value Low? High
Consequence Cost** Low High
Measurement Analytical cost Low High
Analytical Uncertainty Low? Med- High?
Sampling cost Low/Mod Mod/High
Sampling uncertainty High High
Logistics Piggy back* on routine SI? Yes Yes
Routine Sl date Dec03 Nov03

The first two sites have different types of contamination, ranging from heavy metals alone at
Site 1, to a range of organic and inorganic contaminants at Site 2. This difference has a direct
bearing on the analytical cost. One key requirement was that a routine site investigation was
scheduled to take place on the site, upon which the test of the OCLI method could be ‘piggy
backed’.

CASE STUDIES
Site 1: Cornish housing development on an ex-mine site

This 400m x 200m site was know to be contaminated with As and to a lesser extent with other
heavy metals, due to Sn/Cu mining at the site in the 18" and 19" centu

Location of site
investigated.

& Getmapping plc
Fig 1. Location of Site 1 in Cornwall
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Sixteen trial pits were dug across the site by a primary investigator (i.e. site contractor) as part
of a routine site investigation The contactor's objective was to assess the extent of
contamination and to select the most appropriate method and extent of remediation that would
be required to enable the building of domestic housing. In order to apply the OCLI method to
the investigation, the simplest of four possible methods of estimating the uncertainty in the
measurements of contamination was selected (Ramsey and Argyraki, 1997). This involved the
taking of duplicate samples (650 g, single grab samples) from 8 of the trial pits. These
duplicates were taken by the contactor, under the direction of a project member, using an
independent re-application of the same sampling protocol to each of these pits. The duplicate
samples where therefore not identical, but taken in a way that reflected both the small-scale
heterogeneity of the contaminant in the sampling location, and the ambiguity that can arise in
the interpretation of the sampling protocol. The procedure was repeated for two different depths
of investigation at 0.5 and 1.5m below ground surface.

The duplicate samples were both analysed twice for As, in a balanced design (Fig 2) to enable
the source of the uncertainty to be identified.

Sampling N 10% of Sampling points
point in whole survey n > 8

Sample 1 Sample 2 _)I Sampling precision Ssamp ‘

| Analysis 1 | | Analysis 2 | | Analysis 1 | | Analysis 2 | _)I Analytical precision Sgna ‘

Fig.2. Balanced design of sampling for the estimation of uncertainty

Chemical analysis was performed by a routine analytical laboratory selected by the primary
investigator. The lab was asked to implement the balanced design and to supply all of the
measurements on the samples, together with the analytical quality control (AQC) information, in
an un-rounded, un-truncated format (e.g. actual measurements, rather than some values just
as ‘<detection limit’).

RESULTS

For the Cornish site, the analytical duplicates for As agree well (Table 2, rows 1&2 and 3&4),
but some of the sample duplicates disagree by a large factor (e.g. more than x10 for location
RR10).

Table 2. Comparison of As concentration in 8 trial pits as estimated by a single grab
sample (in bold) and that from the full balanced design (Fig 2) at depth of 0.5m. Although
the analytical duplication is quite good, the sample duplicates show some large
differences caused by small-scale heterogeneity (e.g. location RR10)

Total As in soil / ug g
Sample 1 Sample 2
Sample location Analysis 1 Analysis 2 Analysis 1 Analysis 2
RRO1 153 153 144 144
RR02 412 457 459 477
RR03 314 342 343 419
RR04 124 134 325 315
RR05 125 139 654 723
RR06 675 778 704 676
RR10 837 878 20428 19908
RR14 145 152 257 288

This reflects the high degree of heterogeneity of As within some trial pits. This conclusion was
confirmed quantitatively by the use of robust ANOVA (analysis of variance). The total
measurement uncertainty was 64%, when expressed as a proportion of the concentration at
95% confidence. It also showed that the analytical uncertainty was small (16% relative), but the
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sampling uncertainty was large (62% relative), and dominated the total uncertainty, contributing
94% of the total variance.

An important question is whether this high level of uncertainty prevented the measurements
being fit-for-purpose (FFP), and giving a reliable interpretation of the contamination. According
to one criterion, the measurements are just on the limit of being FFP, as the measurement
variance contributes approximately 20% to the total variance (Ramsey et al., 1992).

The OCLI method, described in full elsewhere (Ramsey et al., 2002), considers not just the
variance, but also the financial consequences of misclassifying the land in its FFP criterion. The
scenario considered here is for a ‘false positive’ classification in which the soil has a measured
As concentration that exceeds the threshold value (T) and therefore requires remedial action,
but the true value of concentration is below T and would not require this expenditure. The
appropriate value of T for this site is the site-specific SGV for As, suggested used by the local
authority in this case as being probably 400 mg/kg. This is higher than the generic SGV for As
of 20 mg/kg because of the high background concentration of As in this area of Cornwall.

The cost of remediation, which in this scenario is not always justified, is estimated as £6000 per
sampling location. This is based upon the preferred method of covering each plot (10m x 10m)
where measured contaminant concentration ( ¢) exceed the threshold (T) with a geotextile
membrane (cost £30 m?) and of depth of 0.4m of clean top soil (cost £70 m™). The
investigation costs include that for taking each field sample (£30) and that for each chemical
analysis (£10). The OCLI method uses Equation 1 to calculate the expectation of financial loss
E(L).

E(L)=C[1- D (g1/ Smeas) I+ D/S%meas ~ eeveennnn. (1)
The first term of this equation gives the probable financial loss from a misclassification of
contaminant concentration at a sampling point by multiplying the total consequence cost (C) by
the probability of the misclassification being indicated (e.g. as ¢>T). The error limit (g4) in this
case is set as

gr= |T—cl
The financial loss can only arise therefore, when the error is large enough to cause a
misclassification and therefore a decision error. The standard normal cumulative distribution
function (®) is used to derive the probability that s,,.os Will exceed g, and hence that the true
contaminant value will either exceed T (e.g. a ‘false negative’ classification) or not exceed T
(e.g. a ‘false positive’ classification). The second term in the equation expresses the cost of
making the measurements, where D is the overall measurement cost per unit variance. The
loss function can be calculates for a range of values of uncertainty (Fig 3) and usually has a
minimum value of cost at some particular optimum value of uncertainty denoted by S'eas.

1800
1600 A
., 1400 | Optimal un(;:artalnty. N
h A 49ug g As A
2 1200
: R / N
Gy
1
Z 000 a
.2 ] A
g 800 A A
8 600 A A
3 Ay u A Actual uncertainty.
400 130 ug g As —
200 -
O T T T T T T T T
0 20 40 60 80 100 120 140 160 180
Measurement uncertainty (Smeass) / As ug g

Fig 3. Change of financial loss with increasing uncertainty for Site 1, from Equation 1, showing
much higher loss of around £1200 at the actual uncertainty, than the £500 at the optimal value
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The actual value of uncertainty of the measurements that were made (130 pg g™') generate an
expectation of loss of £1200 per location. This is well above the £500 expectation of loss at the
optimal value of uncertainty (49 pg g'1). A reduction in the uncertainty is indicated therefore.
This can best be achieved by a 3-fold reduction in the uncertainty. The OCLI method can also
be used to calculate that this improvement can be achieved most cost-effectively by reducing
the sampling uncertainty from 130 to 49 ug g'1 . Sampling theory can be employed to calculate
that this can best be achieved by taking a nine-fold composite sample in each ftrial pit, instead
of the single grab sample. This would however cost an estimated extra £200 per location. This
increased initial expenditure is fully justified by the £700 reduced expectation of loss overall.

CONCLUSIONS AND FURTHER WORK

This first application of the OCLI method to a routine site investigation has proved that the
method is both feasible and useful. It showed in this initial application that the level of
uncertainty was high (64% relative, at 95% confidence) and that the main source (94%) of
uncertainty arose from the primary sampling, not from the chemical analysis. One of the
substantial advantages of the OCLI approach is that it provides, for the first time, a quantitative
estimate of the uncertainty in the measurement of the contaminant concentration. This is
necessary for the later steps of OCLI, but it is useful in its own right as a measure of reliability.
The OCLI method shows that this level of uncertainty (64%) is substantially higher that the
optimal value (24%), and also that the main cause of this uncertainty is the inability of this
sampling protocol to overcome the effect of the small-scale heterogeneity within the sampling
locations (i.e. trial pits). OCLI also indicates that the uncertainty is likely to cause unnecessary
higher financial losses, due to some unnecessary remediation. It indicates that this uncertainty
and financial loss can be reduced by improving the sampling protocol to include the taking of 9-
fold composite samples. Whether this improved protocol is applied in a supplementary
investigation of this site, or is applied to a subsequent investigation at similar sites, will require
further consideration.

One current practical challenge in applying the OCLI method to routine site investigations is
that it is difficult to motivate the typical site investigator. They have expressed a suspicion that
duplicate samples ‘never give the same measurements’ and therefore make interpretation
‘more difficult’ and less certain. The current ‘deterministic approach’ in which a simple action is
required if a single concentration measurement (c) is greater than the threshold (T) is
undemanding, but as shown here, prone to decision errors and increased expectation of
financial loss. The OCLI method enables a ‘probabilistic approach’ that recognises that
uncertainty exists and allows for it in a more reliable method of interpretation.

A second related practical challenge is justifying the extra initial cost required to implement the
OCLI method. For small site, this is a higher proportion of the cost of the investigation (75%? in
this case). One possible solution is to develop an alternative experimental design (e.g. un-
balanced) that would reduce the cost of estimating uncertainty. A second solution is the
dissemination of case studies in which the substantial overall financial savings enabled by the
OCLI method are made explicit. A third possible solution is to include estimation of uncertainty
from sampling as a statutory requirement of site investigation reports, in which case there
would be little extra cost required to implement OCLI.

The third practical challenge is in the liaison with the analytical laboratory. The existing systems
of submitting samples to laboratories are not well suited to extracting all of the information
required for implementing OCLI (e.g. using balanced design, reporting un-truncated
measurements). Such information usually exists, but most labs are not used to organizing and
report it in the form required. It might be advantageous to recruit one lab to produce an ‘OCLI
package’ that investigators can purchase, which includes all of the require features.

The next step is to apply OCLI to more of the sites with contrasting properties, to find out how
generally applicable these initial observations are, and to test the method further. Site 2 has
already been sampled and the interpretation will look at the application of OCLI to a site with
organic contaminants, and also how the approach can be adapted to the situation of multiple
simultaneous contaminants. Two further site investigations are being organized in which the
effects of lower sampling costs and of higher site value will be investigated, and also the
sampling of groundwater rather than soil, considered in order to assess potential risk.
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Al-rich leachates -
some UK examples

Site Al concentration
(mg/)

Quaking Houses, Co Durham 21
Randolph Bing, Fife, Scotland 800

Baads Bing, West Lothian, Scotland 80
Shilbottle Brass Heap, Northumberland 298
Nailstone Colliery Spoil, Leicestershire 73
Bowden Close Colliery, Co Durham 50
Upleatham Ironstone Mine, Cleveland 164

N.B. The proud owner in most cases is now the local authority

HERO Hydrogeochemical Engineering Research and Outreach HERO
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Bowden Close - where?

\) pilot system

Golf Course location

fi 2 Full-scale
/ system

3 footprint

Willington
Burn

Helmington
Row village

N/

/V
A690 Trunk Road To Willington

(0.5km)

«— To Crook (1.5 km)
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Bowden Close Pilot System

- Acid waters draining into Willington Burn
from otherwise-reclaimed Bowden Close
Colliery Site since 1960s - severe impact

* Pilot RAPS / wetland constructed 1999
(funded by CDENT / Durham Co. Council)

* Monitored by N'cle Univ mine water team
for 18 months (until FMD outbreak)

* Encouraging results favoured planning for
full-scale system

HERO Hydrogeochemical Engineering Research and Outreach HERO
A CL:AIRE TDP5 - CL:AIRE Annual Conference April 20 2004
4 Bowden Close - what?

(Discharges and Impacts)
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Bowden Discharges
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Bowden Discharges

Discharge 1: Fe 20 mg-I, Al 10 mgl!, pH 5.5
Discharge 2: Fe 8 mg:, Al 2 mgl, pH 6.7

Discharge 3: Fe 80 mg:I?, Al 50 mgl-, pH 4.5

HERO Hydrogeochemical Engineering Research and Outreach HERO
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Bowden Discharges

Treated in pilot system:
Discharge 1: Fe 20 mg-I, Al 10 mgl!, pH 5.5

Discharge 2: Fe 8 mg-?, Al 2 mgl, pH 6.7

Discharge 3: Fe 80 mg-I-!, Al 50 mgl-, pH 4.5
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RAPS technology ...

Reducing & Alkalinity Influent Effluent
|

| ™

Producing Systems
(RAPS) for acidic Compost
mine waters where
there is sufficient
head
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Pilot system layout

Syphon Aeration
outfall casc7/de

Aerobic
pond

Water

Water in [ Willington Burn out
(from No 1 [ — » ICi

apd No 2 Spoil bund No 3
discharges) Discharge

(untreated)
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Pilot system

Aerobic pond

Effluent pipe

\ Influent pipe
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Pilot system at first commissioning
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Pilot system - aerobic
pond downstream of RAPS
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Pilot system performance:
summary

Influent Effluent Acidity* removal rate:

. 25 grammes per m? of
Al: 5mg/l  <0.2 mg/l RAPS surface area

Alk: 10 mg/I 230 mg/I per day
Fe: 20 mg/I 0.2 mg/I
pH: 5.1 75 Expreszzﬂisjlgnn%/ | CaCO,4

HERO Hydrogeochemical Engineering Research and Outreach HERO
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Moving away from two-layer RAPS

« Observation:

- Unplanned but unavoidable total mixing of much
of Bowden Pilot substrate during dam repairs
failed to reduce its reactivity

* Why might mixing be useful?:
- In traditional RAPS arrangement presence of
compost above limestone gravel acts as hydraulic

throttle on entire system (e.g. K compost layer <
0.1 m/d; K gravel > 100 m/d)

- Compost layer also significant hazard
("quicksand") to unwary persons entering ponds

HERO Hydrogeochemical Engineering Research and Outreach HERO
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Moving away from two-layer RAPS

\ |

O Limesfon© OYONO=
O'goQe ~r Ot T

Mixed compost
and‘limestone
gravel
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&

Full-scale system concept

* RAPS — aerobic wetland — stream

+ However, land availability precludes full
RAPS treatment of No 3 discharge, though
about enough room for RAPS to fully treat
combined flows from Nos 1 and 2

* Logical to treat Nos 1 and 2 to as high a
quality as possible, then mix their treated
effluents with No 3 RAPS effluent in a
shared aerobic wetland

HERO Hydrogeochemical Engineering Research and Outreach HERO
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2
v Layout - full-scale system
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CHA
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Ideal versus actual areas of component
passive treatment units in the Bowden
Close passive treatment system

Element of system Ideal area? (m?) Actual area (m?)
RAPS 1 1728 1511
RAPS 2 4350 1124
Aerobic wetland 13000 990

@ as suggested by loading-based design calculations
bAssumes a flow-weighted average of 15 mg/l Fe coming from RAPS 1 and RAPS 2.
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- Bowden Close full-scale: construction

HERO Hydrogeochemical Engineering Research and Outreach HERO
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-4 Just after completion of
main construction phase
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Just after completion of

main construction phase
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Discoveries during construction

* True identity of discharge No 1
revealed ...

. holing into old mine access drift
from surface into Harvey Seam

* Implications:
- management of mine gas hazards
- subsidence concerns

HERO Hydrogeochemical Engineering Research and Outreach HERO
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What lies beneath ...
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Better out
than in ...
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Not going quietly ...
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Novelties in full-scale
system design

« 'Scour pipe' underdrain for periodic
flushing out of AI(OH); flocs

* Unparalleled secure facilities for
continuous monitoring of flow, water
quality and piezometry funded by
CL:AIRE / BOC Foundation

HERO Hydrogeochemical Engineering Research and Outreach HERO
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'Scour pipe’ underdrain

Purpose: to remove Al

flocs from limestone Raj‘her than like
gravel while they're still this:
like this ...

