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   Memo 
To: Walter Van Veen, P.Eng., CRA 

From: Dr. Mark King, P.Geo., CGWP 

Date: July 19, 2004 

Re: Review of Proposed Bioremediation Alternatives - Sydney Tar Ponds and Coke Ovens 

 

 
1.0 Introduction 
 
This memo documents an evaluation of bioremediation alternatives for addressing organic 
contaminants at the Tar Ponds and Coke Ovens Sites, in Sydney, Nova Scotia.  It has been prepared 
at the request of the Sydney Tar Ponds Agency, to assist in their consideration of these alternatives.  
The objective of this report is to present technical considerations regarding the feasibility of 
bioremediation for the following potential applications: 
 
• The landfarming component within Option 1 for the Coke Ovens, as described in the Remedial 

Action Evaluation Report (RAER) by CBCL (2003); 
• The oxidant delivery system identified by CRA (pers. comm., 2004) as a potential enhancement for 

the above noted Coke Ovens landfarming component; and 
• The oxidant delivery system identified by CRA (correspondence, 2003) as an enhancement to the 

Tar Ponds Option 1, described in the RAER. 
 
This assessment is based on literature and experience in the field of bioremediation.  It also uses site-
specific information on organic contaminant distributions, physical site features and chemical 
characteristics.  This assessment does not address metals concentrations that exceed Site Specific 
Target Levels (SSTLs), since they are generally not amenable to bioremediation.  Considerations for 
metals remediation are provided in the RAER.   
 
2.0 Background of Bioremediation 
2.1 Process 
 
The organic compounds that exceed SSTLs at the Tar Ponds and Coke Ovens Sites represent two 
main compound groups: Polycyclic Aromatic Hydrocarbons (PAHs) and petroleum hydrocarbons.  
These constituents have originated from organic liquids including coal tar and petroleum products.  The 
environmental breakdown of these compounds occurs through a process known as oxidation, where 
an electron is transferred from the organic compound to a substance known as an electron acceptor or 
an oxidant. 

Through this process, the organic compound is said to be oxidized, and the oxidant is reduced.  
Consequently, a balance exists which can be used to predict the amount of oxidant required to oxidize 
a given amount of organic contaminant.  The following example shows the overall oxidation reaction for 
the PAH naphthalene, and indicates the balance between oxidant and organic compound: 

C10H8 + 13O2  → 10CO2 + 4H2O  ; mass ratio of oxygen:naphthalene = 3.24 
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As indicated, the ratio between the mass of oxygen and the mass of naphthalene in this reaction is 
3.24.  This ratio varies somewhat for different PAHs and petroleum hydrocarbons, but is typically within 
+/- 10% of the naphthalene value. 

Under most environmental conditions, the oxidation of organic compounds is mediated by microbes.  
The energy and the carbon released by the reaction are used to support microbial growth.  
Consequently, the overall process is known as biodegradation, and it occurs naturally to some degree 
when organic compounds are present in the environment.  When there is human intervention to 
manipulate biodegradation in a way that optimizes the reaction rate, it is known as bioremediation. 

Typical oxidants, in the order of those that release the greatest energy to those that release the least, 
are:  dissolved oxygen, nitrate, manganese (IV) oxide and iron (III) hydroxide, sulphate, and carbon 
dioxide.  Since reactions that involve oxygen are the most energetic, the rates of these reactions are 
rapid relative to those of the other oxidants.  Consequently, bioremediation that targets contaminants 
from petroleum and coal tar sources is usually based on the introduction of oxygen to the contaminated 
material. 

Oxygen may be introduced in a variety of forms, including proprietary chemicals, non-proprietary 
chemicals, and natural sources.  ORC (Oxygen Releasing Compound) is a proprietary product 
consisting of magnesium peroxide and over the last decade it has come into common use.  Several 
similar competing products are now available on the market.  Commercial, non-proprietary products 
include chemicals such as hydrogen peroxide and sodium persulphate.  Natural sources of oxygen are 
often used in bioremediation by injecting atmospheric air or aerated water into the contaminated  
media. 

Bioremediation may be conducted for organic compounds that occur in all phases, including: dissolved 
in groundwater, sorbed to soil, in soil vapour, or within an organic liquid (e.g., gasoline or coal tar).  The 
actual reactions, however, are generally considered to occur only in the dissolved phase.  
Consequently, if the contaminants occur in one of the other phases, it is generally considered that they 
must first be transferred to the dissolved phase before they can be accessed by the microbes that 
mediate biodegradation. 

