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1.  Abstract 

1.1 Objective 

SERDP Statement of Need (SON) ERSEED-15-01 called for the development of tools to 
identify the sources of ongoing contaminant influx to sediment sites capable of identifying 
ongoing contaminant sources that can be accounted for appropriately in remedy selection, design, 
implementation, and monitoring directly within the area of concern. The objective of this project 
was to demonstrate proof of concept for a remedy and recontamination assessment (RARA) 
array that can provide site-specific, direct measurement of recontamination potential and impact 
on a range of remedies while providing increased realism compared to laboratory treatability 
studies and reduced cost and complexity compared to large-scale field pilot studies. 

1.2 Technical Approach  

The technical approach built on our broad experience with the development of in situ monitoring 
and assessment tools in establishing methodologies for in situ sediment treatment arrays. Our 
intention was to leverage the project by building the prototype systems from components that 
were on-hand or readily available, and testing the arrays at a site where pilot-scale treatment 
testing was ongoing and recontamination is a potential concern. Development and testing of the 
RARA array focused the following research tasks: (1) Conceptual design of the array and field 
methodology; (2) Construction of the prototype arrays and initial pier-side testing of the 
methodology; (3) Proof-of-concept field deployment of the prototype RARA array, and (4) 
Initial evaluation of the performance and feasibility of the method. In the first task, the project 
team developed the conceptual design and methodology while considering the best designs and 
procedures for moving systems from the lab to the field and providing the capability to sustain 
the experiments in the field for time periods that are adequate to assess both recontamination and 
remedy performance. Based on the design developed in task 1, we constructed a prototype array 
that incorporated the key design features. The methodology developed in task 1 was initially 
tested pier-side at the SSC Pacific test facility in San Diego Bay.  

Using the prototype RARA array and methodology developed in task 2, we then conducted a 
limited initial proof-of-concept deployment in the field. Contaminated sediments for testing in 
the array were collected from a nearby Navy sediment site (Naval Base San Diego Chollas Creek) 
that is currently being investigated under the Total Daily Maximum Loading (TMDL) program. 
These sediments were treated with thin-layer treatments of clean sand or clean background 
sediment from a reference area in San Diego Bay. Untreated controls were also included. The 
array was then placed back in the bay at the SSC Pacific pier and monitored for a period of about 
5 months. In the final task, results from the pier-side and field testing were used to provide an 
initial assessment of the performance and feasibility of the RARA array methodology. The 
analysis focused on the extent to which this exploratory research was able to address the key 
questions, and the outcome of the proof-of-concept testing. 

1.3 Results 

The RARA system was successfully designed and constructed based on the goal of providing an 
integrated technology for assessing the effectiveness of different sediment remedies when 
subjected to varying pressures from site conditions and recontamination loadings. The system 
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design balances requirements for multiple treatments, controls and replication with the 
constraints of size, weight, deployability and cost. The RARA array allows remedies to be tested 
in situ and on-site while reducing costs that would be associated with costly pilot-scale studies. 
The system incorporates standard cylindrical sediment traps around the perimeter of the array 
that provide adequate capture area to collect incoming depositional sediments. The prototype 
system also incorporated an ADCP, OBS and temperature/dissolved oxygen sensor to monitor 
conditions during the deployment. The system design allows for a range of measurement 
endpoint capabilities to provide the basis for the assessment or remedy effectiveness and 
recontamination.   

As part of the proof-of-concept deployment, we used the RARA system to evaluate two aspects 
of remedy and recontamination performance for the untreated and treated Chollas Creek site 
sediments. Performance of two sediment treatments including a thin-layer clean sand treatment 
and a thin-layer clean sediment treatment was evaluated relative to untreated Chollas Creek site 
sediment. The deployment was also used to evaluate the concept of source influence on the 
remedies by removing the known source inputs at Chollas Creek by moving the RARA array to 
an area without significant ongoing sources.  

1.3.1 Effects of Removing Site Associated Stressors 

To determine the influence of removing localized sources, the T-Zero and T-Final concentrations 
in the untreated Chollas Creek sediments were compared. Comparing the T-Zero and T-Final 
concentrations of the untreated Chollas Creek site sediments, both the physical and chemical 
properties of the bulk sediment remained relatively consistent over the 5-month period. Sediment 
traps showed moderate deposition rates and contaminant concentrations that were generally 
lower than the concentrations in the untreated sediments, confirming the effective removal of 
recontamination from site sources. Porewater trends in the untreated sediments between T-Mid 
and T-Final were mixed, with most metals, Total PAHs and Total Chlordane showing downward 
trends, while Total PCBs and Total DDXs showed increases. Over the same time period, 
bioaccumulation of metals generally remained unchanged, Total PAHs and Total Chlordane 
showing decreasing uptake, and PCBs and DDXs showed increasing uptake. Benthic community 
health compared between T-Zero and T-Final in the untreated sediments showed that total 
abundance was reduced, but virtually every other metric of benthic health improved in 
association with moving the exposure to the undisturbed location. Based on these findings, we 
concluded that: 

