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ABSTRACT:  Water bodies like lakes, ponds, and rivers become contaminated due to industrial and agricultural 
activities around them. The contamination of these water bodies affects the native benthic flora and fauna as well 
as the groundwater. The contaminants enter the food chain through the organisms that dwell on the sediments 
and ultimately affect the human health. Thus, the contaminated sediments pose serious risk to the environment 
and society. Many technologies are available for remediation of the contaminated sediments like dredging or 
excavation and disposal, dredging and treatment of sediments on- or off- site, in situ capping, reactive barriers 
etc. Of the many options, in situ capping is considered to be more attractive as it provides quick barricade between 
contaminants and the water and requires lesser equipment in regards to excavation, treatment and disposal. There 
are various alternatives available for in situ capping. In this study, two alternative capping systems (conventional 
capping and modified capping) were considered and sustainability assessment was carried out based on triple 
bottom line life cycle assessment (LCA). A comparison was made between the two capping systems based on 
environmental, economic and social sustainability.  
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1 INTRODUCTION 

Industrial and agricultural activities are major 
sources of contamination of water bodies like 
lakes, ponds and rivers. Industries and 
agricultural activities are based near water bodies 
for the easy access of water in their various 
processes (Sharma and Reddy, 2004). 
Contamination of water bodies not only affect the 
aquatic organisms through sediment 
contamination but also affect the human health as 
the contaminants can enter the food chain through 
the consumption of fishes and other aquatic 
plants.  

Various technologies have been developed to 
mitigate the problems of contaminated 
sediments. There are two types of remediation 
technologies; removal and nonremoval 
technologies (Sharma and Reddy, 2004). 
Removal technologies involve dredging and 
disposal of the contaminated sediments whereas 
nonremoval technologies involve in situ capping 
and in situ treatment. In situ capping is a process 
of creating a barrier between the contaminants 
and the environment by placing layers of 
materials over the contaminated sediments. In 
situ capping technologies are gaining eminence 
as these technologies cause less disturbance to the 
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sediment thus minimizing the risk of exposure to 
aquatic organisms as well as environment. 

Numerous in situ capping systems have been 
developed. The prime goal of all the in situ 
capping systems is containment of the 
contaminants. The decision making in choosing 
one particular capping option is usually driven by 
the total cost and time frame involved in the 
project. The environmental as well as social 
impacts incurred during the construction and 
operation phases are generally not taken into 
account. As the concept of green and sustainable 
remediation is gaining prominence, the decision 
making has become more transparent and easier. 

Sustainability is not limited to environmental 
aspects, it is an integration of environmental, 
economic and social pillars of sustainability. 
Various organizations such as U.S. 
Environmental Protection Agency (U.S. EPA), 
Sustainable Remediation Forum (SURF), 
Interstate Technology and Regulatory Council 
(ITRC) and American Society of Testing and 
Materials (ASTM) have been advancing in 
developing frameworks for integration of the 
three pillars of sustainability (Reddy and Kumar, 
2018). Similarly, various multi-criteria decision 
making tools like Integrated Value Model for 
Sustainable Assessment (MIVES) and Analytic 
Hierarchy Process (AHP) are being increasing 
used for decision making in remediation projects. 
MIVES is a methodology which incorporates 
multi-criteria decision making method to define 
holistic sustainability models and obtain a unique 
sustainability index value for a project (Pons et 
al. 2016). 

In this study, a case study is presented that 
shows a triple-bottom line sustainability 
assessment of two in situ capping technologies 
using the MIVES methodology to determine the 
most sustainable capping technology among the 
two options. 

2 SITE BACKGROUND 

2.1 Site description 

Cedar Lake is an approximately 150 acre lake 
located just north of downtown Cedar Rapids in 
Iowa, USA. The site location is shown in Figure 
1. Cedar Lake is divided into two main sections 
roughly bisected by a railroad causeway. The 
portion north of the causeway includes North 
Lake, which is approximately 80 acres in size and 
West Lake, which is approximately 10 acres in 
size. The portion south of the causeway includes 
South Lake, which is approximately 60 acres in 
size. 
 

 
Figure 1. Site location map 

 
Cedar Lake is currently fed from three sources: 

a small creek called McLoud Run, treated cooling 
water from Cargill Incorporated and the 
Kenwood Ditch Outfall as shown in Figure 2.  
The Kenwood Ditch Outfall is a 19 x 10 ft box 
culvert that discharges into South Lake during 
storm events.  This sewer serves a drainage basin 
comprising approximately 6 square miles of 
Cedar Rapids, including residential and 
commercial areas.  

The geology of the site consists primarily of 
quiet-water sediments within North Lake. South 
Lake is dominated by the delta deposit near the 
Kenwood Ditch Outfall, which consists of 
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coarser-grained sand and gravel deposits near the 
outfall which grade finer with distance. Material  
Contributions are accepted on the understanding 
that the paper is original and has not been 
published before. 