2.2 In Situ versus Ex Situ Bioremediation 
  
A distinction is made between in situ and ex situ bioremediation because of fundamental differences in 
the way these two types of programs are designed.  The term in situ implies that the soil or 
groundwater targeted for bioremediation is treated in its original location and its original form.  In situ 
bioremediation techniques usually involve the circulation of an oxidant and other amendments through 
the contaminated soil.  Either water or air is used as a carrier, depending on whether the soil is 
saturated or unsaturated. 
 
Ex situ bioremediation involves removal of the contaminated media from its original location, to facilitate 
oxidant addition.  The rate of ex situ bioremediation is usually more rapid than in situ, since the 
manipulation of the media provides more complete contact with the oxidant and other amendments.  
Consequently, ex situ bioremediation is preferable to in situ because it takes less time.  It may, 
however, be ruled out for other reasons including cost and accessibility. 
 
2.3 Limitations to In Situ Bioremediation 
2.3.1. Contaminant Type 
 
The organic contaminants present in the Tar Ponds and Coke Ovens Sites (mostly PAHs and 
petroleum hydrocarbons) are known to be amenable to natural biodegradation and bioremediation 
(e.g., Mueller et. al., 1989; King and Barker, 1999).  In general, the rates of biodegradation are most 
rapid for the lower molecular weight compounds such as the monoaromatic compound benzene, and 
the smaller PAHs such as naphthalene.  Reaction rates tend to be slower for the higher molecular 
weight compounds, such benzo(a)pyrene. 
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2.3.2. Residual Organic Liquids 
 
It is widely considered that when an organic liquid (e.g., coal tar or gasoline) is present within the 
subsurface, the organic constituents must first dissolve into water before they become bioavailable.  
This is because the microbes that support biodegradation are not able to survive within the organic 
liquid itself.  Consequently, the rate of biodegradation is limited by the rate of dissolution from the 
organic liquid. 
 
If substantial contaminant mass is present as organic liquid, the time required for transfer to the 
dissolved phase may become a severe limitation on the feasibility of bioremediation.  This can be 
particularly significant for liquids such as coal tar, since the primary constituents have low solubility’s, 
which slows the rate of transfer to the dissolved phase.  NRC (1993) indicates that residual organic 
liquid concentrations of less than 10,000 mg/kg are favourable for in situ bioremediation 
 
2.3.3. Low Permeability 
 
Since in situ bioremediation depends on circulation of an oxidant and other amendments throughout 
the contaminated media, the permeability of the media is a critical factor.  NRC (1993) states that the 
hydraulic conductivity of the contaminated media should be greater than 10

-4
 cm/s, to allow effective 

circulation. 
 
2.3.4. Heterogeneity 
 
NRC (1993) suggests that in situ bioremediation is favoured in relatively uniform geologic media.  A 
high degree of heterogeneity will tend to promote circulation through high permeability zones at the 
expense of low permeability zones.  In extreme cases, the low permeability zones may receive 
negligible remedial benefit. 
 
2.3.5. Oxidant Consumption by Non-Target Organics 
 
Many contaminated media contain a variety of constituents (in addition to the target contaminants) that 
will also consume oxidant.  These constituents may include: methane, hydrogen sulphide, common 
sulphide minerals (e.g., pyrite), peat, wood, ash, coal fines, humic acids, sewage constituents, reduced 
forms of iron and manganese, etc..  In many cases, these constituents are oxidized more rapidly than 
the target contaminants, and may consume the oxidant before it can be used in beneficial 
bioremediation. 
 
2.3.6. Buffering Capacity 
 
As biodegradation proceeds, acidity is generated through the liberation of hydrogen ions.  Unless this 
input of acid is buffered, it will cause a decrease in pore water pH which will inhibit microbial activity.  
NRC (1993) points out the presence of buffering capacity in the form of carbonate minerals is an 
important factor in sustaining bioremediation. 
 
3.0 Tar Ponds 
3.1 Contaminants 
 
The Tar Ponds are the remnants of a tidal estuary known as Muggah Creek, which has been filled in 
along its east side with steelmaking by-products.  The Tar Ponds sediments have accumulated over a 
100 year period of industrialization and urbanization in the surrounding watershed.  Over this period 
raw municipal sewage has also entered the Tar Ponds, through several outfalls. 
 