HERO Hydrogeochemical Engineering Research and Outreach HERO
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¥ 'scour pipe’ underdrain:
conceptual design

Ordinary
| effluent route

Mixed compost and

limestone gravel

Scour pipe with valve
(to be opened only every
6 months or so, for a
few minutes at a time)
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Flexi-adjustable RAPS outlet pipe
for head-control / scouring

— s T 0 =t
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Secure monitoring facilities

- Each inlet and outlet structure is housed
in a locked burglar-unfriendly chamber,
designed with plinths to accommodate
auto-samplers and flow logging devices

- At four points in each of the RAPS units,
clusters of triple-level piezometers have
been installed, uniquely routed to access
points along pond perimeter

HERO Hydrogeochemical Engineering Research and Outreach HERO
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Monitoring chamber under construction
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Monitoring chamber in use
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Triple-level piezometers:
design concept
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& Triple-level piezometers:

locations

RAPS lagoon No.l

RAPS lagoon No.2
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Tri

ple-level piezos under construction
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Triple-level
piezometers:
in use March

2004
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Early system performance
(winter 2003-04)

* Influent pH as low as 3.6; effluent pH > 6.6

* Aluminium always lowered below detection
limits during flow through RAPS units

* RAPS always add 90 - 270 mg/|l as CaCO,
of alkalinity to water

* Net acidity removal rates of both RAPS
units average 247 mg/l as CaCO,

* Area-adjusted acidity removal rates 20 to

40 g/d/m2
HERO Hydrogeochemical Engineering Research and Outreach HERO
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Al accumulation on surface of RAPS 2

syneresis
cracks
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Research issues include ...

* Processes and solid phases involved in Al
immobilisation

* Rate of hydrolysis of organic matter on
which system dynamics depend

+ System hydraulics and their effect on
treatment performance

« Ancillary benefits (ecological / social) of
constructed wetland systems

+ Sustainability focus, involving all of above

HERO Hydrogeochemical Engineering Research and Outreach HERO
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Research activities

- Bowden pilot study within major EU FW5
project PTIRAMID' (www.piramid.org)

- EPSRC/BBSRC LINK Biorem 4 project 'ASURE":
Univ of Newcastle, Univ Wales Bangor, Rio
Tinto, Scottish Coal, IMC Ltd (£920K)

+ EPSRC Platform Grant: Generic Unifying
Concepts in Wastewater Treatment Design

* CoSTaR: CL:AIRE national facility and now also
an European Commission FP6 ‘International
Access Infrastructure’ (May ‘04 - April '08)

HERO Hydrogeochemical Engineering Research and Outreach HERO
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Introducing CoSTaR

+ CoSTaR stands for "Coal Mine Sites for Targeted
Remediation Research”

* Located in NE England, CoSTaR comprises six
systems (two owned by Coal Authority, one each
by Durham and Northumberland County Councils)
representing the full range of passive treatment
facilities (including wetlands) currently used
world-wide to treat polluted mine waters

+ £400K of state-of-the-art telemetry and logging
(flow and chemistry) to be installed 2004-05

CL AIRE
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CL AIRE

3 CoSTaR Sites

www.minewater.net/CoSTaR/CoSTaR.htm
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What R&D topics is
CoSTaR useful for? - I

* Mine water hydrogeology and geochemistry

* Passive treatment technologies: wetlands
and permeable reactive barriers

* Biogeochemistry, especially in relation to
redox gradients, acidity, metals and the C-
S-Fe system

* Hydraulics of wetlands
* Microbial ecology
* Macro-ecology (aquatic)

HERO Hydrogeochemical Engineering Research and Outreach HERO

CL AIRE
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4 What R&D topics is
CoSTaR useful for? - IT
* Hydrogeology: piezometry, /n situK tests,
tracer tests

* Modelling: hydraulic (surface, subsurface,
coupled), geochemical

« Ancillary benefits of passive treatment:
avian ecology etc

+ Community participation in environmental
management

* Partnership approaches to remediation
+ etc, efc

HERO Hydrogeochemical Engineering Research and Outreach HERO
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Tell your (good) European mates!

 FP6 ART funding for CoSTaR provides for
researchers from other European (?EU)
countries to come and spend periods of a
week or two to a month or two with us
* Funding for approved visitors will cover:
- travel to and within UK
- subsistence in UK
- consumables costs
- 'User fee' from each visitor (technician support)
* Please help us encourage the best relevant
scientists to come and make full use of this

unique facility
HERO Hydrogeochemical Engineering Research and Outreach HERO
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Conclusions - I

+ Al-rich acidic leachates are a common and
serious source of water pollution, and many
emanate from old spoil heaps now in local
authority ownership

+ A successful pilot project in County Durham
suggested "RAPS + wetland” to be a
powerful combination o remediate such
leachates

* Now implemented at full-scale at Bowden
Close by Durham County Council

HERO Hydrogeochemical Engineering Research and Outreach HERO
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Conclusions - IT

Full-scale system now undergoing final
commissioning (adjustment of hydraulic gradients
across RAPS 2; reeds planting in aerobic wetland
May-June 2004)

+ Will be fully documented as CL:AIRE TDP5

* New system includes unparalleled research
infrastructure and forms part of the major
CL:AIRE CoSTaR facility

FP6 funding available for the use of colleagues
from all over Europe - please spread the word!

HERO Hydrogeochemical Engineering Research and Outreach HERO
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A full-scale reducing and alkalinity-producing system (RAPS)
for the passive treatment of acidic, aluminium-rich mine site
drainage at Bowden Close, County Durham.

Paul L Younger', Ananda Jayaweera” and Richard Wood?

"School of Civil Engineering and Geosciences, University of Newcastle Upon Tyne
®Environment and Technical Services Directorate, Durham County Council

Email: paul.younger@ncl.ac.uk
ABSTRACT

Leachates generated by old colliery spoil heaps can pose significant risks to ecosystems,
drinking water supplies and agricultural / commercial uses of surface waters. At Bowden
Close in County Durham, investigations have been underway since 1999 into low-cost,
environmentally-integrated methods for neutralising the acidity of, and removing ecotoxic
metals from, such spoil leachates and similar drift mine drainage waters. Successful pilot-
scale field tests (undertaken by the University of Newcastle and Durham County Council in
1999-2001) showed that it is feasible to passively treat Al-rich acidic leachates using
subsurface flow biogeochemical reactors containing a mixture of compost and limestone.
These so-called 'Reducing and Alkalinity-Producing System' (RAPS) improve water quality by
the combined action of bacterial sulphate reduction and calcite dissolution. A full-scale
passive treatment system based on this approach was constructed in the autumn of 2003,
and full commissioning will be completed in the summer of 2004. The full-scale system
incorporates two RAPS units, specifically designed to optimise A* removal, and a polishing
aerobic wetland (reedbed). Significant logistical and financial support from CL:AIRE, the BOC
Foundation and the University of Newcastle's SRIF2 Earth Systems Laboratories initiative is
facilitating the inclusion in this new system of unparalleled monitoring facilities. Early
performance data from the new system, even before commissioning is finished, are very
encouraging: pH rises from as low as 3.6 to as high as 7.6 as the polluted waters pass
through the system. Net acidity removal (i.e. acidity removed plus alkalinity added) reaches
nearly 250 mg/l as CaCOj;. Al concentrations fall from < 22 to <0.5 mg/l. Fe drops from
around 40 mg/l to < 10 mg/l; after the aerobic wetland is planted with Typha latifolia later this
year, significantly lower final Fe concentrations (perhaps below 2 mg/l) are anticipated.

INTRODUCTION

The site of the former Bowden Close Colliery lies in the vicinity of the village of Helmington
Row, in southwestern County Durham (Figure 1). After the colliery closed in the 1960s, the
site was taken into the possession of Durham County Council, who proceeded to restore it
according to the best practice of the period. Mine entrances were sealed and buried, derelict
buildings were demolished and the voluminous spoil heaps which dominated the site were re-
profiled and vegetated. The end result was a popular golf course in a pleasant rural setting.

As in many other reclamation schemes implemented prior to 1990, subsurface contamination
issues were not a key driver in the original restoration scheme. However, by the end of the
1990s, Durham County Council were re-evaluating the Bowden Close site on account of two
separate issues of ground contamination and associated pollutant seepages to the surface
environment:

0] Tar pollution arising from two large buried tanks, associated with the coke works
which formerly occupied the southern portion of the Bowden Close site, and
(ii) Acidic, metalliferous waters, arising from spring-like features and land drains

within the site, which severely polluted the adjoining Willington Burn.

A large-scale dig-and-dump operation implemented in 1999 effectively dealt with the tar
pollution issue. During this operation, research was undertaken which established the
feasibility of using biodiesel as a reagent to render recalcitrant tars amenable to
bioremediation (Taylor and Jones, 2001).
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The present paper concerns the steps taken to provide a long-term passive solution to the
problems arising from the acidic metalliferous drainage on this site. Although this programme
was initiated in 1999, it is only in 2004 that final completion of all of the required actions is
finally within sight. This aspect of the Bowden Close remediation scheme was adopted by
CL:AIRE as Technology Demonstration Project No 5 (TDP5), on account of a number of
aspects of the scheme which are novel (Younger 2002). These include the specific targeting
of passive technologies at aluminium removal, and the use of wholly mixed substrates in a
subsurface flow bioreactor.

pilot system location

Full-scale
/ system

footprint

Golf ourse\)

Willington
Burn

Helmington

"

Row village
690 Trunk Road

\\ _/
g
To Willington
(0.5km)
< To Crook (1.5 km)

Figure 1 - Location of the Bowden Close (TDP5) passive mine water treatment site.
The numbered points 1 - 3 are the three polluted discharges discussed in the text.

ACIDIC DRAINAGE AT BOWDEN CLOSE

The first published study of the acidic drainage at Bowden Close (Younger, 1995) revealed
the waters to be very acidic (pH 3 - 4), with high concentrations of Fe and Al. Subsequent
biological surveys of the receiving watercourse showed these polluted waters to be causing
severe ecological damage (Jarvis and Younger, 1997). Site characterisation studies in
1998/99 revealed that there are actually three distinct, perennial discharges of acidic mine
drainage at this site (as summarised in Table 1).

Discharge No 1 is the furthest upstream of the three perennial discharges. (Although minor
ferruginous seepages do sometimes occur further upstream, these are not quantitatively
significant). The No 1 discharge originally emerged from a 0.5m diameter concrete drainage
pipe on the true left bank of the Willington Burn, some 50m downstream of the grassy "bridge"
over the Burn within the golf freeway. Although this discharge is perennial, in the height of
summer and into the mid-autumn the flow can drop to a very low rate (around 0.03 I/s).
During the construction of the full-scale passive system in the autumn of 2003, it was
discovered that this discharge actually originates from an old mine access drift driven in the
Harvey Seam, which lies only a few feet below ground at this point. A new connection into this
drift was constructed, and the entire discharge captured and carried in a pipeline to the full-
scale passive system.

Discharge No 2 originally entered the Willington Burn from its left bank some 25m
downstream of the No 1 discharge. The source of this discharge has been observed to vary
seasonally. At times it has dried up completely. At times when it is flowing at a low rate (<
0.1 I/s), the source of polluted water appears to be in a hollow amidst the stand of conifers
which line the eastern flank of the Burn. This hollow is now known to be the collapsed
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remains of the portal of the same drift which gives rise to the No 1 discharge. During the
laying of the No1 discharge pipeline a "water gate" (i.e. a small tunnel constructed to lead
water out of the access drift) was unearthed, leading south-westwards from the location of the
old drift portal towards the Burn. This carried a small seepage of polluted water, which was
therefore diverted into the No 1 discharge pipeline. It is believed that all water formerly the
seeping through the drift portal will now be captured in this manner, so that the hollow at the
former portal will likely not flow at all in future. During wetter periods, the water entering the
Willington Burn at the 'Discharge No 2' location commences rather higher up the site, as spoil
leachate flowing from a small rill cutting spoil which underlies the eastern golf course greens.
This is so acidic (pH < 2.5) that it is not visibly polluted until it mixes with less polluted water a
short distance downstream, where pH rise to > 4 and both ochre and aluminium foam become
apparent in the channel. The diversion of this water into the full-scale passive treatment
system was being finalised at the time of writing. Table 1 summarises the characteristics of
the No 2 discharge as measured in the spring and summer of 1999.

Discharge No 3 is the largest and most heavily polluted of the three main discharges, and it
lies at the most downstream position of the three. Unlike the other two discharges, No 3
arises on the right bank of the Willington Burn. It is the point source previously sampled by
Younger (1995), and it corresponds to the "Helmington Row A" discharge described in the
Coal Authority's survey of 1996. It is usually conspicuously aluminium rich, depositing much
white froth in and on the banks of the Willington Burn. It is believed to be spoil toe drainage
from a perched water table within the spoil on the western bank of the Burn.

Table 1. Mean flow and selected hydrochemical parameters (total concentrations) for
the three mine site drainage discharges at the abandoned Bowden
Close Colliery, Co Durham.

Discharge |Mean flow Fe (mg/l) Al (mg/l) Zn (mg/l)  Alkalinity (mg/l as SO, (mg/l) pH
No. rate (I/s) CaCQO;)

1 0.25 30 10 0.3 10 300 5.5
2 0.2 8 2 0.1 50 140 6.7
3 3.3 80 50 3 0 1530 4.0

BOWDEN CLOSE PILOT SCHEME

This system has been described in detail by Younger (2000, 2002) and Younger et al. (2003),
so only a short summary is presented here. The Bowden Close pilot passive treatment
system was constructed in the late summer and autumn of 1999 (Figure 2), and was operated
until February 2001 (when further site work became impossible due to the Foot-and-Mouth
Disease countryside access restrictions). The pilot system comprised a single RAPS unit
followed by a small aerobic pond. (See Section 5 for definitions and explanations of these
two unit passive treatment processes). Due to the late date of construction, which rendered
the planting of reeds impractical, the small aerobic pond was vegetated with transplanted
common rush (Juncus effusus). Discharges 1 and 2 were both fed into this system, which
thus received a mean inflow of some 0.45 |I/s of water with mean concentrations of 10 mg/l Fe
and 2 mg/l Al. Influent alkalinity varied from zero to 68 mg/I.

System performance was impressive, with Fe concentrations being lowered to between 1 and
0.1 mg/l and Al concentrations to less than 0.3 mg/l (and often less than 0.01 mg/l), with
effluent pH being consistently in excess of 7, and usually in the range 7.5 to 8.7. Alkalinity
generation in the RAPS was particularly striking, with as much as 180 mg/l (as CaCO;
equivalent) being imparted to the waters as they passed through the system (average
alkalinity generated: 107 mg/l as CaCQj3;). Overall the system proved capable of removing 25
grammes of acidity (as CaCOj; equivalent) per m? of RAPS surface area per day, which is
comparable with rates reported from systems in warmer climate settings in the eastern USA
(Watzlaf et al. 2000).
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Figure 2 - Sketch plan of the Bowden Close pilot passive treatment system, which
operated from 1999 to 2001.

MOVING TO FULL-SCALE

Following on from the success of the pilot project, Durham County Council were keen to move
onto installation of a full-scale passive system at Bowden Close. Funding for the system was
obtained by the Council by means of the Supplementary Credit Approval mechanism,
sanctioned by DEFRA. Although SCA funding was originally approved for spending in
financial year 2000-2001, scheduling of other work planned by the Council meant that
construction had to be held over to FY 2001-2002. In the event, the Foot and Mouth Disease
outbreak prevented construction of the system in that year. By the time the plans came to be
revisited, changes had occurred in the mode of implementation of Part IIA of the
Environmental Protection Act 1990 and in the manner in which the Council had to deal with
delivery of capital works. These changes occasioned further delays in getting approval for a
final design which could be constructed on behalf of the Council by the framework partnering
company, Balfour Beatty.

One of the most significant challenges to be overcome was the location of the full-scale
passive system. Whereas the pilot passive system captured only the No 1 and No 2
discharges, it was always essential that the full-scale system capture all three discharges.
Given the locations of the three discharges, achieving this goal was a significant challenge.
For a passive system to be successfully constructed, it was essential that it be located on a
site which:

a. is sufficiently spacious to allow full passive treatment of the water to preferred
discharge consent standards.

b. lies topographically lower than the three discharge points, but not so far from the
discharges as to demand piping untreated water over large distances.

c. is not so steep that cut-and-fill activities would be too difficult to achieve.

d. has soil conditions consistent with minimal geotechnical stabilisation requirements
(which favoured building on native glacial till rather than on the rather treacherous
colliery spoil which underlay the pilot plant site).

e. does not already have high landscape value (e.g. mature woodland).

No parcel of land could be identified which met all of the above criteria. However, to the east
of the Willington Burn a parcel of low-lying arable farmland was identified which complied with
all of the above criteria with the exception of (a). This land was rather prone to water-logging,
and hence was often unproductive agriculturally. Negotiations to purchase this land were
successful. To attempt to compensate for its lack of full compliance with criterion (a) above, it
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was simply resolved that system design would be tailored so as to achieve as high a degree
of treatment as possible in the space available. The design which was developed to achieve
this is described in the following section.