Currently, Cedar Lake and specifically North 
Lake, is used by the public for fishing and 
paddling sports. Because of the industrial sites 
and railroad lines along the south shore, access to 
South Lake is more restricted.  

 

 
Figure 2. Cedar lake water source (Source: Iowa De-

partment of Natural Resources) 

 

2.2 Risk assessment 

A preliminary site investigation was conducted in 
1994 in which an elevated concentrations of both 
PCBs and pesticides was found throughout the 
North Lake and South Lake with concentrations 
up to 1 part per million (ppm). In the winter of 
2016 to 2017, the Iowa Department of Natural 
Resources (DNR) conducted a Phase II site 
assessment at Cedar Lake to further define the 
extent of contamination. Samples were from the 
top 2 feet of sediment across the Lake. 

Currently, there is no established risk levels for 
sediments within the Iowa Brownfield 
Assessment program. In lieu of official standards, 
samples were compared to the National Oceanic 
and Atmospheric Administration (NOAA) 
Probable Effects Concentration (PEC), NOAA 
Threshold Effects Concentration (TEC) and the 

EPA Region III Sediment Benchmarks. The EPA 
benchmarks were generally equivalent to the 
TEC hence, only PEC and TEC are discussed in 
further detail. The TEC is the concentration at 
which a negative environmental or ecological 
impact may be observed while the PEC is the 
concentration at which a negative environmental 
or ecological impact is likely to be observed. For 
the risk assessment, the PEC was used as the 
screening level for defining the areas which 
require remediation. 

As shown in Figure 3, multiple samples 
located within South Lake by the Kenwood Ditch 
Outfall exceeded the PEC for either pesticides or 
PCBs. The final area was determined by using the 
halfway rule. Half the distance between a sample 
exceeding the PEC and a sample below the PEC 
was determined to be the edge of remediation. A 
total of 90,000 square feet (ft2) of sediment 
exceed the PEC for at least one contaminant of 
concern and will require further remediation. 

 

 
Figure 3: Results of sampling events at Cedar Lake 

and location of area requiring further remediation. 

(Source: Iowa Department of Natural Resources) 
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2.3 Remedial options evaluation 

The primary goal of remediation is to contain the 
contaminants and prevent contamination of water 
in the lake and benthic organisms. Two in situ 
capping technologies are considered in this study: 
1) conventional capping system and 2) modified 
capping with reactive core mat with activated 
carbon. 

A conventional cap with 12 inches of sand with 
an additional 3 inches of sand for overplacement 
allowance and as a factor of safety for the 
exposure potential are considered. Above that, 
four inches thick layer of angular gravel ranging 
in size from one-inch to one and a quarter inches 
would be placed to keep the sand in place and 
limit any potential bioturbation and mixing of the 
cap material due to ebullition. Similar to the sand, 
an additional 3 inches of gravel would be placed 
as an overplacement allowance. Due to the 
location of the target area on a delta that 
experiences periodic high flows, an armored cap 
needs to be installed, especially in the area 
directly adjacent to the Kenwood Ditch Outfall. 
A 4-inch layer of angular stones ranging in size 
from 3 to 4 inches (riprap) is placed on the top as 
an armor. Figure 4a shows a schematic of the 
conventional capping system considered in this 
study. The target area is located near shore and 
has shallow water depths, so capping materials 
can be placed with a backhoe from shore. All cap 
materials can be sourced from a quarry located 
approximately 12 miles from Cedar Lake. Since 
the lake is located in the 100-year floodplain, the 
total storage volume should be kept constant. 
2016 study showed that the top two feet of 
sediments in the North Lake are below risk levels. 
Hence, one foot of sediment will be removed 
from North Lake keeping total volume same as 
the volume of materials introduced in the South 
Lake (195,500 ft3). One foot clean benthic zone 
will still be available in the North Lake for the 
protection of human health and environment 
from contaminants that may be present in the 
deeper depths. The sediments in North Lake are 
generally silts and clays and are therefore not 

suitable for use in the cap. These sediments must 
therefore be disposed of or reused at a different 
site. For the purposes of this evaluation, the 
sediments to be dredged to maintain storage 
volume will also be disposed of as special waste 
due to the historic potential contamination. 