The target contaminants for bioremediation are primarily PAHs that have originated from coking wastes 
released to the ponds over the years.  The sediments also contain widespread metals contamination 
and isolated occurrences of Polychlorinated Biphenyls (PCBs).  The in-place mass of the contaminated 
sediments has been estimated at approximately 700,000 tonnes (JWEL, 1996).  Since the water 
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content of this material is estimated at 63% (JWEL, 1996), the total dry weight mass is approximately 
430,000 tonnes.  The PAH concentration in this material is typically 6000 mg/kg (dry weight), and 
ranges from 880 to 27,800 mg/kg.  PCB concentrations range up to 2600 mg/kg and 45,000 tonnes of 
sediment has been estimated to contain PCBs at greater than 50 mg/kg.  Under the proposed 
remediation program (CBCL, 2003), the PCB sediments would be removed and the PCBs would be 
destroyed ex situ.  Consequently, the total dry weight mass of contaminated material to remain in the 
Tar Ponds is approximately 400,000 tonnes. 
 
3.1.1. Contaminated Matrix 
 
Physical descriptions of the Tar Ponds sediments indicate a high degree of heterogeneity.  The 
sediment is typically described as having large proportions of coal and coke ranging from gravel- to silt-
size.  The average hydraulic conductivity of the sediments is estimated at 10

-4
 cm/s (JDAC, 2001), 

although significant spatial variability is expected, due to the high degree of grain size variability.  The 
average thickness of the contaminated sediments is estimated at 1.7 m. 
 
Visible coal tar was frequently noted throughout the sediments, as indicated by borehole logs from 
Acres (1985), JWEL (1996) and JDAC (2001).   JDAC (2001) also noted that contaminant distributions 
were erratic within the sediments and speculated that this was due to various depositional influences, 
including tidal currents, time and duration of discharges, and proximity to outfalls. 
 
The organic carbon content and/or Biochemical Oxygen Demand (BOD) of the Tar Ponds sediments 
has not been characterized.  On the basis of physical observations, however, it is expected that the 
oxidant demand of the sediment matrix is many times larger than that of the target contaminants.  
Some of the matrix constituents that are expected to have a high oxidant demand include coal and 
coke particles, coal tar, organic silt, and sanitary sewage particles.  The high organic carbon content of 
the sediments is indirectly illustrated by the bulk heating value, measured at 19,860 kJ/kg.  This value is 
comparable to sub-bituminous coal. 
 
3.1.2. Pore Water Constituents 
 
The pore water of the Tar Ponds sediments has not been directly sampled.  JDAC (2002) and other 
investigators have determined, however, that the ponds receive groundwater discharge from the 
surrounding area.  Groundwater sampling from monitor wells near the pond shoreline typically indicates 
the occurrence of elevated levels of dissolved iron and manganese, which may be indicative of 
elevated background concentrations for these metals.  Dissolved forms of iron and manganese are 
known to consume oxygen, if it is available.  Consequently, the discharge of groundwater to the Tar 
Ponds is expected to provide an ongoing source of oxidant demand within the Tar Ponds sediments. 
 
In addition, sediment pore water is also expected to contain elevated concentrations of dissolved 
hydrogen sulphide and methane.  Both these gases are readily oxidized, and will contribute to the 
consumption of any oxidant that is injected in support of in situ bioremediation. 
 
3.2 Description of Tar Ponds Bioremediation Option 
 
The in situ bioremediation option for the Tar Ponds was put forward by CRA (correspondence, 2003), 
as a means of achieving limited treatment of target contaminants, although their memo stated that it is 
unlikely to reach satisfactory  cleanup levels within a reasonable time frame.  In situ bioremediation  
was identified as a potential alternative to in situ solidification/stabilization, which was suggested as a 
component of Tar Ponds Option 1 in the RAER.  Both the in situ bioremediation and the 
solidification/stabilization alternatives would also involve capping of the Tar Ponds sediments. 
 
The conceptual design of the in situ bioremediation alternative involves circulation of an aqueous 
solution containing oxidant and nutrients throughout the sediments.  The circulation would be 
conducted through a network of buried pipes installed after capping.  Three oxidant options were 
identified, including: ORC, hydrogen peroxide, and sodium persulphate.  CRA identified several 
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potential limitations to this approach, including: increased contaminant mobility, and excessive 
remediation times. 
 
3.3 Remedial Goals for In Situ Bioremediation 
 
It is understood that quantitative remediation goals have not been set for the in situ bioremediation 
alternative (CRA, pers. comm., 2004). Rather, it has been suggested that this alternative would be 
implemented if it was cost effective and would achieve a “significant” decrease in contaminant 
concentrations and mass.  For the purposes of this assessment, a “significant” decrease in PAH 
concentration (CPAH) was somewhat arbitrarily defined as a 50% decrease (CRA, pers. comm., 2004).  
Given the initial average concentration of 6000 mg/kg (JDAC, 2002), a decrease of 3000 mg/kg would 
be considered significant. 
 