It was not until mid-summer 2003 that the construction of the system at Bowden Close finally
received a green light. Knowing from experiences of the pilot scheme just how difficult this
site can be to work in wet weather, all concerned were anxious about the potential difficulties
of completing the scheme before the end of the financial year. However, fortunes were
favourable as one of the driest autumns on record ensued, allowing completion of the
earthworks before the rains finally began to fall in earnest in November 2003. Nevertheless,
with construction occurring in the second half of the year, it was not possible to plant up the
final wetland in 2003, and this task is now scheduled for completion in late May / early June
2004.

FORM AND FUNCTION OF THE FULL-SCALE PASSIVE SYSTEM

The conceptual design of the full-scale system was undertaken by the author, and it was
worked up into a detailed design by staff of Durham County Council. The layout of the system
is summarised in Figure 3. The basic logic of the system is to use anaerobic processes to
neutralise the mineral acidity of the waters, followed by aerobic processes to 'polish' the
concentrations of key contaminants (Fe, Al, Mn and Zn) prior to final discharge to the
Willington Burn. The anaerobic processes are deployed within subsurface flow systems
known as 'RAPS units', in which anoxic conditions are achieved by the oxygen-stripping
action of organic compost (based on horse manure and straw in this case). Calcite dissolution
is also effected under these anaerobic conditions, which ensures that all dissolved iron is
converted to the ferrous form (Fe2+), avoiding the problems of blinding of limestone clasts
which occurs when iron is in the oxidised ferric form (Fe3+). As is evident from Figure 3, the
system is designed such that Discharge Nos 1 and 2 are directed into 'RAPS Lagoon No 1'
via inlet chamber IC 01, with Discharge No 3 being passed into a RAPS of its own ('RAPS
Lagoon No 2') via inlet chamber IC 02. The effluents from both RAPS units are subsequently
mixed in a shared aerobic wetland (reed-bed) prior to final discharge to the Willington Burn
via outlet chamber OC 03. Mine water leaving the RAPS units is expected to have a circum-
neutral pH, which favours extremely rapid abiotic oxidation of Fe” to Fe*. The latter then
hydrolyses rapidly to form ferric hydroxide (ochre). Any residual aluminium in the RAPS
effluent will similarly hydrolyse at a very rapid rate. Mn?* will also oxidise to Mn**, and
precipitate as MnO, (pyrolusite) within the aerobic wetland. While some removal of Zn can be
expected to occur within the RAPS units, further Zn removal can be anticipated in the
reedbed, principally by means of sorption onto freshly precipitated ochre.

The design of the RAPS units at Bowden Close incorporates two novel features. The first is
manifest in the nature of the reactive substrate in the Bowden Close RAPS (Figure 4), which
is a thorough mixture of limestone clasts and compost. This differs markedly from the original
RAPS design of Kepler and McCleary (1994), in which a discrete layer of limestone gravel
underlies a layer of compost. Replacing this two-layer design with a mixed limestone /
compost bed overcomes the following two drawbacks of the original design:

(i) throttling of the flow through the system by the limited permeability of the compost
layer (which is typically some orders of magnitude lower than that of the
limestone gravel layer), and

(ii) the public safety hazard represented by the presence of more than 0.5m of
saturated organic matter as the surface layer.

This design development has been analysed in further detail in recent publications, which
point to evidence in its favour obtained during both lab trials (Amos and Younger 2003) and
during the operation of the Bowden Close pilot system (Younger 2002).

The second novelty of the Bowden Close system lies in the design of the hydraulic control at
the ends of each of the RAPS units. These have been designed such that all of the water
leaving the base of the compost/limestone bed is collected in fixed pipework which ends in a
flexible hose suspended on chains (within a locked chamber). Not only does this make the
system far easier to adjust in response to changing flows and RAPS substrate permeabilities,
but it also allows for periodic dropping of the pipes to the base level of the RAPS, facilitating
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occasional 'scouring' of the substrate by imposing a very steep hydraulic gradient across the
RAPS. This in turn should allow mobilisation of aluminium from within the pore space of the
RAPS, helping to prolong the life of the reactive substrate (cf Kepler and McCleary 1997).
This is especially useful in relation to RAPS 2, which receives very aluminous water.

It is also worth noting that, while RAPS 1 is fitted with an artificial liner (a HDPE membrane),
RAPS 2 is unlined. The reason for this contrast was that RAPS 1 is partly dug into in situ
clay, and partly built-up from backfilled clay removed from the RAPS 2 basin. As compaction
of backfill to an uniformly low permeability is difficult to quality control on such a large
structure, and as repairs would be difficult after substrate had been emplaced, it was decided
that an artificial liner was justified. For RAPS 2, however, the basin is only excavated, not
built-up. The low permeability of the undisturbed glacial till into which the RAPS 2 basin was
excavated is sufficient to retain all water without further lining. Given that this RAPS receives
the worst of the three discharges, and is therefore likely to need maintenance (substrate
renewal) more regularly than RAPS 1, the absence of an artificial liner is a great benefit, as
this means that substrate can be removed by straightforward digging without any need for
costly precautions to avoid puncturing an artificial liner.

Figure 4 - Schematic cross-sections illustrating the shift in design concept from the
layered RAPS design, as originated by Kepler and McCleary (1994) (top) to a fully
mixed substrate, as used in the full-scale passive system at Bowden Close (bottom).

Just as significant as these process design innovations are the high-quality monitoring
facilities which were incorporated in the system design. These features were made possible
through significant financial support from CL:AIRE and the BOC Foundation. Secure, locked
access chambers have been installed at the inlet and outlet of each of the RAPS units and of
the aerobic wetland. These chambers have been designed to accommodate auto-samplers,
multi-parameter water quality sondes and flow monitoring equipment. In addition, within the
reactive substrates of both RAPS units triple-level piezometer clusters have been installed in
accordance with an unique, novel design (Figure 5). Four such clusters have been
incorporated into each of the two RAPS units (Figure 5b), giving eight positions in all at which
it is possible to determine changes in hydraulic head and water quality over depth, as the
water flows through the RAPS substrate.
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With these unique monitoring facilities in place, the scope for data capture and transmission is
now planned to be further augmented by substantial additional investment in FY 2004-2005
from the University of Newcastle's SRIF2 spend, under the auspices of their new "Earth
Systems Laboratories" initiative. This will provide the means for real-time transmission of flow
and chemistry measurements to the University of Newcastle campus, enabling far greater
observation of this system than has yet been achieved at any similar passive system
anywhere in the world. At the time of writing, equipment to be installed in these monitoring
chambers is under procurement, and is expected to be deployed during the summer of 2004.

EARLY PERFORMANCE OF FULL-SCALE SYSTEM

As the Bowden Close system is not yet fully commissioned (adjustment of the head gradient
across RAPS 2 is still in progress, and the aerobic wetland will not be planted with reeds until
June 2004), it is still rather early to be discussing the performance of the system.
Furthermore, in any discussion of system performance now or in future it is important to note
that the limited availability of land at the site inevitably led to under-sizing of the RAPS and
the aerobic wetland. The contrast between the ideal areas of the system components and
their actual areas is highlighted in Table 2 below. While the disparity is modest for RAPS 1,
the actual area of RAPS 2 is only about a quarter of the size that would have ideally been
preferred.

Table 2 - Ideal versus actual areas of component passive treatment units in the
Bowden Close passive treatment system

Element of system ...

Ideal area® (m?)

Actual area’ (m?)

RAPS 1 1728 1511
RAPS 2 4350 1124
Aerobic wetland 1300° 990

a

as suggested by loading-based design calculations following the recommendations of
Younger et al. (2002)

® see Figure 3. °Assumes a flow-weighted average of 15 mg/l Fe coming from RAPS 1 and
RAPS 2.

Given the grounds for caution indicated by Table 2, the early performance data from the new
system (in advance of final commissioning) are extremely encouraging. Table 3 summarises
changes in key quality parameters as the water flows through the system. It should be noted
that the fact that some parameters appear to increase in the aerobic wetland above the
values leaving the RAPS (e.g. for aluminium) is simply due to the fact that, with
commissioning as yet incomplete, some overflow of untreated water from RAPS 2 to the
wetland is still occurring. (Initially, both RAPS 1 and RAPS 2 were overflowing, but increasing
the hydraulic head across RAPS 1 solved this problem by mid-February 2004). Gradual
adjustments of the RAPS 2 head control is progressively decreasing the overflow from this
unit too, though at the time of writing about 50% of the influent to RAPS 2 is still overflowing.
We anticipate eliminating overflow from RAPS 2 altogether by May 2004.

Even with some overflow still occurring from RAPS 2, overall system performance is
extremely encouraging. Effluent pH never drops below 6.6, even though influent pH falls as
low as 3.6. On no occasion has their been more acidity than alkalinity in the final discharge.
Aluminium is always lowered below detection limits during flow through the RAPS units.
Never less than 90 mg/l (as CaCO,) of alkalinity is added to the waters by the RAPS units,
and as much as 270 mg/l can be added on occasion. When acidity removal and alkalinity
generation are taken into account the net acidity removal rates of both RAPS units average
247 mg/l as CaCOs. In terms of area-adjusted acidity removal rates, RAPS 1 is effectively
load-limited as it regularly lowers acidity to low single figures; this results in an under-stressed
acidity removal rate of 5 - 9 g/d/mZ. RAPS 2 receives more acidic waters and is small in
comparison to its ideal size (Table 2). It is thus very far from being load-limited, and it exhibits
very high acidity removal rates, ranging from 20 to 40 g/d/mz. It is noteworthy that these
impressive performance figures relate to the winter months, when influent water temperatures
within the system have fallen as low as 3.8°C, so that reaction rates can be expected to have
been at their most sluggish. The overall picture is therefore highly encouraging, and the
prospects for even greater performance after the final completion of commissioning are
certainly favourable.
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FUTURE PLANS

Finalising planting and optimising hydraulic behaviour

As has already been mentioned, the Bowden Close system is not yet fully commissioned.
When the overflow on RAPS 2 has been eliminated, so that all of the water passes through
the reactive substrate, and when the aerobic wetland has been fully planted up and
experienced one or two seasons of growth, we expect to polish the remaining 10 mg/l Fe in
the final effluent to less than 2 mg/l (cf Batty and Younger 2002).

Research initiatives: TDP5, CoSTaR, ASURE and ESLs

The Bowden Close system benefits from substantial research support. Its status as CL:AIRE
TDP5 has already been mentioned; besides providing a pathway to significant research
funding from BOC Foundation and some of CL:AIRE's own sponsors, this link is crucial to the
dissemination of research findings. A full TDP report is planned to be produced in due
course, as soon as an assessment of the performance of the system can be made following
full commissioning. Also through the link with CL:AIRE, this system has been clustered with
five others to form 'CoSTaR’, an unique national facility for mine site remediation research.
As well as making six highly-characterised full-scale systems available for UK research
(which includes the current Bioremediation LINK project 'ASURE', involving both the
University of Wales, Bangor, and Newcastle University), CoSTaR has recently been
designated an ‘international access infrastructure" by the European Commission 6"
Framework Programme. This means that researchers from all over Europe will be able to
receive funding to spend significant periods of time at Bowden Close and the other CoSTaR
sites, collecting data of their own and learning about passive mine water remediation in the
process. Even more research infrastructure support is to be provided by the University of
Newcastle through its approved spending of SRIF2 funding provided by HEFCE. As part of a
wider initiative to create a network of outdoor research facilities (termed "Earth Systems
Laboratories") across the north of England, the CoSTaR sites are scheduled to receive further
infrastructure investment with a total value in excess of £400K. This will not only ensure that
hydraulic structures and sampling facilities at all CoSTaR sites match those which are now
being commissioned at Bowden Close, but will also facilitate real-time telemetric transmission
of flow and chemistry data back to the University campus, whence they will be further
available to collaborating researchers world-wide via the web.
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Rationale

Former town gas works sites in the North East UK, South West England & North
East England (Only three of several hundred sites).

A range of contaminants, in both the saturated and unsaturated zones, incl. PAHs,
BTEX, mineral oils and inorganics (cyanide & heavy metals).

Prime property in town/city centres.

In- & Ex-situenhanced/engineered remediation (‘Treament Train’).

cf. Source cf. Permabeable cf. Monitored
oxidation Reactive Barrier Natural Attenuation
(T) (TB) (MNA)
Source Pathway Plume
Reduction Interception Management

The ‘Treatment Train'

Site contamination

An example of the extent of contamination on/near a former gas works site
(North East England).
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Enhanced/engineered remediation:
Microbiology

Toxicity assays: Establish pollutant concentration and ‘health’ of
indigenous catabolic microorganisms.

Chemical analyses: Measure concentration and bioavailability of
existing contaminants.

Metabolic capacity: Establish existing degradative ability (catabolic
species, genes & enzymes).

Community profiling (PCR-DGGE): Identify and understand occurring
interacting microbial associations which degrade the
contaminants; track community changes in response to
different remediation technologies.

Enhanced/engineered remediation:
Engineering

Understand site hydrogeology.
Contain, treat and manage contamination plume.

Circumvent decreased permeability and fouling inherent to most /n
situ biosupplementation/biostimulation treatments where
delivery pipes are often blocked over time.

Effect a long-term sustained nutrient augmentation is with
concomitant decrease in operational costs.

Identify key constraints to enhanced/engineered remediation.

CL:AIRE Annual Project Conference April 20t 2004
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Ex situ remediation

Soil homogenization and microcosm preparation in North East UK

Use approach to monitor /n situ nutrient supplementation
(South West England) and complement on site
measurements.

In situremediation

Schematic diagram of drilling, treatment cell preparation, pylon installation, /n situ nutrient
addition and sampling/monitoring in South West England (i). Picture of soil mixing rig at
treatment cell 6 with U100 pipes before recovery for ex situ monitoring of soil columns in
microcosms (ii).

Monitor in situ nutrient supplementation and use microcosms
of f site (North East UK) to complement on site
measurements.
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Treatments

Controls: pristine sites; contaminated soil without any treatment; pylons with no
nutrients [MO].

Soil without any treatment, reqular mixing to facilitate aeration; Reflect field
management constraints [M1].

Mushroom compost (5% w/w): slow release of contaminants & reduce toxicity [M2].

Nutrient augmentation: nitrogen (N); phosphorus (P): oxygen (O, oxygen release
compounds)[M3].

Surfactant: improve contaminant bioavailability [M4].
Secondary plant metabolites e.g. carvone, as biotransformation inducers.

Radio-labelled PAHs (haphthalene, phenanthrene or hexadecane); Monitor chemical
fate; Detailed identification of functional populations.

Microcosms ftreatments in friplicate [a-c]: 20 kg fresh weight soil used to model ex
situ remediation (North East UK) and monitor /n situ treatments (South
West England).

Analyses: Toxicity

Bioassay (E. coli) of test samples following water and methanol extractions

700{ O MeanEC % water
60.0 |0 Mean EC % methanol
S 500
i
© 400
&
5 300
=
g 200
100
00

1 Mudflat East 2 Midpoint East 3 Midpoint West 4 Quaypoint West

% luminescence relative to control
%

Biosensor analysis of North East England site sediments showed varying levels of
toxicity with luminescence in water ranging between 20% and 70% of the control in
an increasing order of Sediment 1>2>4>37

Increased toxicity (<5% luminescence) was recorded for all sediments in 5% methanol.

High toxicity of the organic contaminants bound to the sediment matrix and not readily
extractable by water but probably still bioavailable was, therefore, assumed.
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Analyses: Chemical occurrence

1 Mudflat East
‘ 2 Midpoint East

3 Midpoint West
4 Quaypoint West

|
bl N__l,LLkJ‘IJ‘J,.h}UJ'r,L Ly

0 Time 45
(min)

Sediment samples (1 - 4) showed a wide and diverse distribution of hydrocarbon
contamination along the river shore with Sediment 4 showing generally the highest
gon‘rgminaﬁon by recalcitrant molecules and Sediment 2 characterized by lighter

ractions.

Contaminant concentration in Sediments: 1<2<3<4,

Site hydrogeology and distance relative to the source of contamination and tidal activity
would account for the differences.

Analyses: Metabolic capacity
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MPN of hydrocarbon (H-C) degraders in
North East UK microcosms MO-M5 over 42
Time (days) days of incubation
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Analyses: Metabolic capacity
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Biolog plate: Substrate utilization patterns by a microbial community from a contaminated
sediment.

DGGE gel: Explore the component species contributing to the physiological profiles.

Understand the metabolic capacities of indigenous species, individually and within the
community.

Analyses: Community characterization

TO T7 T14 T21 T42 T84 T42M5¢ TOM5c
02 350 23 5023 50 2350 23502 35
y Key
- 14848 o ‘ MO: No treatment
- = B FEN
‘A1 s fl | M2: Mushroom
o ELE Bl EERE 4 4 S M3:N &P
| e B2 supplementation
| ———_ah
Laa. N M5 Mixed
- - mushroom, nutrient &
A . Q surfactant
| B

165 rRNA gene separation on PCR-DGGE (40 - 60%) showing community profiles in microcosms MO, 2, 3 and 5
during the first 84 days of incubation (A). Profiles in microcosm 5¢c between O and 42 days (B)

Changes in microbial profiles between treatments and over time.