The modified cap, referred to the improvement 
of conventional capping in terms of thickness, 
materials, and efficiency, is similar in design to 
the conventional cap however, a reactive core 
mat consisting of granular activated carbon in 
between two geotextile fabric would be placed 
directly over the contaminated sediment. The 
reactive core mat consisting of 0.4 pounds per 
square foot of granular activated carbon 
(CETCO, 2017) is considered which will adsorb 
any potential contaminants, thereby limiting the 
exposure risk due to ebullition and bioturbation. 
Directly overlying the half-inch thick reactive 
core mat would be 12 inches of sand which will 
act as the benthic zone for aquatic organisms. 
Since the granular activated carbon limits 
potential contaminants from passing through the 
sand, the overlying gravel is not needed and only 
the rip rap armor for high flow will be placed. 
Figure 4b shows a schematic of the modified 
capping system. Similar as conventional capping, 
one foot thick sediment layer will be removed 
from the North Lake to maintain the storage 
volume of the Cedar Lake as a whole. 

    
  (a)                                  (b) 
Figure 4: Conceptual design of (a) conventional cap-

ping and (b) modified capping 

3 SUSTAINABILITY ASSESSMENT 

A triple bottom line sustainability assessment 
was performed for the two capping systems. 
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Environmental sustainability was assessed with 
the help of Life Cycle Assessment (LCA) using 
software SimaPro 8.5. LCA was performed 
according to ISO 14044. LCA assesses the 
environmental impacts associated with the entire 
life cycle of the project from material acquisition, 
construction and use to waste disposal. It 
analyzes the various life cycle stages of the 
project and assess the environmental impacts in 
terms of various indicators like ozone depletion, 
global warming, smog, acidification, 
eutrophication, carcinogens etc. The functional 
unit for performing an LCA was the total square 
feet area of the contaminated sediment requiring 
remediation, which was 90,000 ft2. The input for 
material quantities used for the LCA are shown 
in Table 1. Table 2 shows the location and 
distance of the site to the quarries and the disposal 
site. The impact assessment was performed using 
TRACI (Tool for the Reduction and Assessment 
of Chemical and other environmental Impacts) 
developed by the US EPA (Bare et al. 2002). The 
inventory used in performing LCA were adopted 
from the database in the LCA software. For the 
materials not listed in the database, a dummy 
material which closely represented the properties 
of the original material was created for the use in 
the analysis. 
 
Table 1. Input material quantities associated with 

each remediation option used in LCA 

Material 
Conventional 

capping 

Modified 

capping 

Dredged sediment 
(Dummy-

material-clay) 
(ton) 

16,520 10,457 

Sand (ton) 6,188 4,950 
Gravel (1”-
11/4”)(ton) 3,019 - 

Gravel (3”-
4”)(ton) 1,725 1,725 

Geotextile fabric 
(ton) 

- 21.2 

Granular 
Activated Carbon 

(GAC)(ton) 
 1.8 

Table 2. Location of raw material sources and dis-

posal sites 

Source/Location Material Distance(km) 

Covanta 
Environmental 

Solutions in Cedar 
Rapids, IA 

Dredged 
sediment 

10.6 

Martin Marietta 
Quarry - Cedar 
Rapids, Iowa 

Sand 

16.25 
Gravel- 

(1”-1 ¼”) 
Gravel- 
(3”-4”) 

CETCO, Arlington 
Heights, IL 60004 

Reative 
Core Mat 
(RCM) 

396 

 
The economic assessment was based on the 

direct cost associated with the materials and the 
processes involved in each capping option. The 
direct cost includes the cost of the materials, 
transportation, disposal, operation and labor. 
Indirect costs associated with the capping options 
are also included such as the social cost of 
greenhouse gases like carbon dioxide (CO2). 
Total direct and indirect costs were determined 
for each capping option. 

Quantification of the social impacts is a 
challenging job. A few tools like Social 
Sustainability Evaluation Matrix (SSEM) (Reddy 
et al. 2014) have been developed to quantify the 
social impacts. In this study, the social impacts of 
each capping option was assessed by conducting 
an online survey among the students who 
attended remediation course and faculties and 
professionals working in the field of remediation. 
Indicators describing the impact of each of the 
capping option on social aspects at the individual, 
community, economic and environmental levels 
were chosen. The four major areas of social 
aspects (socio-individual, socio-community, 
socio-economic and socio-environmental) were 
further divided into sub-categories or indicators. 
Table 3 shows various indicators used for social 
sustainability assessment. 
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Table 3. Input material quantities associated with each remediation option used in LCA 

Criteria Indicators 

Socio-individual Overall health and happiness 
Income generating activities 

Contaminant exposure (trespasser, worker) 
Accident risk-injury 
Recreational activity 

Socio-community Appropriateness of future land use with respect to the community 
environment 

Enhancement of commercial/income-generating land uses 

Enhancement of recreational facilities 

Degree of "grass-roots" community outreach and involvement 

Time for completion of remediation & opening of park to public 

Degree of improvement in aesthetic value 

Socio-economic Economic impacts of project on community 
Damage to property 

Effect on tourism 
Disruption of businesses and local economy during construction / 

remediation 
Employment opportunities during construction / remediation  

Impact on fishing activities 

Socio-environmental Impact on aquatic habitat 
Degree of consumption of natural resources 