It is further noted that the capping component of the corrective action is designed to address the risk 
associated with the sediments, by greatly reducing the potential for exposure.  The additional risk 
reduction provided by in situ bioremediation may therefore be negligible, even if it were effective in 
decreasing contaminant concentrations. 
 
3.4 Evaluation of Factors Affecting Tar Ponds In Situ Bioremediation 
3.4.1. Hydraulic Conductivity 
 
The hydraulic conductivity of the Tar Ponds sediments is expected to limit the potential effectiveness of 
in situ bioremediation.  Sediment conductivity has been estimated at 10

-4
 cm/s, which is at the low end 

of the feasible range.  It is expected that the effectiveness would be limited by resistance to fluid 
circulation. 
 
In addition, the Tar Ponds sediments are highly heterogeneous, with the co-occurrence of fine-grained 
deposits and silty/gravelly layers.  This high degree of heterogeneity is unfavourable for in situ 
bioremediation, since it will lead to preferential flow and will cause some sediment zones to receive 
minimal exposure to the circulated oxidant. 
 
3.4.2. Type and Form of Contaminants 
 
The target contaminants in the Sydney Tar Ponds sediments (i.e., PAHs) are known to be treatable by 
in situ bioremediation, under appropriate conditions.  It is considered however, that the occurrence of 
residual coal tar throughout the sediments makes in situ bioremediation infeasible.  The rate of PAH 
dissolution from the coal tar to the sediment pore water will be excessively slow due to the low solubility 
of these constituents. 
 
3.4.3. Competition for Oxidant – Other Organics 
 
It has been noted that several constituents within the matrix of the Tar Ponds sediment would compete 
with the target contaminants, for any oxidant that is circulated through the sediments.  It is considered 
that the effect of these competing constituents is so substantial that it renders in situ bioremediation 
infeasible. These competing constituents include: organic carbon associated with sewage waste, 
organic silt, dissolved iron and manganese, hydrogen sulphide, methane, and coal/coke fines.  
Accurate quantification of this additional oxidant demand is not possible with existing information.   It is 
considered, however, that it is at least ten times greater than the oxidant demand of the target PAHs.   
 
The quantity of oxidant to required to achieve significant PAH reduction is, therefore, much greater than 
the oxidant demand of the PAHs alone.  Furthermore, many of competing constituents will oxidize more 
rapidly than PAHs.  For example, dissolved iron will oxidize within minutes of exposure to oxygen.  
Similarly, much of the organic carbon associated with sewage would biodegrade more rapidly than 
PAHs.  It is therefore expected that much of the oxidant will be preferentially consumed through 
processes that provide no benefit to the in situ bioremediation program. 
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3.4.4. Evaluation of Oxidant Requirement 
 
An estimate of the quantity of oxidant required to achieve a significant reduction of PAHs in Tar Ponds 
sediments was developed to support the assessment in situ bioremediation feasibility.  The values and 
assumptions used to generate this estimate are as follows: 
 
• The total dry weight mass of contaminated Tar Ponds sediments to be treated is (QTP) is 400,000 

tonnes = 4x10
8
 kg; 

• A “significant” decrease in PAH concentration (CPAH) is somewhat arbitrarily defined as a 50% 
decrease;  given the initial average concentration of 6000 mg/kg, a decrease of 3000 mg/kg = 
3x10

-3
 kg/kg is considered significant; 

• The oxidant would be provided in the form of an injected aqueous solution of hydrogen peroxide 
(CRA, 2004); since hydrogen peroxide (H2O2) dissociates to water (H2O) and dissolved oxygen, 
the mass of available oxygen is 47% of the hydrogen peroxide mass; 

• The cost/kg of hydrogen peroxide ($HP) would be no less than $3 CDN/kg (FMC, pers. comm.); 
and 

• The stoichiometric ratio for PAH oxidation by oxygen (RO), as represented by naphthalene, is 
3.24:1as O2:PAH (wt:wt; see Section 2.1); therefore, the stoichiometric ratio for PAH oxidation by 
hydrogen peroxide (RHP) is (3.24/0.47):1 = 6.9:1 as hydrogen peroxide:PAH.   

 
Based on the above, the estimated hydrogen peroxide cost (COSTHP) to oxidize a mass of PAHs equal 
to one half the quantity in the Tar Ponds sediments is given by: 
 

COSTHP  = QTP  x  CPAH   x  RHP x  $HP 
  = (4x10

8
 kg) x (3x10

-3
 kg/kg) x (6.9) x  (3 $/kg) 

   = $24,840,000 ~ $25,000,000 
 
With the additional oxidant-consuming constituents within the Tar Ponds sediments, the actual 
hydrogen peroxide cost for in situ bioremediation of the PAHs would be considerably greater than this 
estimate, perhaps by a factor of 10 or more.   This estimate does not account for oxygen de-gassing 
from the subsurface, which often occurs with hydrogen peroxide injection.  It is also exclusive of other 
costs associated with design, operation and maintenance of the in situ bioremediation system.  The 
actual hydrogen peroxide requirement should be estimated through bench testing, if additional 
evaluation is required for this alternative. 
 