However, similarities in profiles suggest stable and robust microbial community on
contaminated site independent of treatment.

Link community structure to chemical profile and, therefore, function and time.
Identify key profile(s): rapid indicator(s) for effective remediation.

CL:AIRE Annual Project Conference April 20t 2004



Microbial response to enhanced bioremediation processes

lan Thompson

Conclusions

Prelimigar‘y results of a 3 month investigation: early stages of a long-term
study.

Current data serves as baseline and reflects the potential of
enhanced/engineered remediation with circumvention of trial-and-error
approaches.

Study reflects in-depth microbial characterisation of enhanced/engineered
amelioration (new TechnologJ' - ‘treatment train’ using cement
encapsulation for nutrient delivery).

Understanding indigenous microbial systems and their response to the
treatmenfs/technology will facilitate the establishment of microbial
robustness and accurate estimation of end-point and site recovery
rates.

Site amelioration and moni‘rorin? will continue for a protracted period to
consolidate and establish a Tong-term model for 60 (and up to 700)
other former gas works sites.
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INTRODUCTION

Remediation of chemically-compromised sites has 3 general approaches: (i) source treatment; (i)
interception or containment; and (iii) plume management. This study highlights a novel approach
to the remediation of PAH-contaminated sites using a hybrid of both innovative and well-tested
technologies. With the implementation of this ‘treatment train’, both the mass contaminant and
treatment time should be markedly reduced. This is essential considering that, historically, gas
works were located in town/city centres where the land is now increasingly valuable and efficient
recovery is desirable. Therefore, in this study we test the hypothesis that a combination of soil
mixing, for contaminant stabilisation, with nutrient addition can enhance natural attenuation in or
near the source zone. In contrast to periodic nutrient injections, concrete encapsulation pylons
saturated with nutrients will be adopted. The main benefit of the pylons is that they circumvent
decreased permeability and fouling inherent to most in situ biosupplementation/biostimulation
treatments where delivery pipes are often blocked over time (Stewart & Fogler 2002). Also, a
long-term sustained nutrient augmentation is effected with a concomitant decrease in operational
costs.

Since, site microbiology drives the bioremediation process, the need to understand its dynamics
will be central to the investigations. Extensive attention will also be given to hydrogeology and
geochemistry for a comprehensive ‘bigger picture’ site management.

cf. Source cf. Permabeable cf. Monitored
oxidation Reactive Barrier Natural Attenuation
(S0) (PRB) (MNA)
Source Pathway Plume
Reduction Interception Management

FIGURE 1: The treatment train

Overall objectives

Elucidate in situ enhanced/engineered remediation processes in former gas works sites.
Simultaneously implement on- (in situ) and off- (ex situ) site supplementations with
bioremediation enhancers e.g. nutrients.
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METHODOLOGY

Sites

Three former gas works sites in North East UK, South West England and North East England,
characterised by different soil types and hydrogeology profiles, were identified for the study. The
contaminants, which occurred in the saturated and unsaturated zones, ranged from readily
biodegradable BTEX and mineral oils and more recalcitrant PAHs and coal tars. A number of
inorganic pollutants such as cyanide and heavy metals, characteristic of former town gas sites,
were also present.

Contaminated soil was collected from the North East UK site and homogenised for ex situ
treatments (Figure 2a) while concrete encapsulation pylons saturated with nutrients were installed
in South West England (Figure 2b). The North East England site was investigated to explore
contamination in different ecosystems/sites and therefore broaden our understanding of microbial
responses under/to similar and diverse conditions/contaminants.

Treatments

These include:

(i) Controls of uncontaminated sites, contaminated soils with no nutrient/surfactant
supplementation and concrete encapsulation pylons without nutrient addition [MO];

(i) Contaminated soil without any treatment but mixed regularly to facilitate aeration and reflect
field management constraints [M1];

(iii) Mushroom compost (5% w/w) addition to effect a slow release of contaminants and reduce
toxicity [M2];

(iv) Nutrient augmentations with nitrogen (N); phosphorus (P); oxygen (O, oxygen release
compounds) [M3];

(v) Surfactant (1% v/w) addition to facilitate contaminant bioavailability [M4]; and

(vi) Mixed mushroom, nutrient and surfactant supplementation [M5].

FIGURE 2a: Soil homogenization and microcosm preparation in North East UK
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Sampling regime

The in situ biostimulation/biosupplementation treatments in South West England are monitored
directly and in 20 kg soil microcosms together with the ex situ microcosms.

Sampling is made every week for the first 3 weeks and then every 6 weeks for the remainder of
the studies, up to 302 days/10 months.

FIGURE 2b: Schematic diagram of drilling, treatment cell preparation, pylon installation, in situ nutrient
addition and sampling/monitoring in South West England (i). Picture of soil mixing rig at treatment cell 6 with
U100 pines before recoverv for ex situ monitorina of soil columns in microcosms (ii).

Analyses

To determine the effectiveness of the described remediation approach for stimulating
biodegradation rates, it is essential to implement key analyses and these include:

(i) Chemical analysis with GC/HPLC to establish bioavailability and monitor contaminant
degradation, and determine chemical fate using stable-isotope labelled contaminants (Manefield
et al., 2002) in select microcosm treatment(s);

(i) Toxicity assays to ascertain microbial response to the occurring contaminants and thus
identify the need for complementary treatments, e.g. slow release of contaminants by the addition
of mushroom compost, to facilitate/maintain microbial health for effective remediation; and

(iii) Molecular microbial ecology analyses to measure and monitor community profiles (PCR-
DGGE), measure metabolic potential, probe for degradative genes and catabolic enzymes
(microarrays/biochips) and identify key catabolic microbial associations using DNA-/RNA-based
stable isotope probing (SIP) in specific microcosms.

RESULTS AND DISCUSSION

Current results reflect the early stages of a long-term investigation. They show preliminary data
of a comprehensive protocol for subsequent in situ pollutant containment and treatment of three
chemically-compromised gas works sites towards the development of a national code of practice.
The results of most probable number, respiration and Biolog analyses during the first 42 days of
incubation showed differences between the ex situ microcosms depending on the treatment
(Figure 3). In general, the different augmentations (mushroom, N+P, surfactant and combination)
facilitated increased counts for the hydrocarbon degrading microorganims and, presumably,
improved microbial health and metabolic/catabolic capacity.
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FIGURE 3: Most probable number of hydrocarbon (H-C) degraders
in microcosms M0-M5 over 42 days of incubation

Molecular analysis complemented these findings with M5 (combined mushroom compost, N+P
and surfactant supplementation) exhibiting an especially distinct profile (Figure 4a), probably in
response to increased contaminant(s) bioavailability in the presence of the surfactant. This
showed the resulting changes in metabolic (and catabolic) potentials and reflected the
applicability of the approach/analyses for monitoring the performance of the remediation
programmes.

T42 T84
(R 28 3° iS4 0F 28 37 §

TO
D 23 B

FIGURE 4a: 16S rRNA gene separation on PCR-DGGE (40 - 60%) showing
community profiles in microcosms MO0 (control), M2 (mushroom compost), M3 (N+P
augmentation) and M5 (mixed mushroom, N+P and surfactant supplementation)
during the first 84 days of incubation.

Reproducible profiles were visualized with PCR-DGGE within triplicate microcosms and indicated
consistent treatments with 20 kg (fresh weight) of soil (Figure 4b). Thus the choice of an
increased microcosm size never hitherto investigated was justified and the potential successes of
in situ and large scale remediation programmes reflected fairly reliably.
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FIGURE 4b: 16S rRNA gene separation on PCR-DGGE
(40 — 60%) showing community profiles in triplicate (a-
c) microcosms MO - M5 at day 84 of incubation.

Focus on one time point, T84 (Figure 4b), highlighted the similarities and differences of the
occurring soil microbial communities and, thus, the effects of different enhanced remediations. In
particular, the similarities suggested robust, indigenous populations.

A correlation of the metabolic potential changes and shifts in species profiles to chemical
degradation will identify the key catabolic microbial members/communities and genes.
Furthermore, confirmation of both the constant and changeable species, by techniques such as
stable isotope probing, will establish the members that can be manipulated and exploited locally
and nationally during different treatments in sites similarly contaminated with PAHs. The use of
cutting edge technologies to link microbial community response to degradation has been
demonstrated and proven to be an effective approach for exploiting such populations in
contaminant clean-up (van der Gast et al., 2004). Therefore, along with DNA-/RNA-based SIP in
soil microcosms, future work will include probing for PAH degradative genes, using
microarrays/biochips, with particular focus on the in situ treatment of the chemically-compromised
sites. This information will then be used in site remediation programmes to: (i) monitor treatment
efficacy; (i) identify the most effective treatment; (iii) predict time scales; and (iv)
develop/establish some universal principles on chemically-compromised sites.

CONCLUSIONS

While general extrapolations may not be made from three sites after 3 months of investigations,
the current data serves as a baseline and reflects the potential of enhanced/engineered
remediation. With a decisive move from trial-and-error approaches, the current study reflects an
in-depth microbial characterisation of enhanced/engineered amelioration and, later, the new
technology of a ‘treatment train’ using cement encapsulation for nutrient delivery. By
understanding the indigenous microbial systems and their response to the treatments/the
technology, their robustness can be established while the end-point and site recovery rates can
be accurately estimated. It is envisaged, therefore, that site amelioration and monitoring will
continue for a protracted period to consolidate and establish a long-term model for 60 (and up to
700) other former gas works sites.
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1 Challenges for MNA Implementation ﬁ

« Perception of a “non-technological” solution
— Lack of process control
— Possibility of long time frames for cleanup
* Low operating cost vs costly site model
+ Design of site investigation becomes critical
— Targeting the necessary data (transport, reactions, etc)
— Obtaining representative data at minimal cost
— Robust evaluation of uncertainty in performance
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£ GPRG
1 Development of an
In Situ Aquifer Assessment Tool (AAT)

Aims:

* Improve aquifer data collection related to natural
attenuation

+ Develop a borehole tracer test method to collect the data

+ Test method in the field as “Proof-of-Concept”

+ Develop Cost-Benefit-Analysis tool for Site Investigation

The Field Site

« Site for Innovative Research into Natural Attenuation
(SIReN)

| Field-scale

Development

: Lab-scale Tracer Test
s Tracer Test |
Scoping _
ca ICU Iations Dimensionless Time (t;) i m
Model 8

cIT OE@E
c
©

Cost-
Benefit
Analysis
Calculator

Traditional Lab
Tests
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Deliverables

GPRG

Risk calculator for MNA implementation
Evaluation of methodology for user needs

Field and lab test results and supporting documentation
Method for use of reactive tracers in site assessment
Site Investigation CBA Calculator and guidance document

Experimental platform for other In Situ science studies

i
1 How will the AAT work?

Waste or
) recycle point

Tracer arrival at the
extraction chamber is

S —

—

]--|:=====|-|

monitored and used to
plot breakthrough curves
(BTCs)

Inert
Sorbing
Biodegrading
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¢
1 The Sandbox Design

Moveable Screen Well _ Resistivity
5 cm-diameter Electrodes
Partitioned |
Water l
Tank

Properties of the
porous medium:

*k,= 105 ms" .

* foc = 0.1% wit. 20m
« CEC > 1 meq 100g™*

* CaCO;> 1 % wit.

* Free & Active Fe > 1000 mg kg™’

* Free & Active Mn > 10 mg kg™

"
I Sand Box for LabTests
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GPRG

I Fieldwork

Procedures for Tracer Test Methodology
Development and Testing

* Scoping calculations
* Initial round of tests
» Evaluation

* Inert tracer tests

» Evaluation

* Reactive tracer tests

» Compare results with lab-scale experiments
and numerical simulations

I Numerical Model

Goal: To develop a numerical multi-phase
reactive transport model that interprets
breakthrough curves obtained from a
dipole flow and reactive tracer tests

—Accurate
—Flexible
—Robust
—Extendable
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GPRG

lf Numerical Model: Components

» Steady-state ground water flow component

» Transient aqueous phase reactive transport
component

* Reactive solid phase matrix component

GPRG

.ﬁ,

Dipole Configuration:

I Numerical Model
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————————— Stream function field
— Change in hydraulic head
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I Numerical Model: Results

Tracer Injection  spy

— Advective BTC for a conservative, sorbing (R=2.0)
and decaying(T,,, = 0.25 days) tracer using Z&L equations
————————— Using numerical solution

I Summary

Motivation for research is the need to get contaminated sites
back into use

MNA is cheaper to “run” but has up-front costs
Need better methods to collect data for site models
Have started a step-wise research programme

— Flow and transport calculations help design lab tests

— Lab testing will move to full-scale tests at SIReN site

— Numerical model evaluates site parameters

— Will be linked to Site Investigation Cost-Benefit Analysis
— Will be linked to MNA Risk Calculator
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Paul Nathanail

CBA Calculator

Aims

Review of Site Investigation Method Selection
Tools

Catalogue of Parameters
Catalogue of Techniques

Construct Tables of Parameters and Techniques
with respect to properties of each

Database construction
CBA calculator
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Review of Site Investigation
Method Selection Tools

* What tools are available?
* How comprehensive are they?
 Strengths/weaknesses of presentation?

Findings of Review

* Weighted towards one aspect of SI

* e.g. mainly include analysis techniques OR intrusive
techniques

* Concentrates on traditional techniques OR newer techniques
» Few mention other parameters such as K or porosity

* Some are simplistic

* Others more complex and flexible, though outputs
are generally less helpful than they could be
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Aims for the current tool:

Flexibility

 search with regard to a parameter, a range of parameters or a
particular technique

 Filter suggestions

* By maximum depth of investigation

* By site conditions

* By time requirements

* By site access requirements

* Produce a coherent strategy

* From sampling through to analysis for a particular level of
investigation

* Allow direct comparison between techniques

Catalogue of Parameters

* Taken from UK guidance and risk models:
— e.g. Published and forthcoming SGV reports
— e.g. Published and forthcoming TOX reports

— UK risk assessment models:
« CLEA
* SNIFFER
« CONSIM
« P20
* MNA Protocol
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Catalogue of Techniques

* From °‘official’ method sources

* ¢.g. EA ‘blue books’ for water analysis
» US EPA solid waste methods

* British Standards

* Intrusive investigation and sampling

* From ‘innovative’ method sources
* e.g. US TIO website

CBA

e 2 Parts:

* Database of parameters and methods

— Relational database allows intelligent interrogation of the
information allowing a more flexible tool

— Allows web-based facility
— Allows easy updating

* CBA Calculator

— DB allows simple calculations
— Export for more complex approaches e.g. into spreadsheet
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CBA Database

» Tables — used to design a database structure

» Database — will provide the ultimate CBA
calculator with the appropriate
data/manipulation

— Simple calculation
— Statistical methods

— Neural Network
— Others?

CBA Database

A series of tables were constructed:
— Parameters
— Sample Access e.g. drilling techniques
— Sample Collection — methods of sampling
— Sample Analysis
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Database Structure:
spreadsheet vs database

» Spreadsheet
» Large — spread over several sheets, duplicated data
* Complex
* Searching — simple but cumbersome

» Database
« Easier to update — using prepared forms
 Potentially complex
* Stand alone (especially if web-based)
» Allow more focussed searches

CBA Calculator

* QGive alternatives when ‘standard’ site questions

have been answered
- e.g. maximum depth of the investigation
what matrices need to be sampled
parameters which need to be measured
quality of parameter measurement

» Use data from the selected options to assess the
investigation
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CBA Calculator

* Calculation Options
» Simple calculation
» Statistical — e.g. probability functions
* Neural Networks
* Fuzzy Numbers?

 Calibration
» Compare with CBA response?
* Train neural net?

CBA Questions

* Representing Data Quality of Measurement:

* How to assess whether a technique’s data is
“quantitative” “semi-quantitative’ or “screening”
quality etc

» How to include LOD, precision, bias etc

* How to represent cost

* Representing sample quality
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ABSTRACT

Monitored Natural Attenuation (MNA) has become an effective alternative to interventionist
remediation methods for the in situ treatment of contaminated groundwater. This low-cost
technology requires a high degree of certainty in the conceptual site model and the underlying
reactive transport processes. In order to gather site specific information, site characterization
studies must be performed; however, the expense of these studies detracts from the low-cost
nature of MNA. Additionally, existing aquifer assessment methods, which range from simple
laboratory batch and column studies of environmental samples to large-scale plume studies,
suffer from several disadvantages. These include the likelihood that the small sample cores
are not representative of the heterogeneous subsurface system, the disturbance and possible
contamination of cores during collection, the inability to reproduce the exact in situ condition
in the laboratory, and the long required time frame. Hence, cost-effective site characterization
techniques are required which provide a level of information suitable for demonstrating that in
situ processes are present for MNA to be a viable treatment option. Development of such
techniques can not advance without integrating the latest technology in several different
research areas such as laboratory methods, field techniques, groundwater mathematical,
numerical, and inverse modeling techniques, management and optimization systems, as well
as cost-benefit studies to show when more sophisticated techniques are most useful.