Degree to which proposed project will affect other media (i.e., emissions/air 
pollution resulting from soil or groundwater remediation) 

Effects of anthropogenic contaminants at "chronic" concentrations 
Effects of anthropogenic contaminants at "acute" concentrations 

4 RESULTS AND DISCUSSIONS 

4.1 Environmental, economic and social 
impacts assessment 

Table 4 shows the environmental impacts as 
obtained from LCA. As can be seen from Table 
4, each impact category has different units of 
measure. Thus, the impacts are normalized with 
respect to the highest contributor in each impact 
category and expressed in terms of percentage as 
shown in Figure 5. The conventional capping 
appears to have the highest negative impacts in 
most of the impact categories making it less 
sustainable than modified capping. Since 
modified capping employs lesser quantity of 

materials, the raw material acquisition is 
significantly less and so is the transportation 
which are generally the major contributors of 
environmental impacts. 
 Table 5 summarizes the direct and indirect 
costs for each capping option. Direct costs were 
estimated using an online inventory of 
construction cost data (www.allcostdata.com). 
Direct costs for conventional capping is more 
than that of modified capping. The indirect cost 
was calculated based on the amount of emissions 
obtained from the LCA. The social cost of CO2 
was obtained from the USEPA (2017). The 
indirect cost followed the same trend as the direct 
cost. Modified capping appears to be more 
sustainable economically also. 
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 The results of social survey are summarized in 
Table 6. Modified capping received the lowest 
score among the two capping options which 
means modified capping has lower social impacts 
or higher social preference. These results were 

from responses obtained from 9 respondents. 
Since social sustainability is a subjective field, 
the results may vary with the increase in number 
of respondents. 
 

 
Table 4: Environmental impacts obtained from LCA using TRACI method 

Impact category Unit Conventional capping Modified capping 

Ozone depletion kg CFC-11 eq 0.252737 0.166678 
Global warming kg CO2 eq 313,195.88 238,008.05 

Smog kg O3 eq 57,259.81 37,700.01 
Acidification kg SO2 eq 2,467.43 1,682.71 

Eutrophication kg N eq 427.12 395.39 
Carcinogenics CTUh 0.012413 0.006951 

Non carcinogenics CTUh 0.084906 0.051541 
Respiratory effects kg PM2.5 eq 167.50 106.70 

Ecotoxicity CTUe 1,210,528.47 688,054.73 
Fossil fuel depletion MJ surplus 501,955.87 545,778.42 

Figure 5: Environmental impact assessment of the 

capping options using TRACI method 

4.2 Overall Sustainability  

The overall sustainability of the two capping 
options was assessed with the help of MIVES 
methodology which uses multi-attribute analysis 
as shown in Figure 6. In this study, value function 
analysis was performed for both of the capping 
systems to obtain an overall sustainability index. 
The realistic weightages of the requirements, 
criteria and indicators (Figure 6) can be obtained 
from the AHP process which involves experts’ 
judgments for decision making. In this study, 

equal weightages were assigned to each variable 
(Wrequirement, Wcriterion, and Windicator). 

 
Table 5. Direct and indirect Costs for remedial op-

tions 

Remedial 

Option 

Conventional 

Capping 

Modified 

Capping 

Direct cost ($) 806,404 751,731 
Social cost of 

CO2 ($) 
6,779 11,156 

Total Cost ($) 813,183 762,887 

 

Table 6: Overall score obtained from social sustaina-

bility assessment 

Impact Categories 
Conventional 

Capping 

Modified 

Capping 

Socio-individual 9 6 
Socio-community 12 6 
Socio-economic 12 6 

Socio-
environmental 

9 6 

Total score 42 24 

Note: Lower score = better 
Figure 7 shows the sustainability index values 

obtained by conventional and modified capping 
systems. Modified capping obtained higher 
sustainability index value which means it is more 
sustainable than the conventional capping. The 
overall sustainability is subjected to the relative 
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importance of the three pillars (environmental, 
social and economic) for the project and hence, 
the weightages assigned depends upon the 
preference of stakeholders. 

 

 
Figure 6: Schematic of MIVES methodology for eval-

uating sustainability index (Reddy and Kumar, 2018) 

 

 
Figure 7: Overall sustainability assessment of the two 

capping systems 

5 CONCLUSIONS 

The following conclusions can be derived from 
the current study: 
• Sustainability assessment is the congruence of 
the three pillars of sustainability; environmental, 
economic and social. Sustainability assessment in 
the absence of any one of these pillars is 
considered incomplete. 
• Modified capping was found to be more 
sustainable than conventional capping 
environmentally, economically as well as 
socially. 

• Stakeholder’s involvement in the 
sustainability assessment process is important to 
make the decision making more transparent and 
reliable.   
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