This cost is obviously large, especially when the additional sources of oxidant demand are considered.  
The cost will vary somewhat, depending on the type of oxidant that is injected, but it will remain 
substantial due to the large mass of contaminated sediment.  This cost appears to be so large that it 
renders in situ bioremediation infeasible, although that determination is ultimately the decision of the 
site stakeholders. 
 
3.5 Buffering Capacity 
 
Measurements of the carbonate content and buffering capacity of the Tar Ponds sediments are not 
known to be available.  Bioremediation bench-testing by Grace Canada Inc. (Vaughan, 2002), 
however, provide an indirect indication of minimal buffering capacity.  Grace found that sediment pH 
decreased from near neutral (~7.0) to less than 4.0 over the duration of the bench test.  They also 
found that pH continued to return to very acidic values even after repeated addition of a buffer (calcium 
oxide). 
 
Grace speculated that the lack of substantial PAH biodegradation in the bench test may have been the 
result of this excess acidity, which produced an unfavourable environment for PAH-degrading 
microbes.  Although these results are not extensive, they indicate that in situ bioremediation of the Tar 
Ponds sediments would likely be hindered by lack of buffering capacity and accumulation of excess 
acidity. 
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4.0 Coke Ovens 
4.1 Contaminants 
 
The Coke Ovens site was a base for coke manufacturing from about 1901 to 1988.  The target for 
bioremediation is PAHs and benzene in shallow soil, as described in the RAER (CBCL, 2003).  The 
RAER states that the areas where these constituents should be addressed include the Domtar Site and 
the Coke Storage Area.  Figure 7.1 in the RAER refers to this zone as the “In situ landfarming & clean 
soil cover area”, with a total area of 207,838 m

2
.  The target for remediation is shallow soil, to a depth of 

0.5 m.  The volume of soil to be treated is therefore approximately 104,000 m3.  This equates to a 
contaminated soil mass of approximately 187,000 tonnes, assuming a dry bulk density of 1.8 tonnes/m

3
 

(typical). 
 
4.2 Contaminated Matrix 
 
Surface soil on the Coke Ovens Site typically consists of loose, coarse industrial fill containing varying 
amounts of ash, coal, coke, coal tar, cinders, slag, brick, wood, creosoted timbers, buried concrete and 
metal.  These materials typically occur within a matrix of re-worked till consisting of silty gravelly sand.  
In localized areas, the fill is more fine-grained and compact due to a larger component of re-worked till 
(JDAC, 2001).  Other localized areas consist almost entirely of construction debris, and subsurface 
infrastructure (e.g., drains, sewers, conduits) is common throughout the area.  Coal tar, benzene 
odours and sheens were noted in soils throughout the site, but were noticeably heavier at the Domtar 
Site and the Coke Storage Area.   
 
The average hydraulic conductivity of the industrial fill was 3.5x10

-4
 cm/s (JDAC, 2002). It was 

determined to be highly heterogeneous, with conductivity measurements ranging from 10
-2
 to 10

-7
 cm/s.  

The presence of subsurface infrastructure is also expected to add to the heterogeneity of the fill, since it 
would tend to provide preferential pathways for flow. 
 
The water table depth is variable throughout the Coke Ovens Site, but is generally greater than one 
metre.  Consequently, the majority of the target treatment zone (upper 0.5 m of soil) is unsaturated.  
Groundwater underlying the site is known to contain elevated hydrocarbons, and other constituents that 
represent an oxidant demand, especially dissolved iron and manganese.  These groundwater 
constituents, however, are not expected to consume oxidant, since the water table is below the shallow 
target zone. 
 
4.3 Description of the Coke Ovens Bioremediation Options 
 
Two bioremediation techniques have been identified to address target contaminants (i.e., PAHs and 
benzene) in shallow soil on the Coke Ovens Site.  The first technique was described in the RAER 
(CBCL, 2003) as part of “Coke Ovens Site Cleanup Option 1”.  This technique involves a procedure 
known as “landfarming”, where long term soil tilling is conducted.  It is considered a bioremediation 
technique, since the tilling promotes biodegradation by mixing atmospheric air into the soil.  Significant 
remedial benefit may also be realized through volatilization associated with the more volatile 
constituents such as benzene.  It is not considered an in situ approach, since it involves substantial 
manipulation of the soil structure. 
 