Introduction

The dipole flow field was originally applied in the late 1980s to remediate contaminated
ground water by injecting into one depth interval and extracting from another depth interval of
a single well. The extracted water was either treated by air stripping within the well, or
amendments (e.g., oxygen, nutrients, or chemicals) were added to the extracted water before
it was re-injected. Herrling and Stamm (1992) were one of the first to investigate the general
features of vertically circulating flow fields in support of their use as a remedial technology.

In an attempt to develop a dependable low-cost site characterization technique, the dipole-
flow test, developed by Kabala (1993), is extended to include reactive tracers so that in situ
reactive parameters required to support MNA can be estimated. This site characterization test
is called The Dipole Flow Reactive Tracer Test (DFRTT). The DFRTT could be described as
a column experiment of an undisturbed uncontaminated large scale field sample. The key
concept of the DFRTT is to characterize the subsurface using the fewest number of field tests
by employing the latest innovations of science, engineering, and technology. This would lead
to major benefits in both time and value for money. Most existing site investigation tools
simply fail to provide relevant data, thereby resulting in unnecessary uncertainty.

A team of researchers from different disciplines including earth scientists, mathematicians,
modellers, engineers, chemists, biologists, field managers, as well as laboratory experts are
working together to develop and enhance such new technology. The objective is to improve
the risk based assessment of contaminated groundwater through the development of the
DFRTT as a reliable cost effective method of site specific characterisation of reactive
transport properties supported by a cost/benefit calculator that will provide decision support to
enable site investigation designers determine when to deploy the DFRTT. We term this
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methodology the In Situ Aquifer Assessment Tool (AAT) (Fig. 1). This tool injects water with
multiple tracers in one packered section of a borehole, and observes their breakthrough
curves in a pumped section of the same borehole. The cost/benefit calculator provides
quantitative decision support and guides when to use the tool.
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Fig.1. The DFRTT as an In Situ Aquifer Assessment Tool

This project consists of four related major components. Firstly, a DFRTT sandbox-scale
physical model will be built and used to verify theory. Secondly, a numerical multi-phase
reactive transport model describing radial flow introduced in DFRTT will be developed. A
complete field study including tracer tests at the SIReN site represents the third component.
Finally, a cost/benefit analysis calculator will be developed and tied to the DFRTT for the
purpose of advising site investigation designers on when to commission the DFRTT as part of
the decision to possibly implement MNA.

Laboratory-scale experiments

The sandbox physical dimensions are determined by the radial extent of the flow generated
by the dipole probe. Hantush (1964) and Zlotnik and Ledder (1994) numerically modelled the
dipole flow patterns within a vertical circulation well at steady-state in an unconfined, infinite
aquifer and provided the following approximations for the physical extent of a dipole flow field:

Minimum horizontal extent of flow = 10aL (20aL diametrically) (1)
Minimum vertical extent of flow = 4L (8L diametrically)

where L is the half-chamber separation (or shoulder length; exactly half the distance between
chamber centres), and a is the anisotropy ratio (a2 = Kr/Kz, the ratio between the horizontal
and vertical hydraulic conductivities). Therefore, a model dipole probe with a shoulder length
of 10 cm in an isotropic medium would generate a flow field with a radius of 1m and would
require a sandbox 2 m in diameter in order to minimise boundary interference. Also, the same
flow field would extend to 40 cm from the centre of the dipole probe. A sandbox of
dimensions 2 m x 2 m x 1 m is constructed (Fig.2) with the dipole probe (shoulder length not
greater than 10 cm) located in a central well. Laboratory-scale trials will not only support the
development of the test in the field, but will also provide useful datasets for development,
testing and calibration of the numerical model.
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Fig. 2. Configuration of the sandbox and the dipole test assembly

Field-scale experiments

Field trials of the DFRTT will take place at SIReN located at a large petro-chemical complex
in Greater Manchester. Design of the field experiments is governed largely by the need to
recover a suitable amount of tracer in a relatively uncharacterised porous media and also the
need to choose a suitable test venue within this large site. The field apparatus will consist of a
series of three inflatable packers that hydraulically isolate an injection test zone from an
extraction test zone and the aquifer above/below the assembly (Fig 2). The length of the test
zones will be determined by the results of the lab-scale model experiments and numerical
modeling and practical constraints of construction in the field. However, the extraction test
zone will be located above the injection test zone in the assembly. Predictive modelling
indicates that the field-scale DFRTT will produce breakthrough curves (BTCs) of usable
quality provided that significant fractures and layers can be avoided.

Numerical model

The DFRTT would not fulfil its potential as an Aquifer Assessment Tool without being
accompanied by a numerical model that interprets the specific data required for site
investigation and, therefore, increases the applicability of the tool. A multi-phase reactive
transport numerical model that can be used to interpret BTCs obtained from a DFRTT is
currently under development. The model consists of three major components: a steady-state
ground water flow component, a transient aqueous phase reactive transport component, and
a reactive solid phase matrix component. This model accounts for well skin effects with a
user specified thickness, hydraulic conductivity, and porosity; provides options for the location
of upper and lower horizontal boundaries; allows for a user specified location of a horizontal
feature with a thickness, hydraulic conductivity, and porosity; and accounts for an asymmetric
dipole system. This model is designed to be able to provide an accurate representation of the
first-order processes; conform to a variety of field configurations and conditions;
computationally handle a range of input parameters; and be extendable so that additional
reactions or processes can be added to the model as required with minimal coding effort.
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Cost/benefit analysis calculator

The choice of site investigation methods becomes ever more complex with new on-site, in-
situ (such as AAT) and laboratory based methodologies being developed continuously. In
order to facilitate the choice of site investigation techniques, a catalogue of available drilling,
sampling and analysis techniques has been constructed. This includes details of aspects
such as what parameters are measured, to what degree of certainty and for which medium as
well as relative costs. Linked to this, a cost-benefit calculator will be constructed in order to
return the resolution of measurement required for each parameter at a particular risk
assessment tier and ultimately give guidance on the final choice of method with respect to
cost. This will allow the design of site investigations to deliver the required quality of data to
support decision making in either the risk assessment or the remediation design or verification
stages of a project. The initial phase of the CBA calculator will focus on characterising
groundwater and a second phase will extend this to soil characterisation as well. The CBA
calculator will sit alongside existing guidance on how many samples to take and where to take
them. It is intended to answer the question of what to measure and how to measure it as
opposed to where to measure.
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Local / Regional Scale Hydrogeology

e Site and Surrounding Area - Urban industrial,
recharge through surface percolation greatly
reduced due to impervious cover

e A series of weirs reduces river height north of the
site

e Canal is fed from river and also marina
immediately before weirs at river. Height of canal
controlled by River Manager (~0.5m variance)

e Marina converted from an Ox-Bow lake; canal
constructed in the 17th Century (Tidal Influence?)
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Site Specific Scale Hydrogeology

e Adaptive Sampling, SI in the Field
e Interpolation of lithologies
e Site geochemistry
e Measurement of groundwater over time

e Determination of hydraulic conductivities
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Sulphate
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Total Cyanide
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Chemical Oxygen Demand
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Total PAHs
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TOC Plume & Base of River Gravels

a8 8 7 B @ 107 1203 W18 88 N 1A
L

. 1 SECOND SITE - E 5
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Site Specific Hydrogeology Study
e Made Ground: Highly variable unsaturated zone

e River Terrace Lithologies:
Silts - low permeability, generally above water

table
Gravels - Higher permeability, generally below
water table

e Permian Breccia:
Very Stiff, Very low permeability, weathered red
clay
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Site Specific Scale Hydrogeology

91700

e

91650

Piezometric Surface
Feb 2003

21600

Hydraulic gradient of 0.015
in @ north-south direction

4.2PRE10

91550

4.15

PREA1

91450

282100 282150 202200 282250 202300
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Site Specific Scale Hydrogeology

Datalogger data from April to June 2003

—e— BGBH3
—m=— BGBH9
PRB16
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—e— PRB23
—+— PRB3
—— PRB8

Groundwater Depth (MAOD)
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Groundwater height (cm)

Site Specific Scale Hydrogeology

BGBH9 Datalogging every 30min

500

495

490

485

Tidal Influence?

300

500 700 900 1100 1300 1500 1700 1900 2100

Data point

ENVIRONMENT
AGENCY

Site Specific Scale Hydrogeology

Determination of Hydraulic Conductivities
Across the Site

Option of Pump Test or Slug Test

Pump Test would require 1000Ls of
contaminated groundwater to be disposed of.
(Too Costly)

Slug Test requires addition of a known volume
to borehole to cause displacement and
measurement of response using datalogger

FFEe
E;l U om -
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Site Specific Scale Hydrogeology

EEEEE— x| Well name | Bouwer & Rice Hvorslev

(Conductivity | (Conductivity
et B m/s) m/s)

S — ad PRB3 1.82E-5 2.49E-5

= PRB7 2.45E-5 3.46E-5

_ PRBS 1.47E-5 2.25E-5

| | PRB13 1.13E-5 2.18E-5

PRB14 6.73E-6 9.36E-6

PRB16 1.22E-5 1.89E-5

' | |PRB17 1.11E-5 1.79E-5

N PRB21 1.07E-5 1.61E-5

2 PRB23 3.04E-6 4.46E-6

BGBH3 1.31E-5 1.77E-5

- - BGBH9 1.20E-5 1.53E-5
Q  QmmEFE= Pg @ e R R 2

Numerical Model Development from
Conceptual Model

e Model grid
Construction

e 5m grid orientated in
groundwater flow
direction

¢ Grid extended as far
as reasonable
interpolation of
lithologies & head
allows

¢ Unconfined Aquifer, 1
layer used

i e
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Q
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Numerical Model Development from
Conceptual Model
I T

g a

e Model Properties
Hydraulic Conductivity
Interpolated using

Kriging
Nearest Neighbour
Inverse Distance

: S aererral SECOND SITE [IS=== E 0
Q  QomE = FE @ e 0 2

eAreas of low or
no groundwater
flow due to
foundations of
structures
(gasholding
tanks etc.)

eImportance
should be
assigned to
prior
information
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Numerical Model Development from
Conceptual Model

e Modelling Process

e An Evolving Sensitivity Analysis from simple to
complex that initially correlates site data with
modelled results (calibration) and eventually predicts
reactions to external processes (i.e. us adding a
slurry wall and reactive cell)

« "The methods of science depend on our atfempts to describe the
world with simple theories. Theories that are complex become
unstable, even if they happen fo be true. Science may be described
as the art of oversimplification: the art of discerning what we may
with advantage omit. "

: = SECOND SITE = E - ‘iﬁ
Q  omn o B P @ e 1l W -

Model Calibration Process

e Qutput from very simple
model B e ORI
¢ Hydraulic conductivity ! o o
homogenous across site (2e- - ' = _
5m/s) i e -
e Initial Heads from end of - } n
previous model run B
e Run for 10 years aw
e Interactions with various sizes !
of slurry wall simulated i - N

WEEA bk s, o od ALE

ammmria e v
[ ———

e
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Model Calibration Process

WWnlldriig
Tima(day): 35000

e OQOutput from various
sizes of wall
considered most
capture plume on
site effectively

e Maximum increase in
water table before
wall of ~50cm (Still |+
3m below surface) a|

[ B | T

|
= §2 200

ez o T

} <
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Model Calibration Process

Haven
Tiena{day): 3680

e Complexity
increased

e Addition of
Heterogeneous
hydraulic
conductivities
& gasholders

e Imported
chemical data
into MT3DMS

e Possible source
areas identified
(gasholder
founds)
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Model Calibration Process

Hawn
- Timaidsy): 8.1

ePlume capture of
contamination
beyond site
boundaries ?

oA slurry wall of
10-°m/s will
eventually allow
some
contamination
through

_ ' SECOND SITE - ENVIRONMENT @ :
Q  ommE B @ e W 2.

PRB Hydrogeologic Design

e Inverse Particle
Tracking

¢ On-site plume
containment

» Variable flux
option

Conceptual Reactor design

GACNo2

mis T mrms rwm mwmd

‘mm A
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Pilot Scale Treatability Experiments

e Batch tests
e Column tests
e Bioboxes

o All tests use
contaminated
groundwater
from the Haven
Road site

2 —= SECOND SITE = E
Q  omnE— B8 @ e

Pilot Scale Treatability Experiments
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‘ BH13 +

: S sconDsiE : E {5
Q  QommE= P8 @ e R R 2

CL:AIRE Annual Project Conference April 20t 2004



In-Situ Bioremediation of Cyanide, PAHs and Heterocyclic Compounds
using Engineered SEquenced REactive BARrier (SEREBAR) Techniques

Robert Kalin

Pilot Scale Treatability Experiments

Freundlich Adsorption Isotherm for GAC using BH09 groundwater

Batch test ’ =2:24 5528;5632

0.8 - : (
Adsorption Capacity /
at 20mg/L o °
61 mg/g 0.4

. EEDEIE Ex : ‘@
Q omx ﬂuu A L

Pilot Scale Treatability Experiments

Freundlich Adsorption Isotherm for GAC using BH09 groundwater

Batch test y=14682x +0.4663
. . - R?=0.9356
Adsorption Capacity
at 10mg/L .
86 mglg - ©

log C (mg/ L)
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Pilot Scale Treatability Experiments

Freundlich Adsorption Isotherm for GAC using BH09 groundwater (1L BH09 + 50ml
DNAPL shaken)

Batch test y=04802x +0.3397 e

R2=0.9288 L 3
Adsorption Capacity oc0
at 20mg/L (1L BHO9 /
+ 50ml DNAPL . \/
shaken) / .
9.5 mg/g | o

’ . 0.20
1150 -1,0% -0.50 0.p0 0.50 1.00 150

log C (mg/ L)
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Microbial Research

» Soil core samples » Groundwater samples
— Total plate counts — Total plate counts
— Utilization plate counts — Utilization plate counts
— Soil moisture content — MPN utilization counts
— Soil pH — Toxicity testing
— MPN utilization counts — DNA isolation
— Toxicity testing — Molecular community
— DNA isolation profiling
— Molecular community + TGGE
profiling + DGGE (CEH)
+ TGGE

- DGGE (CEH)
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Sample Locations
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areas
Full microbial
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analysis
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areas (Control)
Full microbial
analysis
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Determined from
lithology and
contaminant load

LNAPL

Gravel < Dissolved phase

| DNAPL
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Utilization counts for groundwater samples

m—— Benzene
C— Toluene
= Ethylbenzene

Similar population = e
. cenaphthylene
present n unpolluted = 2 Methylnaphthalene
sample

)

10

mmm Naphthalene
== Phenanthrene
T === Styrene

10

103

cfu/ml (Mean of triplicate samples)

102

BGBH3 PRBBH9 PRBBH11-1 PRB13
Borehole location

. = SECOND SITE = E “@
Q  omnE— FE @ e il W .

+ PRB9

— Highest
concentration of
contaminants

MPN counts for groundwater samples
10°

" Naph Imﬁ
— DRO (INT)
= BTEX

10¢

108

10

» Less optimal conditions
for population growth??
T — Microbial tolerance levels
* Decreased grain
size
— Biofilm attachment

cfu/ml (Mean of triplicate samples)

Increased Diversity

BGBH3 PRBBH9 PRBBH11-1 PRB13

Borehole location PRB 1 1 - 1— " . ' .

: Y sECONDSITE = B £
Q  ommE P8 @ e R R 2

CL:AIRE Annual Project Conference April 20t 2004



In-Situ Bioremediation of Cyanide, PAHs and Heterocyclic Compounds
using Engineered SEquenced REactive BARrier (SEREBAR) Techniques

Robert Kalin

nn o 12 1% 18
mp
Iviawm By KD
Diaslog Toll Cyanide ba Grmsnin sher smg/L Bk
Cuers’ UValvrially Beifasl m .
Envimmeotal Englarerios Rrrmrch Cradee Propect: Serebar LINK Bloremedialivn GUESTOR Crairs
= : —= SECOND SITE Ceios ENVIRONMENT ﬁgﬁ‘ -
Q  Qun o Bl & Qe B R

CN utilization counts for groundwater samples . .
———  Utilization of
—— PRBBH9 .
=ity cyanide?
$ — Tolerance
£
@ ITE
s . ! — Treatability
T 105 :
fx » Decrease in CN
5 i concentration
g
S jos
E
E
o
108
all L L
xoe o~ O
S R
xé’b 0\\»00
Substrxate
- Trraerra B SECOND SITE S-S E T
Q  Qomn = e LA

CL:AIRE Annual Project Conference April 20t 2004



In-Situ Bioremediation of Cyanide, PAHs and Heterocyclic Compounds
using Engineered SEquenced REactive BARrier (SEREBAR) Techniques

Robert Kalin

Pilot Scale Treatability Experiments
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Pilot Scale Experiments
* Biobox 2 Cyanide ) )
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PRB Implementation: Concept to Reality
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PRB Implementation

Gravels
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PRB Implementation

Slurry Wall
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PRB Implementation

Slurry Wall
Installation
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PRB Implementation
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PRB Implementation

Gas-main
Crossing
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PRB Implementation

SECOND SITE ENVIRONMENT @ :
Q  omniFE" EEl rs @i 5l WS

CL:AIRE Annual Project Conference April 20t 2004



In-Situ Bioremediation of Cyanide, PAHs and Heterocyclic Compounds
using Engineered SEquenced REactive BARrier (SEREBAR) Techniques

Robert Kalin

PRB Implementation

Excavation
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PRB Implementation

Inspecting
Reactor
Vessels
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PRB Implementation

Placing
Cells
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Placing
Cells
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PRB Implementation

Placing
Cells
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PRB Implementation

Backfilling
PRB
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PRB Implementation
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PRB Implementation

Filling GAC
Cell
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PRB Implementation

Inside
Reactor

Exit collector
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PRB Implementation
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Microbial
Sampling
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PRB Implementation

Sand into
Cells
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PRB Implementation

Aerobic
Reactor
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PRB Implementation

1.Set head-loss / weir adjust
2.Check telemetry

3. Check groundwater infiltration
4.Check

5. April 2004 commissioning

Monitoring monthly for SEREBAR Research
Evaluation and variation in the operation of

Anaerobic / Aerobic / GAC sequenced
reactive barrier system
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o Dispersal Well

e Infiltration Well PRB Reactor

o Soil Mix Monitoring Well \*
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Scientific Problem Addressed by TDP17

Brownfield sites and former/active industrial sites, including former coal gasification sites,
often have recalcitrant contamination that is often neither easily nor effectively remediated in-
situ to appropriate standards using active remediation techniques (pump-and-treat, source
oxidation / sparging). World-wide, PRB technology is showing promise for remediation of
groundwater plumes, including those associated with residual gas-works contamination
including fuels and polycyclic aromatic hydrocarbons (PAHs) (EPSRC WPM project at
Portadown see: http://www.prb-net.qub.ac.uk/eerg/dissemination/wpm/index.htm). Globally,
Reactive Barrier Technology has been successfully implemented for treatment of chlorinated
compounds (Belfast, UK and ‘polishing’ shallow ZVI wall in England), sorption of PAHs
(Germany), and for the treatment of heavy metals (e.g. USEPA site in Elizabeth City, NC).
Reactive Barrier Technology is proving to be a very attractive solution for problem holders,
especially as a cost-effective means of managing risk at sites that have a moderate net value,
where continued on-site activities dictate boundary interception of contaminants, and for
which the costs associated with many treatment methods significantly exceeds the site’s net
value or for which the problem holder has limited financial resources available (as is the case
for many residual brownfield sites in the UK that are awaiting remediation). These issues will
continue to become more acute in the near future with the full implementation of the EC
Landfill Directive (Council Directive 1999/31/EC).

In this project we proposed the expansion of Reactive Barrier Technology to include
Sequential Treatment Steps that may be combined with either active or passive
hydrogeologic control of groundwater. The researchers involved with this BBSRC Link
proposal feel strongly that this approach, hereafter termed Sequential Reactive Barrier
(SEREBAR) Techniques, can provide a potential break-through for solving problems in
contaminated land and groundwater remediation akin to the impact that the introduction and
application of wastewater treatment plants provided to the water resource industry. In fact,
the concepts are not dissimilar, but SEREBAR Techniques require consideration within a risk-
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based framework that involves long residence times associated with natural groundwater
movement coupled with innovative passive treatment solutions.

To realize the full potential of SEREBAR technology in the UK there is a need to combine
novel scientific understanding of biodegradative potential and mechanisms with engineering
tools that can predict long-term performance of SEREBAR technology. To date, there is no
full-scale implementation of Sequenced Biologic Reactive Barrier Technology in the United
Kingdom and globally, this approach is at very early stages of application.

Additionally, there is a need to focus R&D activities such as those in the CL:AIRE TDP17 /
BBSRC Link programme not only on the interface of bioremediation and engineering science,
but also on those classes or mixed classes of contaminants that are ‘harder’ to bioremediate.
Though considerable research has been carried out on the biodegradation of cyanides, PAHs
and heterocyclic compounds, much less is known about the in-situ degradation (or formation)
and contaminant treatment (engineering), and potential fate / transport / risk issues
associated with unknown compounds that might form during engineered biodegradation.
Thus, because these compounds (heterocyclic) are an emerging class of contaminants and
will be of particular concern throughout Europe when considered within the Source-Pathway-
Receptor framework. This project will evaluate not only the degradation of priority pollutants
known to exist at the field site near Devon, but will also study the formation and degradation
of metabolites that may be of importance as future compounds of concern.

Scientific Research Solution

Bioremediation with SEREBAR Technology is likely a significant scientific and engineering
challenge. The complete degradation of man-made or xenobiotic chemicals by
microorganisms in the environment is universally considered to be beneficial. In particular the
PAHs and cyanide (free or metal complexed) are of particular concern as high priority
pollutants of soils and groundwater’s with regard to carcinogenicity and toxicity (EU Council
Directive 2000/60/EC). The concept of "microbial infallibility" with respect to biodegradation
has long been the assumption. Indeed, Stanley Dagley concluded in his introduction to the
text "Microbial Degradation of Organic Compounds" that "On thermodynamic grounds, no
organic compound can be excluded from serving as a possible energy source for aerobic
microorganisms".

The research is expected to show that a permeable reactive bioreactor can be sequenced to
degrade complex mixtures of contaminants such as organics (including PAHs, phenolics,
creosols, BTEX, etc) and cyanides. This will require SEREBAR techniques that include the
following features :
e Creation of effective aerobic and anaerobic zones for contaminant degradation
and an understanding of the microbial processes therein
¢ Avoidance of clogging by inorganic precipitates e.g. carbonate, metal complexes /
oxihydroxides
e Minimising biofilm fouling to maintain effective flow characteristics.

Aim of Research Project & Advancement to the State-of-the-Art

Innovation is required in the bioremediation market to continually provide cost-effective and
‘time-efficient’ (within risk framework time effective may be decades) remedial technologies.
Reactive Barrier Technology has been implemented in ca. 95 sites worldwide (statistics from
PRB-Net meeting, QUB March 2004). This is an extremely insignificant implementation of the
technology on the global scale when compared with pump-and-treat and dig-and-dump! The
main barrier to implementation is the lack of confidence in the technology, and to the range of
problems associated with the technology (e.g. the vast majority of those installations are
related to ZVI treatment of CHCs). Sequenced Reactive Barrier methods are in their infancy
on the world market, and support for this project would provide technology providers in the UK
with a global market advantage by the provision of a full-scale demonstration of the
technology backed up by a detailed scientific and engineering understanding of the
technology. This project is innovative, not only in the SEREBAR approach, but also in the
class of contaminants that are to be treated.
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The aim of this CL:AIRE TDP 17 / BBSRC-Link project is to demonstrate a full-scale
implementation, from the laboratory to the field scale, of a SEREBAR biologic reactive barrier.
This project will provide to UK Plc. a full-scale demonstration of the feasibility and application
of Reactive Barrier Technology within a risk-based framework for land and groundwater
contaminated with coal carbonization by-products through the severing of the Source-
Pathway-Receptor chain.

Beyond the 1500 or so former coal gasification sites that still require remediation in the UK,
knowledge of the treatment of cyanides will be of benefit to the mining industry, the
knowledge of treatment for PAHs will benefit those sites with concurrent PAH contamination
with mineral oils and DRO, and a better understanding of the interface between process
engineering and science for SEREBAR PRB technology will provide a significant step forward
in a more general up-take of this technology resulting in a market advantage for UK
companies.

The general deliverable items for this project are to:

1) Install a working SEREBAR system on a Second-Site Property site, which would act
as an effective remediation solution and also act as a flagship site in the UK for
companies interested in sequential treatment trains within permeable bioactive barrier
technology.

2) Undertake a high quality research project investigating all the variables associated
with installing a SEREBAR system on a former gasworks in GB.

3) Provide an assessment of the effectiveness of both aerobic and anaerobic bioactive
SEREBAR systems to degrade the target compounds and define the key
physiological parameters under both conditions. Understand the fundamental
microbial problems associated with pollutant hydrocarbon and cyanide degradation in
the PRB.

4) Develop modeling tools for design and predictive evaluation of SEREBAR
performance.

5) Increase the understanding and knowledge of PRBs and SEREBAR Technology for
implementation and market exploitation.
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Objectives of the project are:

1)

2)

3)

4)

6)

To sufficiently characterize a site so that the installation of an SEREBAR reactive
barrier system will effectively manage risk at a former coal gasification Southwest
England, UK. This will include biogeochemical analysis and groundwater modeling
(Prof Kalin’s group at QUB for chemical analysis with PB).

To identify and characterize the physiological limitations of the key microorganisms
involved in the biodegradation of target compounds under aerobic and anaerobic
conditions, and determine the main chemical limitations to effective biodegradation.
This will include in situ assessment of the bioreactor. Research at Belfast will
concentrate aerobic bioremediation of BTEX, PAH’s and heterocyclic compounds
whilst Oxford will focus on cyanide bioremediation including microbial community
dynamics. Research at Surrey will concentrate on modeling of the interface between
chemical and civil engineering.

To test samples of contaminated groundwater for treatability using both aerobic and
anaerobic SEREBAR systems at both lab and pilot scale. This will largely take place
in Belfast with microbial community studies and cyanide removal aspects handled at
Oxford.

To build a full-scale SEREBAR reactor on a site in Southwest England, UK.

To monitor the performance of the SEREBAR system including analysis using
molecular ecology techniques of the microbial populations that mediate
biodegradation, study of suitable conditions to be maintained within the barrier for
sustainable biodegradation to occur, and evaluating/modeling the risks of biofilm
formation and its effect on barrier performance;

To design both short term (first year or period of project) and long term monitoring
programmes (period to necessary for removing the risks). The latter may be aided by
the use of those modeling tools developed within the BBSRC Link project as suitable
for indicating long-term performance of these systems.

Site Selection

The SEREBAR field site was selected such that the installation of the PRB provided a risk-
management solution during on-going operational activities. The ethos of the research
project was to provide a solution where none previously existed, and the PRB is the only
viable option to deal with dissolved contaminants in a groundwater plume beneath existing
structures that remain operational.
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Figure 1 & 1a: Site selection in the Southwest of England. The site is currently active
and used for gas distribution. The PRB is used as a risk-management option during
the on-going activities of the site without decommissioning of the current operations.
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Progress Report: Site Investigation, Hydrogeology and Contaminant Transport

During the period February 2003 to May 2003 additional intrusive site investigation,
groundwater sampling, geotechnical and hydrogeologic site investigation was undertaken.
Adaptive sampling methods were used to up-date locations for monitoring / investigation
boreholes to optimize the cost-benefit for the SI.

Figures 2a and 2b: The generalized geology of the site is shown where made ground
overlies a silt, which in turn overlies and marginally confines the main gravel aquifer
that is underlain by weathered breccia (the main hard-rock geologic unit in the area).

4 5 B T B D 1D 11 12 13 14 15 18 17 1B
me .

Figure 3: The contaminant transport (as represented by a TOC plume shown in the left
of Figure 3) at the site is strongly controlled by the base of the gravel aquifer (as
shown in the topographic map in the right of Figure 3). The gravel aquifer is generally
2 to 3 meters in thickness across the site and therefore does not represent a major
regional source of water.
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Progress Report: Conceptual Design, Construction, Implementation

Site groundwater was collected and transported to the Queen’s University of Belfast where
treatability studies were undertaken over a 9 month period of time. The results of these
studies were used to determine the rate of biologic degradation, study of microbial activity and
ecology, and the affect of design variable on the effective degradation / removal of
contaminants from groundwater.

Freundlich Adsorption Isotherm for GAC using BH09 groundwater

y=14682x +0.4663
R?=0.9356

log C (mg/L)

Figure 4: A representative series of data for sorption using GAC for site groundwater.

Figure 4 shows a representative series of data for sorption using GAC for site groundwater.
GAC is ‘fail-safe’ design parameter for the PRB should the long-term effectiveness of biologic
activity vary, and it is a back-up during maintenance of the sequenced regions of the PRB.

The conceptual design included hydrogeologic evaluation for plume capture, a series of
reactors that included potentially Zero Valent Iron, Anaerobic biodegradation, Aerobic
Biodegradation and GAC.

PRB Hydrogeologic Design

¢ Inverse Particle
Tracking

e On-site plume
containment

¢ Variable flux

option

Conceptual Reactor design

Figure 5: Hydrogeologic design of the PRB.
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Between August 2003 and October 2003 tender documents were prepared that outlined the
design requirements of flux and expected residence times (with significant factors of safety).
Competitive tendering was completed in early December 2003 and an approved contractor
chosen. Final designs were approved in January 2004.

Progress Report: Construction

Construction is on-going and expected completion and validation of operation is expected
mid- to late- April 2004. Operational details and monitoring results will be provided in future
CL:AIRE / BBSRC Link dissemination events as well as in reports.

Figure 6: Construction of the PRB.

At the time of this CL:AIRE conference, this project is still on-going and all information in this
paper and presented at the conference will be revised upon completion and publication of
TDP17 CL:AIRE report.
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Introduction

Although clays and silts at contaminated sites tend to sequester large quantities of
heavy metals, radionuclides, and selected organic pollutants, they are relatively
resistant to remediation with traditional technologies (e.g. pump and treat, soil
washing) because of their low hydraulic conductivities.

This has stimulated a considerable amount of research into cost-effective, in-situ
techniques that can be used to remediate low-permeability, high clay content soils.

One emerging technology that has received much attention is electrokinetic
remediation.  Electrokinetics is a process that separates and extracts organic,
inorganic, and radioactive contaminants from saturated or unsaturated clay-rich
soils, sludges and sediments under the influence of an applied electrical field.

Water and non-polar
aqueous contaminants?

+ — >

Desorption and migration
of ionic contaminants

H,0 — 2H* +1/2 O, (gas) + 2e" 2H,0 + 2e- — 20H" + H, (gas)
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Despite promising experimental results, however, at present there is no standardised
universal electrokinetic soil/sediment remediation approach. Instead there are a number
of technologies (e.g., Lasagna™, Electro-Klean™, electrochemical geooxidation), each
of which has different strengths, drawbacks, and operational and design requirements.

Many of the current technologies are technically complex and energy intensive, and
geared towards the removal of 90% or more of specific contaminants, under very specific
field or laboratory-based conditions.

However, in the real environment a low-tech, low-energy contaminant reduction /
containment technique may be more appropriate and realistic. Such a technique (FIRS)
is discussed here.

The FIRS technique

The FIRS technique (Ferric Iron Remediation and Stabilisation) involves the application of a
low magnitude (typically less than 0.2V/cm) direct electric potential between two or more
sacrificial, iron-rich, electrodes emplaced either side of a contaminated soil or sediment.

The electric potential is used to generate a strong pH / Eh gradient within the soil column,
and force the precipitation of an iron-rich (sorptive) barrier in the soil between the electrodes
at the boundary between the acid and alkaline “fronts”

-+ -

H,0 — 2H* +1/2 0, (gas) + 2e- 2H,0 + 2" —> 20H" + H, (gas)
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The acid front “acid-washes” the soil, while the precipitated iron band provides an
impermeable barrier to contaminant migration, and, together with the pH gradient, provides a
chemical trap for a range of inorganic, organic and radioactive contaminants.......

+ve -ve
14 pH gradient measured in
radionuclide-contaminated mud,
after 410 hours of application of a
1.5V potential difference, using a
seawater electrolyte and electrode
separation of 16.5cm
0 4 8 12 16

Distance from anode (cm)

S

pH

(=R S A =]

Sub-vertical, 1cm thick Fe-rich band
generated in water-saturated sands
after 30 hours application of a 1.5V
potential difference between cast
iron electrodes.