In the proposed landfarming technique, surface soil would be tilled in its current location.  The RAER 
briefly identifies some of the key design components of the program, including: irrigation, aeration, 
additive mixing and runoff collection.  It also identifies volatile emissions as a potential problem, but 
indicates that this problem should be minimal due to the nature of the contaminants.  The RAER states 
that landfarming would be used to address surface soils where PAH and benzene concentrations 
exceed the Site-Specific Target Levels (SSTLs) derived by JDAC (2002). 
 
A potential enhancement was identified by CRA (2004) as another potential means of addressing the 
target contaminants in shallow soil.  This technique would involve in situ bioremediation where an 
oxidant would be circulated throughout the contaminated soil.  It is assumed that the area and volume 
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to be treated by this approach would be the same as that identified for landfarming.  The oxidant would 
likely be hydrogen peroxide, or another commercially available material such as ORC or sodium 
persulphate.  To date, the system has only been identified as a preliminary concept. 
 
4.4 Remedial Goals for Bioremediation at the Coke Ovens 
 
As stated in the RAER, the remedial goal for bioremediation of shallow soil at the Coke Ovens is to 
meet Site-Specific Target Levels (SSTLs) for PAHs and benzene.  SSTLs have been derived by JDAC 
(2002) for individual PAHs, and they range from 28.2 mg/kg for pyrene to 449 mg/kg for naphthalene.  
Areas containing excessive PAH concentrations are identified for landfarming on Figure 7.1.  Average 
or typical PAH concentrations over these areas have not been derived in the RAER and, therefore, 
estimates of total contaminant mass in this area are not available. 
 
It is further noted that the capping component of the corrective action is designed to address the risk 
associated with shallow soil, by greatly reducing the potential for exposure.  The additional risk 
reduction provided by landfarming or in situ bioremediation may therefore be negligible, even if they 
were effective in decreasing contaminant concentrations. 
 
4.5 Evaluation of Factors Affecting Bioremediation at the Coke Ovens 
4.5.1. Types of Contaminants 
 
The target contaminants in the shallow soil at the Coke Ovens Site (i.e., PAHs and benzene) are 
known to be treatable by bioremediation, under appropriate conditions.  It is considered however, that 
the occurrence of PAHs within the residual coal tar present throughout much of the soil will limit the 
feasibility of in situ bioremediation.  The presence of coal tar represents a less significant limitation for 
landfarming, since the continuous tilling would tend to spread the coal tar throughout the soil, 
enhancing its dissolution and biodegradation. 
 
4.5.2. Hydraulic Characteristics of Shallow Soil 
 
The high degree of heterogeneity noted for shallow Coke Ovens soil is unfavourable for in situ 
bioremediation, since it will lead to preferential flowpaths for any water-borne oxidant.  The landfarming 
alternative would not be subject to this limitation, since the soil would be effectively homogenized as 
tilling proceeds. 
 
4.5.3. Competition for Oxidant – Other Organics 
 
Observations of the shallow soil indicate that it contains other sources of organic carbon, in addition to 
the target contaminants, that have an inherent oxidant demand.  These additional organic carbon 
sources would limit the effectiveness of in situ bioremediation.  They would be less of a concern for the 
landfarming alternative, however, since the rigourous soil manipulation introduces surplus oxidant. 
 
Groundwater underlying the site also contains constituents such as dissolved hydrocarbons, iron and 
manganese, which will consume oxidant if it becomes available.  Since the water table occurs below 
the shallow soil zone, however, these constituents are not expected to affect in situ bioremediation or 
landfarming.  Nevertheless, it is noted that retention of the oxidant within the shallow soil would be a 
design challenge for the in situ bioremediation technique, since the shallow soil is unsaturated. 
 
4.5.4. Operational Constraints 
 
With regard to landfarming, it is evident that the large quantity of construction debris and rubble, as well 
as concrete foundations and underground infrastructure represent a substantial impediment to tilling.  It 
would be necessary to remove and dispose of this material before tilling could be conducted.  The cost 
for removal and disposal has been estimated at $1.8 million in the RAER.  This operation has many 
unknown elements, however, and may be more difficult than assumed. 
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The RAER also identifies volatile emissions as a potential problem, but indicates that this problem 
should be minimal due to the relatively non-volatile nature of the contaminants.  Nevertheless, the 
RAER states that the landfarming operation should be suspended if it causes air quality problems.  On 
the basis of past experience on other sites it is possible, due to the sheer size of the area to be 
landfarmed that noticeable hydrocarbon odours may occur.  Dust emissions could also occur if the 
material is allowed to become excessively dry. 
 