The system mimics natural mineralisation
processes, where internal electric fields present in
rock and soil bodies can generate multiple bands
of ironstone via precipitation of iron oxides and
hydroxides

In the FIRS technique, these iron-rich bands are grown over timescales of 3 — 400 hours, and
consist of amorphous (or microcrystalline) iron “pans” (a), or, in sandy soils, a coating of goethite,
magnetite and zero-valent iron? which cements mineral grains (b).
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Results from a range of bench-top studies illustrate the potential of the FIRS
technique for contaminated leachate confinement and contaminated land

remediation:

(a) Hydrocarbon and Cu contaminated sediments, Southampton Water

Mud sample from Southampton Water,
contaminated with Cu and hydrocarbons from
the nearby Fawley oil refinery and local
shipping, was treated at 2V, in a 3D cell using a
rectangular electrode array.

After 16 days, the electrokinetic treatment resulted in a
~60% or greater reduction in Cu contamination.

Liquid organic-rich effluent was exuded from the
sediment, and channelled and drained at ca. 10ml per
day from the surface of the cathodic compartment.

Energy requirement for experiment was 10.9 kW/m3. Compares favourably against
commonly cited energy requirements for other electrokinetic remediation systems, e.g.,
500kW/ms3 for 100% removal of metal contaminants.

Time scale for copper decontamination of the sediment is comparable in duration to existing
technologies which employ comparatively expensive cation-selective membranes.

Use of cast iron electrodes (as opposed gold coated, platinum or graphite electrodes),
means that the experimental system is low cost in terms of energy, materials and electrode
construction, which typically make up ~70% of the costs associated with any electrokinetic
remediation system.

CL:AIRE Annual Project Conference April 20t 2004



Ferric Iron Remediation and Stabilisation (FIRS) —
developing a new electrokinetic remediation technique for heavy metal- and As-contaminated sites

Andy Cundy and Laurence Hopkinson

(b) Radioactively-contaminated sediment, Ravenglass, Cumbria.

A clay-rich sediment sample, slightly contaminated with radionuclides, was collected from the
Ravenglass estuary, Cumbria and treated at 1.5V for 410 hours in a 2D perspex cell. A 17mm
thick Fe-rich band was generated 5cm from the anode, at the point where a major step in pH
(from pH 2 to pH 13) occurred.

Geochemical and radiometric analysis of the treated sediment show clear removal of 8°Co from
the anode zone of the cell, and precipitation of the remobilised 6°Co on, and in the cathode zone
adjacent to, the iron-rich band. Notably, As, present as a trace contaminant in these sediments,
was highly amenable to the FIRS treatment, with desorption occurring at high pHs in the cathode
zone, and reprecipitation on the Fe-rich band.

Co-60 - radionuclide harvesting stage 1 As - radionuclide harvesting stage 1
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Geotechnical tests on the precipitated iron pan indicate a major loss of permeability following
iron band formation - ~ 0.3 x 107 m/s (pre-treatment) vs. 10° m/s or less (i.e. effectively
impermeable) in the precipitated iron band.

The approximate Uniaxial Compressive Strength of the iron band was 10.8N/mm?2 (comparable
to, for example, a moderately lithified sandstone).

Large increase in shear strength in the anode zone sediment also observed following treatment,
without any significant loss in porosity. SEM analysis of the treated anode zone sediments
shows clear evidence for precipitation of iron oxides as a thin coating over mineral grains.
These data therefore indicate that a significant improvement in the engineering properties of the
anode zone sediments has occurred, probably as a consequence of cementation via
precipitation of iron (and/or through electro-osmotic dewatering).

Fe

T T
2 4 G E 10
Energy et

CL:AIRE Annual Project Conference April 20t 2004



Ferric Iron Remediation and Stabilisation (FIRS) —
developing a new electrokinetic remediation technique for heavy metal- and As-contaminated sites

Andy Cundy and Laurence Hopkinson

(c) Heavy metal contaminated waste spoil, Scandinavia.

A hematite (iron-oxide)-rich waste spoil, contaminated with As, Cu, Pb and Zn, was collected
from a former wood preservation site in Scandinavia, and treated for 29 days at 2V in a 3D
Perspex cell.

A strong pH gradient developed relatively rapidly in the treated soil and became more
pronounced over time, although a sharp pH jump of the type normally observed was not
produced, presumably due to a buffering effect exerted by the soil.

Evolution of pH gradient in FIRS-treated Scandinavian

waste spoil
14
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Hence, a discrete, clearly-visible iron band did not form over the timescale of the experiment.
BUT the continuous drop in pH and expansion of the acidic anode zone over the course of the
experiment indicate that with longer treatment periods the precipitation of a distinct Fe-band
would be induced. However, a highly alkaline zone and an acid zone were clearly generated in
the cell, which caused significant remobilisation of As, Cu, Pb and Zn.
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Hence, despite the heterogeneity and mineralogical characteristics of the spoil (which effectively
make the contaminated material a “worst case scenario” in the application of electrokinetic
techniques), the FIRS treatment has successfully caused a reduction in the concentration of a
range of contaminants (albeit without the formation of a distinctive iron band),
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TOWARDS A FIELD-BASED TECHNIQUE - CL:AIRE PROJECT RP15

The FIRS technique has significant potential for field-scale use, as it has already been
successfully applied in decimetre-scale three-dimensional cells, and mimics a natural system
that operates over scales in excess of 100 metres in geological systems.

The low voltage and current used mean that power requirements are likely to remain low
even when the system is upscaled, and, coupled with the flexibility provided by the use of
multiple, low cost electrodes, means that contaminated land can be sequentially treated with
a series of electrode arrays, placed to avoid (or work around) site infrastructure, where the
distance between individual electrodes does not exceed a few metres.

TOWARDS A FIELD-BASED TECHNIQUE — CL:AIRE PROJECT RP15

The recently approved CL:AIRE project RP15 will examine the use of the FIRS technique in
remediating small working sites with relatively shallow contamination depth, as a first step in
the development of the technique for field-scale use.

The primary aim of this research project is to develop the FIRS technology from prototype
stage (i.e. bench-top scale) and test it at field scale — specifically at two heavy-metal
contaminated, suburban garden sites in south Yorkshire. The project consists of two phases:

Phase 1 (field-scale laboratory trials), in which the existing FIRS system will be upscaled to
treat metre-scale soil columns, and its remediation efficiency optimised for contaminated soil
material from the proposed field-test sites;

Phase 2 (field trials), in which the FIRS system will be tested at two suburban garden sites (in
south Yorkshire) which are heavily contaminated with a range of heavy metals derived from
historical smelting activity (most notably Pb), to examine the applicability of FIRS at field-scale
for site remediation and groundwater containment, and develop initial models of best-practice
for its implementation at contaminated sites.
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CONCLUSION

The FIRS technology, while still at prototype, bench-top scale, shows considerable promise as
a technique for soil engineering, groundwater protection and contaminated site remediation.

The technique generates a resealable iron-rich barrier, which can be remotely placed (without
engineering) to physically inhibit (or redirect) subsurface pollutant migration, and adsorb
contaminants from ground or soil water.

The FIRS technology is also capable of significantly reducing contaminant concentrations in
treated soil.

In addition, the technique can improve the mechanical properties of soils (contaminated or
otherwise) for civil engineering purposes, via iron cementation and/or strategic electro-osmotic
dewatering or rewatering.

CONCLUSION

FIRS has significantly lower energy requirements than commercial electrokinetic remediation
techniques, uses low cost sacrificial (scrap iron) electrodes, and does not involve the use of
potentially toxic conditioning solutions.

The technique is applicable to small sites, as well as to larger areas of contaminated land, and
can be implemented in ground where man-made structures are present, or where there is on-
going site activity.

Practically, the system can be operated in combination with, or as an alternative to, existing land
remediation technologies, although it is probably best applied as a low-energy, non-selective,
preliminary contaminant reduction / containment technique before the application (if necessary)
of more specialist (and expensive) techniques.

Based on bench-top studies, the technique seems particularly applicable to soils and sediments
contaminated with Cu, As, Pb and Zn.

The next step therefore is to upscale the technique and test its applicability in field trials on a
heavy-metal contaminated site, a process being undertaken in the recently-approved CL:AIRE
project RP15.
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ABSTRACT

Electrokinetic remediation is an emerging technology that has generated considerable interest
as a technique for the in-situ remediation of clay-rich soils and sediments. Despite promising
experimental results, however, at present there is no standardised universal electrokinetic
soil/sediment remediation approach. Many of the current technologies are technically complex
and energy intensive, and geared towards the removal of 90% or more of specific
contaminants, under very specific field or laboratory-based conditions. However, in the real
environment a low-tech, low-energy contaminant reduction / containment technique may be
more appropriate and realistic. Such a technique, FIRS (Ferric Iron Remediation and
Stabilisation), is described here. The FIRS technique involves the application of a low
magnitude (typically less than 0.2V/cm) direct electric potential between two or more
sacrificial, iron-rich, electrodes emplaced either side of a contaminated soil or sediment. The
electric potential is used to generate a strong pH (and Eh) gradient within the soil column (pH
2 — 13), and force the precipitation of an iron-rich barrier or “pan” in the soil between the
electrodes. Geochemical and geotechnical data for FIRS-treated sediments from
Southampton Water and the Ravenglass estuary, U.K., and from a former wood preservation
site in Scandinavia, are presented here and indicate that the technique can significantly
reduce heavy-metal contaminant concentration in treated soil, by remobilisation of
contaminants followed by precipitation on, or around, an iron-rich barrier. In addition, arsenic
seems highly amenable to the FIRS treatment, due to its solubility under the high pH
conditions generated near to the cathode, and its marked geochemical affinity with the freshly
precipitated iron oxides and oxyhydroxides in the iron barrier. Geotechnical tests indicate that
the iron barrier produced by the technique is practically impervious (permeability = 10" m/s or
less), and has moderate mechanical strength (UCS ~ 11 N/mmz). Notably, a large increase in
shear strength in the treated soil near to the anode electrode (due to iron cementation and/or
electro-osmotic dewatering) is also observed, without significant loss of porosity. The data
indicate that the FIRS technique shows considerable promise as an in-situ method for
contaminated land remediation and soil water containment, and can also be used to improve
the mechanical properties of soils (contaminated or otherwise) for civil engineering purposes.
A recently approved CL:AIRE project will upscale the existing bench-top scale work carried
out on FIRS, and examine the applicability of the technique in the in-situ remediation of small
to medium-scale working sites - specifically suburban back-garden sites contaminated by lead
and other heavy metals.

INTRODUCTION

Although clays and silts at contaminated sites tend to sequester large quantities of heavy
metals, radionuclides, and selected organic pollutants, they are relatively resistant to
remediation with traditional technologies (e.g. pump and treat, soil washing) because of their
low hydraulic conductivities. This has stimulated a considerable amount of research into cost-
effective, in-situ techniques that can be used to remediate low-permeability, high clay content
soils. One emerging technology that has received much attention is electrokinetic
remediation. Electrokinetics is a process that separates and extracts organic, inorganic, and
radioactive contaminants from saturated or unsaturated clay-rich soils, sludges and
sediments under the influence of an applied electrical field. In its most basic form, the
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electrokinetic process involves the application of a low intensity direct current across
electrode pairs that have been implanted in the ground on each side of a contaminated soil
mass. Groundwater is dissociated at the electrodes, which produces an acid front (due to
excess H' ions) around the anode and an alkaline front (due to excess OH ions) at the
cathode. The electric current causes electro-osmosis and ion migration, which moves both
water and aqueous phase contaminants in the subsurface from one electrode to the other,
and electrophoresis, which results in migration of colloidal fractions. Aqueous phase
contaminants, and contaminants desorbed from soil particles, are transported towards the
anode or cathode depending on their charge. In addition, since the electrokinetic process
results in the forced migration of water (electroosmosis), the electrokinetic process may also
be used for civil engineering applications, particularly the dewatering of large volume slurries
and waterlogged soils (e.g. Lamont-Black 2001).

In existing commercial electrokinetic land remediation systems, contaminants are commonly
extracted by a secondary recovery system or deposited at the electrode. Surfactants,
complexing agents, and other reagents are frequently used to assist contaminant movement.
Despite promising experimental results, however, at present there is no standardised
universal electrokinetic soil/sediment remediation approach. Instead there are a number of
technologies (e.g., LasagnaTM, Electro-Klean™, electrochemical geooxidation), each of which
has different strengths, drawbacks, and operational and design requirements (Virkutyte et al.,
2002). Many of the current technologies are technically complex and energy intensive, and
geared towards the removal of 90% or more of specific contaminants, under very specific field
or laboratory-based conditions. However, in the real environment a low-tech, low-energy
contaminant reduction / containment technique may be more appropriate and realistic. Such a
technique is discussed here.
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FIGURE 1: Generation of iron bands between sacrificial iron electrodes buried in a soil
| sediment column. Adapted from Jacob et al. 1996.

THE FIRS TECHNIQUE

The FIRS technique (Ferric Iron Remediation and Stabilisation) involves the application of a
low magnitude (typically less than 0.2V/cm) direct electric potential between two or more
sacrificial, iron-rich, electrodes emplaced either side of a contaminated soil or sediment. The
electric potential is used to generate a strong pH / Eh gradient within the soil column, and
force the precipitation of an iron-rich barrier in the soil between the electrodes at the boundary
between the acid and alkaline “fronts” (figure 1). The system mimics natural mineralisation
processes, where internal electric fields present in rock and soil bodies can generate multiple
bands of ironstone via precipitation of iron oxides and hydroxides (e.g. Jacob et al 1996). In
the FIRS technique, these iron-rich bands are grown over timescales of 3 — 400 hours, and
consist of amorphous (or microcrystalline) iron “pans”, or, in sandy soils, a coating of goethite,
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magnetite and zero-valent iron which cements mineral grains. Pilot studies on the FIRS
technique have been applied at laboratory scales in 25x2x15cm and 30x50x40cm open
topped perspex cells (i.e. effectively in two dimensional and three dimensional space). All
experiments have been run at <5 volts, using sacrificial cast iron electrodes, in a variety of
sands and contaminated muds, with groundwater and seawater interstitial pore waters, under
unsaturated, and saturated conditions. Time scales ranged from 3-400 hours. In every case a
1-4cm thick, coherent, iron stone was generated in situ, approximately equidistant between
cathode and anode. It is also possible to generate a dispersed sorptive coating of iron on a
pre-defined area of soil, simply by switching off the current before the Fe-band fully develops.

Results from three of these bench-top studies illustrate the potential of the FIRS technique for
contaminated leachate confinement and contaminated land remediation:

(a) Hydrocarbon and Cu contaminated sediments, Southampton Water

An estuarine mud sample from Southampton Water, contaminated with Cu and hydrocarbons
from the nearby Fawley oil refinery and local shipping, was treated at 2V, in a 3D cell using a
rectangular electrode array. A continuous iron band of up to 3cm thickness was generated
from the electrode point sources. Data for pre- and post-treatment Cu concentration indicate
that the electrokinetic treatment resulted in a ~61% or greater reduction in Cu contamination
in the anode zone in 16.3 days (note that a small proportion of copper in these samples is
natural background copper locked away in stable mineral interiors). In addition, liquid
hydrocarbon-rich effluent was expelled from the sediment (via electroosmotic purging) and
channelled and drained at ca. 10ml per day from the surface of the cathodic compartment.
The energy requirement for the experiment was 10.9 kKW/m®. These values compare
favourably against commonly cited energy requirements for other electrokinetic remediation
systems, e.g., 500kW/m?® for 100% removal of metal contaminants (Virkutyte et al., 2002). The
time scale for copper decontamination of the sediment is comparable in duratlon to existing
technologies which employ comparatively expensive cation-selective membranes. The use of
cast iron electrodes (as opposed gold coated, platinum or graphite electrodes), means that
the experimental system is low cost in terms of energy, materials and electrode construction,
which typically make up ~70% of the costs associated with any electrokinetic remediation
system.

(b) Radioactively-contaminated sediment, Ravenglass, Cumbria.

A clay-rich sediment sample, slightly contaminated with radionuclides derived from the
Sellafield nuclear facility, was collected from the Ravenglass estuary, Cumbria and treated at
1.5V for 410 hours in a 2D perspex cell (using an electrode separation of 17cm). A 17mm
thick Fe-rich band was generated 5cm from the anode, at the point where a major step in pH
(from pH 2 to pH 13) occurred. Geochemlcal and radiometric analysis of the treated sediment
(figure 2) show clear removal of ®°Co from the anode zone of the cell, and precipitation of the
remobilised *°Co on, and in the cathode zone adjacent to, the iron-rich band (possibly co-
precipitated with Mn, or precipitated as a hydroxide phase). Mn, Ca and Sr were also
remobilised from the anode zone and precipitated on, or around, the iron band. Notably, As,
present as a trace contaminant in these sediments, was highly amenable to the FIRS
treatment, with desorption occurring at high pHs in the cathode zone. A 100% enrichment of
As occurred on the iron-rich band (figure 2), reflecting the strong affinity of As for Fe.
Geotechnical tests on the precipitated iron pan indicate a major loss of permeability foIIowmg
iron band formation - initial permeability of the untreated clay-rich sediment was ~ 0.3 x 10

m/s, whereas treated material permeability (in the precipitated iron band) was recorded at 10

m/s, or less, i.e. practically |mperV|ous The approximate Uniaxial Compressive Strength of
the iron band was 10.8N/mm? (comparable to, for example, a moderately lithified sandstone).
Geotechnical test data also indicated a large increase in shear strength in the anode zone
sediment following treatment, without any significant loss in porosity. SEM analysis of the
treated anode zone sediments shows clear evidence for precipitation of iron oxides as a thin
coating over mineral grains (figure 3). These data therefore indicate that a significant
improvement in the engineering properties of the anode zone sediments has occurred,
probably as a consequence of cementation via precipitation of iron (and/or through electro-
osmotic dewatering). These data are discussed in detail elsewhere (Cundy and Hopkinson,
submitted). While many of these tests, due to the small sample size available, were
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performed on non-ideal sample volumes, the results are supported by subsequent data for
similar intertidal sediments run in larger volume, three dimensional cells.
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FIGURE 2: ®°Co and As data for treated Ravenglass mud. Fe band is located 5cm from
the anode.

FIGURE 3: SEM image of Ravenglass sediment, showing diatom (marine
microorganism) which, together with the underlying silt particle, has been coated and
cemented by iron following treatment by the FIRS technique. Sample taken from the
anode zone, at 3cm distance from the anode.

(c) Heavy metal contaminated waste spoil, Scandinavia.

A hematite (iron-oxide)-rich waste spoil, contaminated with As, Cu, Pb and Zn, was collected
from a former wood preservation site in Scandinavia, and treated for 29 days at 2V in a 3D
Perspex cell. A strong pH gradient developed relatively rapidly in the treated soil and became
more pronounced over time, although a sharp pH jump of the type normally observed was not
produced, presumably due to a buffering effect exerted by the soil. Hence, a discrete, clearly-
visible iron band did not form over the timescale of the experiment, although the continuous
drop in pH and expansion of the acidic anode zone over the course of the experiment indicate
that with longer treatment periods the precipitation of a distinct Fe-band would be induced.
Notwithstanding this, a highly alkaline zone and an acid zone were clearly generated in the
cell, which caused significant remobilisation of As, Cu, Pb and Zn. Arsenic showed clear
remobilisation from both the acidic anode zone and the alkaline cathode zone, with apparent
precipitation of As phases at approx. 10cm distance from the cathode (at ca. pH 8 — 9) (figure
4). The net enrichment of As in this central band of the cell was 63% (compared to the
cathode zone) and 30% (compared to the alkaline zone). Copper showed clear remobilisation
from the acidic anode zone and apparent precipitation at approximately 16cm from the
cathode (at ca. pH 6-7) (figure 4). Zinc and Pb also showed (a less pronounced)
remobilisation from the anode zone. Neither zinc nor copper were remobilised from the
cathode zone. Hence, despite the heterogeneity and mineralogical characteristics of the spoil

20
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(which effectively make the contaminated material a “worst case scenario” in the application
of electrokinetic techniques), the FIRS treatment has successfully caused a reduction in the
concentration of a range of contaminants (albeit without the formation of a distinctive iron
band).
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FIGURE 4: Arsenic and copper distribution across FIRS test cell, for hematite-rich
waste spoil. Values given are relative rather than absolute.

TOWARDS A FIELD-BASED TECHNIQUE - CL:AIRE PROJECT RP15

The FIRS technique has significant potential for field-scale use, as it has already been
successfully applied in decimetre-scale three-dimensional cells, and mimics a natural system
that operates over scales in excess of 100 metres in geological systems. The low voltage and
current used mean that power requirements are likely to remain low even when the system is
upscaled, and, coupled with the flexibility provided by the use of multiple, low cost electrodes,
means that contaminated land can be sequentially treated with a series of electrode arrays,
placed to avoid (or work around) site infrastructure, where the distance between individual
electrodes does not exceed a few metres. The recently approved CL:AIRE project RP15 will
examine the use of the FIRS technique in remediating small working sites with relatively
shallow contamination depth, as a first step in the development of the technique for field-scale
use. The primary aim of this research project is to develop the FIRS technology from
prototype stage (i.e. bench-top scale) and test it at field scale — specifically at two heavy-
metal contaminated, suburban garden sites in south Yorkshire. The project consists of two
phases: Phase 1 (field-scale laboratory trials), in which the existing FIRS system will be
upscaled to treat metre-scale soil columns, and its remediation efficiency optimised for
contaminated soil material from the proposed field-test sites; Phase 2 (field trials), in which
the FIRS system will be tested at two suburban garden sites (in south Yorkshire) which are
heavily contaminated with a range of heavy metals derived from historical smelting activity
(most notably Pb), to examine the applicability of FIRS at field-scale for site remediation and
groundwater containment, and develop initial models of best-practice for its implementation at
contaminated sites.

CONCLUSION

The FIRS technology, while still at prototype, bench-top scale, shows considerable promise
as a technique for soil engineering, groundwater protection and contaminated site
remediation. The technique generates a resealable iron-rich barrier, which can be remotely
placed (without engineering) to physically inhibit subsurface pollutant migration, and adsorb
contaminants from ground or soil water. The FIRS technology is also capable of significantly
reducing contaminant concentrations in treated soil. In addition, the technique can improve
the mechanical properties of soils (contaminated or otherwise) for civil engineering purposes,
via iron cementation and/or strategic electro-osmotic dewatering or rewatering. FIRS has
significantly lower energy requirements than commercial electrokinetic remediation
techniques, uses low cost sacrificial (scrap iron) electrodes, and does not involve the use of
potentially toxic conditioning solutions. The technique is applicable to small sites, as well as to
larger areas of contaminated land, and can be implemented in ground where man-made
structures are present, or where there is on-going site activity. Practically, the system can be
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operated in combination with, or as an alternative to, existing land remediation technologies,
although it is probably best applied as a low-energy, non-selective, preliminary contaminant
reduction / containment technique before the application (if necessary) of more specialist (and
expensive) techniques. Based on bench-top studies, the technique seems particularly
applicable to soils and sediments contaminated with Cu, As, Pb and Zn. The next step
therefore is to upscale the technique and test its applicability in field trials on a heavy-metal
contaminated site, a process being undertaken in the recently-approved CL:AIRE project
RP15.
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ABSTRACT

Stabilisation/Solidification (S/S) has been used to manage the risks associated with
hazardous waste and contaminated land for approximately five decades. However, no
systematic, detailed studies have been carried out to date on the durability of S/S waste forms
in their environment of service. Consequently, an international team has been established to
evaluate the performance of S/S wastes with time. In partnership with the environment
agencies of the countries concerned, waste forms of varying age are being sampled in the
USA, France and the UK and tested against their original acceptance criteria and examined
with selected transversal testing procedures. The data obtained will be placed in a database,
which will then be used in the construction of a risk management framework for enhanced
stakeholder confidence.

INTRODUCTION

Stabilisation/Solidification (S/S) technology involves the mixing of binding agents into
contaminated media, such as contaminated soil or hazardous waste to create a stabilised and
solidified product. During S/S pollutants are chemically stabilised and physically encapsulated
in the waste form. The technology is widely used as a risk management technique outside the
UK.

In Europe, S/S is often used to treat hazardous and radioactive waste, however until recently,
its application to contaminated land has been relatively limited, in France, for example, S/S
has been routinely used since 1995, following the implementation of 1992 regulation for
hazardous waste management, which introduced defined limits on pollutant leaching.
Currently, about 400,000 T waste/year are treated by S/S.

The recent introduction of the EU landfill directive [1] will result in significant change in the
way contaminated land and hazardous wastes are managed. It is anticipated that the
application of cement-based S/S systems in the UK will increase significantly and this is
reflected by the preparation of guidance on S/S technology by the Codes and Standards for
Stabilisation /Solidification Technology (CASSST) initiative which will be published by the
Environment Agency [2] in 2004.

Despite the widespread use of S/S outside the UK, particularly in North America [3], and even
though the treatment has been in use since the 1950s [4,5], there are few data pertaining to
the field performance of S/S waste forms.

In particular, there have been no co-ordinated field studies to verify the long-term
effectiveness of S/S to treat waste for hazardous constituents, despite frequent requests from
decision-makers (outside the UK) for verification of the long-term effectiveness of cement-
based S/S [6].

However, the most significant research reported regarding the long-term effectiveness of S/S
made the following observations and conclusions [7]:

e The extent of degradation after 6 years is considered slight to moderate, but at these
rates the waste form may disintegrate over 50 to 100 years.
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e Solidified/stabilised wastes are vulnerable to the same environmental degradation factors
as concrete.

e Because the life of concrete products is finite and depends on the local environmental
conditions, regulation for on-site burial of S/S treated wastes is needed.

The important omission of data from the literature is acknowledged by the US Environment
Protection Agency (US EPA), who considers cement-based S/S as a best demonstrable
available technology (BDAT) and proven for use with a wide variety of organic and inorganic
contaminants. In the UK, reliable data on durability performance is seen as critical if S/S is to
fulfill its potential as a reliable waste management technique for the remediation of
contaminated land.

In recognizing the need for data on the durability of S/S wastes, the US EPA, the Environment
Agency (England and Wales) (EA) and the Environment agency of France (ADEME) have
agreed to join an international collaborative research program, together with a number of key
commercial and academic research partners, namely the Centre for Contaminated Land
Remediation, University of Greenwich, University of New Hampshire and INERTEC,
supported by a number of organisations including SITA, Environmental Geotechnics, Land
and Water, CL:AIRE, CIRIA, Portland Cement Association and Enviros Consulting. The aim
of this collaboration is to improve our understanding of the long-term performance of cement-
based S/S waste forms by retrieving and examining S/S materials of different ages from their
environments of service.

OBJECTIVES

In the proposed work, a number of well-characterised waste forms of known age and location
have been selected for study. These materials are supported by detailed information,
including the nature of the contaminants treated, binding agents used and the results of
treatabilty studies and contaminant characterisation testing.

The aim of this project is improved understanding and confidence in the long-term
performance and effectiveness of S/S based on:

An examination of samples taken from full-scale application of S/S technology
Critical performance indicators identified from a detailed program of chemical, physical
and microstructural testing

e The construction of a risk management toolbox for improved stake-holder confidence in
S/S

PROGRAMME OF WORK

By testing waste forms against the original compliance criteria in their country of origin and a
range of carefully selected testing regimes (transversal testing), a data-set will be constructed
which will then be used in the development of models to predict the future behaviour of waste
forms. This data set, supported by an examination of ancient cement-based materials as
analogues, will be used to develop a risk management methodology or toolbox for improved
stakeholder confidence. The data set will contain a range of spatial (microstructural, process)
and temporal (cement set, long term performance assessment) data on different scales. As
risk tools will be set within a risk management and decision framework, the output of PASSiFy
will provide decision-makers with the tools necessary to assess the long-term effectiveness of
S/S as a waste management strategy and allow the technology to be more widely used with
confidence.

The investigation will be broken down into a number of information-gathering exercises and
laboratory studies that form a series of coordinated tasks. The project co-coordinators in each
region will gather data and enter the results onto a common database, which will provide a
central comprehensive source of information for use during this project. The main tasks that
will be carried out are given in Table 1.
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Table 1 Tasks to be carried out by PASSiFy

Task | Description

1 Clarification of the history of use of each site

Determining site characteristics and identifying pollutant pathways

Sampling and performance testing to the original compliance criteria

Interpretation of results and modeling studies

Reporting and dissemination of results

2
3
4 Transversal testing using specialised techniques in each partner country
5
6
7

Risk management toolbox for improved stakeholder confidence

THE PROPOSED SITES

Ten former S/S sites will be evaluated in the USA, the UK and France. The majority of the
materials treated and/or disposed in these sites contained mixed (organic and inorganic)
contaminants and were primarily treated with cement or blended cement-binder systems.

In the USA, the US EPA has agreed to provide 5 sites of varying age for examination, the
majority of which are SUPERFUND sites. These sites are well-characterised, Federal clean-
up operations with considerable supporting documentation [e.g. 8-10]. Southern Company
Services, Inc. is providing a sixth US site which is also well documented and monitored.
Three other sites in the USA are being investigated for potential for inclusion in this work.

Five, suitable sites are available in Europe. In the UK, 3 sites have been identified with
archived detailed supporting data; these are the ICl-owned Ardeer site in Ayrshire, Scotland
(remediated by Bachy Soletanche), the Astra Pyrotechnics site in S.E. England (owned by
University of Greenwich and remediated by Forkers), and the Union Canal near Falkirk,
owned by British Waterways and remediated by Land and Water.

In France, hazardous waste treated by INERTEC is available near Paris and Angers (ex.
SITA FD). These two hazardous waste landfill sites contain materials, which have been
treated using blended binder systems.

The sites, for investigation in this program of study, vary from 17 years to 3 years in age.
They are located in different geological and climatic regions and represent a number of
distinct disposal scenarios, which are anticipated to provide invaluable data for the
assessment of durability performance. Thus, generic processes for a range of environments,
contaminants and treatments will be examined and used to establish the risk-based toolbox
for predicting long-term S/S performance and improving stakeholder confidence.

Table 2 below lists the sites from which S/S waste will be removed and examined in this
investigation.

Table 2. Sites to be investigated

Site Date | Contaminants Mix Design and Application

American Creosote 1999 | Creosote, PAH, 5% Cement , 4.5% Fly Ash, 1.3% Carbon
Jackson, TN PCP, Dioxins Ex-situ S/S

Manufactured Gas | 1992 | PAHs, Cyanide, | 10% Cement

Plant, Columbus, GA VOCs In-Situ S/S

Sapp Battery 1999 | Lead 6% Cement, 1% Phosphoric Acid

Alford, FL 2000 Ex-Situ S/S

Schuykill Metals 1995 | Lead 10% est. Cement, 2% est. TSP Granules
Battery Recycling 1996 Ex-Situ S/S

Plant City, FL

Peak Oil Waste 2000 | Lead, Organics 5% Cement, 3% TSP Granules

Oil Recycling 2001 Ex-Situ S/S

Brandon, Tampa FL
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Table 2. Continued

South 8™ Street 1999 | Lead, Organics Acid Neutralised with 25% CaCO; Treated with
Waste Oil Recycling | 2000 20% Cement, 10% Fly Ash
Sludge  Pit.  West In-situ S/S
Memphis, AK
Selma Pressure | 1993 | PCP, Dioxins, Cement, Carbon, Bentonite, Proprietary
Treating, Selma, CA CCA Product
Ex-Situ S/S
Network Underground | 1995 | PCB, metals, | Cement, Bentonite, Slurry
Quarry Atlanta, GA petroleum products In-Situ S/S
(Georgia Power)
Pepper Steel 1987 | PCB, Lead Cement, Fly Ash, Organophilic clay (15% in
Hialeah, FL 1988 | Arsenic total)
In-Situ S/S
Astra,Pyrotechnics, 2000 | Zinc, Lead, Nickel, | 20% Cement
Dartford Kent Chromium Ex-Situ
Ardeer, Ayshire 1995 | Silicon, Copper, Zinc | Cement, PFA
In-Situ
Union Canal, Scotland | 2000 | Metals and organics PFA and Cement
Ex-situ,
Hazardous Waste | 1994 | Mixed metals Proprietary Product
Landfill, Paris Ex-situ
Hazardous Waste | 2000 | Mixed metals Proprietary Product
Landfill, Angers Ex-Situ
CURRENT STATUS

Substantial funding for the basic programme of work has been received in the UK and the
USA to date. Three SUPERFUND sites have been sampled by the US EPA/University of New
Hampshire with the remainder due for completion by the Autumn of 2004. Sampling, in the
UK, will commence during the summer of 2004. A fourth UK site of 20 years in age, is
currently being evaluated for inclusion in the project. PASSiFy has recently obtained CL:AIRE
Approved Project Status.

DELIVERABLES

The work outlined in this research is designed to provide valuable data on the long-term
performance of S/S technology so that the risks associated with applications of S/S
technology can be quantified and effectively managed.

The main deliverables of the work are anticipated to be:

e Data to show whether S/S waste forms continue to meet their compliance criteria with
time; Identification of risk or critical performance indicators from the assessment of waste
form microstructure and phase chemistry;

¢ Knowledge and understanding of how the S/S waste forms are expected to behave in
their environment of service over extended time-frames

e A commercially available risk management toolbox for improved stakeholder confidence
in S/S technology.
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