A major operational constraint associated with the in situ technique is the control of the water-borne 
oxidant.  Since the surface soil is located above the water table, any fluid injected into this zone will 
tend to migrate downwards to the water table, moving out of the target treatment zone.  This loss of 
oxidant from the treatment zone will increase the cost of the remediation.  Capture and re-injection of 
groundwater from under the treatment zone could be a partial solution to this problem, but substantial 
oxidant loss will still occur as the water-borne oxidant comes in contact with deeper contaminated soil 
and groundwater. 
 
4.5.5. Evaluation of Oxidant Requirement 
 
For the landfarming alternative, the oxidant would be provided in the form of oxygen within atmospheric 
air, mixed into the soil during tilling.  As long as the soil is tilled frequently, the supply of oxidant would 
not limit the rate of bioremediation. 
 
For the in situ bioremediation alternative, an approximation has been generated to place general 
bounds on the oxidant requirement.  The assumptions used in this approximation are as follows: 
 
• The total dry weight mass of contaminated shallow Coke Ovens soil that requires remediation 

(QCO) is 187,000 tonnes = 1.87x10
8
 kg (CBCL, 2003); 

• The required decrease in total PAH concentration (CPAH) is expected to be between 100 and 1000 
mg/kg (10

-4
 to 10

-3
 kg/kg, respectively); 

• The oxidant would be provided in the form of an injected aqueous solution of hydrogen peroxide 
(CRA, 2003 ); since hydrogen peroxide (H2O2) dissociates to water (H2O) and dissolved oxygen, 
the mass of available oxygen is 47% of the hydrogen peroxide mass; 

• The cost/kg of hydrogen peroxide ($HP) would be no less than $3 CDN/kg (FMC, pers. comm., 
2004); and 

• The stoichiometric ratio for PAH oxidation by oxygen (RO), as represented by naphthalene, is 
3.24:1as O2:PAH (wt:wt; see Section 2.1); therefore, the stoichiometric ratio for PAH oxidation by 
hydrogen peroxide (RHP) is (3.24/0.47):1 = 6.9:1 as hydrogen peroxide:PAH.   

 
Based on the above, the estimated hydrogen peroxide cost (COSTHP) to oxidize 100 mg/kg of PAH in 
187,000 tonnes of soil is given by: 
 

COSTHP  = QTP  x  CPAH   x  RHP x  $HP 
  = (1.87x10

8
 kg) x (10

-4
 kg/kg) x (6.9) x  (3 $/kg) 

   = $387,090 ~ $400,000 
 
Consequently, the estimated cost range for the hydrogen peroxide required to oxidize between 100 and 
1000 mg/kg PAH is from $400,000 to $4,000,000.  With the additional oxidant-consuming constituents 
within the shallow soil, the actual hydrogen peroxide cost for in situ bioremediation of the PAHs would 
be considerably greater than this estimate, perhaps by a factor of 2-10, or more.   This estimate does 
not account for oxygen de-gassing from the subsurface, which often occurs with hydrogen peroxide 
injection.  It is also exclusive of other costs associated with design, operation and maintenance of the in 
situ bioremediation system.  The actual hydrogen peroxide requirement should be estimated through 
bench testing, if additional evaluation is required for this alternative. 
 
This cost is obviously large, especially when the additional sources of oxidant demand are considered.  
The cost will vary somewhat, depending on the type of oxidant that is injected, but it will remain 
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substantial due to the large mass of contaminated soil.  The final determination of the significance of 
this cost is the decision of the site stakeholders. 
 
5.0 Summary and Conclusions 
 
An evaluation of key considerations for applying bioremediation at the Tar Ponds and Coke Ovens 
Sites has been conducted.  Conditions that are generally favourable for in situ bioremediation have 
been identified, and compared with those at the two sites. 
 
In situ bioremediation is typically based on an engineered system that  delivers an oxidant and nutrients 
to the contaminated media.  For soils, the likelihood that such a system will achieve significant benefit 
depends on the occurrence of certain favourable conditions, including: 1) relatively high hydraulic 
conductivity (generally greater than 10

-4
 cm/s), 2) contaminated media with relatively uniform hydraulic 

conductivity, 3) minimal presence of residual organic liquids, 4) presence of carbonate minerals to 
buffer decreases in pH and, 5) absence of substantial competition for oxidants. 
 
Tar Ponds Sediments 
 
It is concluded that conditions within the contaminated Tar Ponds sediments are not favourable for in 
situ bioremediation.  Some of the considerations that lead to this conclusion are as follows: 
 
• Observations of the sediment indicate a high degree of heterogeneity, and a relatively low 

hydraulic conductivity of 10
-4
 cm/s, which is at the low end for in situ bioremediation feasibility. 

• The occurrence of separate phase coal tar throughout the sediments is expected to limit the rate of 
contaminant biodegradation due to the slow rate of dissolution from the coal tar to the sediment 
pore water. 

• The sediments apparently contain minimal carbonate material to buffer the input of acidity to the 
sediment pore water as biodegradation proceeds.  It is expected that in situ bioremediation would 
lead to an acidic environment which would inhibit the activity of PAH-degrading microbes. This 
effect was already observed when ex situ bioremediation of the Tar Ponds sediments was tested 
at the bench-scale. 

• Tar Ponds sediments contain substantial masses of other constituents (in addition to the target 
contaminants) that would consume oxidant that is introduced for in situ bioremediation.  Rough 
estimates indicate that the oxidant demand of these other constituents would be considerably 
higher than that of the target contaminants.  These constituents would greatly increase the cost of 
oxidant delivery and impose practical limits on bioremediation efficiency. 

• It is estimated that the oxidant cost to achieve a significant decrease in PAH concentration would 
be more than $24,000,000, assuming the use of hydrogen peroxide.  The effect of other potential 
oxidant consumers (e.g. sewage, natural organic silt, dissolved iron and manganese, methane, 
and hydrogen sulphide) is not included in this estimate, but is expected to be substantial.  This high 
cost may render the approach infeasible, although that assessment is ultimately the decision of the 
site stakeholders. 

 
It is noted that Tar Ponds corrective action includes sediment capping, which is designed to address 
the risk associated with the sediments by greatly decreasing the potential for exposure.  The additional 
risk reduction provided by in situ bioremediation may therefore be negligible, even if it were effective in 
decreasing contaminant concentrations and mass. 
 
Coke Ovens 
 
It is concluded that conditions within the shallow Coke Ovens soil are not favourable for in situ 
bioremediation although they may be favourable for landfarming, pending further evaluation of cost and 
odour issues.  Some of the considerations that support these conclusion are as follows: 
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• The hydraulic conductivity of the shallow soil is at the low end of the range considered favourable 
for in situ bioremediation.  The soil is also highly heterogeneous, which further limits the 
effectiveness of in situ bioremediation.   Both of these considerations would not limit the 
effectiveness of landfarming, since the tilling would homogenize the soil and increase the 
permeability. 

• The other sources of oxidant demand that are present in the shallow soil (in addition to the target 
contaminants) are expected to consume substantial amounts of oxidant and to limit the 
effectiveness of in situ bioremediation.  This is not considered a limitation for landfarming, since this 
method tends to introduce a surplus of oxidant. 

• The control of oxidant circulation presents a practical design challenge for in situ bioremediation.  
Since the shallow soil is located above the water table, a method for preventing the loss of 
circulating fluid and oxidant to deeper soil and groundwater is required. 

• The required decrease in PAH concentration in shallow soil has been roughly estimated at 
between 100 and 1000 mg/kg throughout the shallow soil.  The cost of the hydrogen peroxide 
required to oxidize this mass of PAHs is estimated at between $400,000 and $4,000,000.  The 
effect of other potential oxidant consumers within the shallow soil is not included in this estimate, 
but would substantially increase this oxidant cost.  The oxidant cost would also increase due to de-
gassing of oxygen from the shallow soil.  The cost implications of both these effects should be 
quantified with specific testing, if the in situ technique is to be further evaluated.  The cost for in situ 
bioremediation is high, especially at the mid to upper end of the estimated range. This high cost 
may render the approach infeasible, although that assessment is ultimately the decision of the site 
stakeholders. 

• While it is expected that landfarming could have a beneficial effect on contaminant biodegradation, 
it is also expected that operational issues would pose practical problems. The difficulty and 
expense of preparing the site for landfarming (i.e., removing subsurface debris and infrastructure) 
should be confirmed.  The potential for landfarming to produce objectionable hydrocarbon odours 
and dust should also be further evaluated. 

 
It is noted that the proposed Coke Ovens corrective action includes a capping component which is 
designed to address the risk associated with shallow soil, by greatly decreasing the potential for 
exposure.  The additional risk reduction provided by landfarming or in situ bioremediation may therefore 
be negligible, even if they were effective in decreasing contaminant concentrations. 
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Please contact me if you would like to discuss the above, or if you require any additional 
information. 
 
Best Regards 
 
 
 
Mark King 