Overall, these results support the conclusion that removing the impacts of the creek sources and 
physical disturbance that are present at the Chollas Creek site resulted in some minor changes in 
sediment chemistry and bioavailability, but also resulted in some clear improvements in benthic 
community health. Because the chemical changes appear to be relatively minor, we suspect that 
the changes in benthic community health may results primarily from the removal of the physical 
disturbances that are known to occur at the Chollas Creek site primarily due to ship movements 
and associates propeller wash. We conclude that the deployment demonstrated the utility of the 
RARA system to assess changes in source pressure and site conditions on the response of site 
sediments with potential practical applications to impairment assessment, source control, and the 
performance of monitored natural recovery remedies.  
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1.3.2 Effects of the Applied Treatments 

To determine the influence of the two treatments, the untreated site sediment controls were 
compared to the sediments treated with thin-layer sand and thin-layer clean sediment at the T-
Zero, T-Mid and T-Final conditions (depending on the measurement endpoint). 

Comparing bulk sediment concentrations in treatments to untreated controls, we found 
reductions in a broad range of contaminant levels with the largest magnitude of reductions in the 
sand treatment, followed by the clean sediment treatment. Changes in bulk sediment 
concentrations appeared to be driven primarily by the treatment application as opposed to new 
deposition as indicated by the sediment traps. Comparison of trap sediment concentrations to 
treated sediment concentrations indicated that depositing sediments generally had contaminant 
concentrations that were higher than the sand treatments, but lower or comparable to the 
sediment treatments. These results suggest that incoming sediments would exert some upward 
pressure on the thin-sand treatments, but would generally have only a small downward pressure 
on the thin-sediment treatments. Sediment porewater concentrations measured in both treatments 
were generally comparable to untreated controls for metals and Total PAHs, while showing 
reductions in Total PCBs. Bioaccumulation results indicated that bioavailability in the sediment 
treatments was comparable to the untreated sediments for all contaminants with the exception of 
zinc which was slightly reduced in the sand treatment. The bioaccumulation measurements 
generally indicate minimal effects of the treatments with respect to reduction in bioavailability. 
Comparing the T-Zero untreated Chollas Creek site sediment to the T-Final treated sediments, 
we found broad improvements in benthic community metrics. These improving trends were 
stronger for the sediment treatment compared to the sand treatment.  

Overall, the treatment results support the conclusion that both the clean sediment and sand 
treatments were effective in reducing bulk sediment concentrations when compared to untreated 
sediments. However, more direct measures of bioavailability including porewater and 
bioaccumulation indicated minimal improvement for both treatments compared to untreated 
controls. In contrast, direct measurements of benthic community health showed broad 
improvements especially in the clean sediment treatments. We conclude that the deployment 
demonstrated the utility of the RARA system to assess changes associated with sediment 
treatments using multiple lines of evidence, and that the system is effective in determining the 
relative performance of different sediment treatments relative to untreated controls. 

1.4 Benefits 

The RARA system was successfully designed and constructed based on the goal of providing an 
integrated technology for assessing the effectiveness of different sediment remedies when 
subjected to varying pressures from site conditions and recontamination loadings. The system 
design balances requirements for multiple treatments, controls and replication with the 
constraints of size, weight, deployability and cost. The RARA array allows remedies to be tested 
in situ and on-site while reducing costs that would be associated with costly pilot-scale studies. 
The method incorporates a broad range of measurement endpoints including surface sediment 
chemistry, sediment trap depositional mass and chemistry, porewater passive sampler chemistry, 
bioaccumulation, toxicity, benthic infauna, and sediment tracers. The system is well-suited to 
assess a range of remedies including thin caps, amendments, geofabrics, and natural recovery. 
Overall, the RARA system represents a new paradigm in cost-effective, realistic remedy 
performance assessment that was previously unattainable. 
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A key aspect for future applications of the RARA system is the potential for order-of-magnitude 
cost savings compared to more complex and expensive pilot scale treatability studies. Pilot scale 
studies at multiple DoD sites including Puget Sound Naval Shipyard, Pearl Harbor, and Hunters 
Point all indicate costs in excess of $1M compared to RARA costs which are much closer to 
$100K for a comparable assessment. Future research and applications with the RARA system 
have the potential to significantly reduce cost and complexity while still providing much more 
realistic and defensible data than can be obtained from laboratory treatability studies. To achieve 
this, future applications should consider optimization of the system and field design to achieve a 
higher degree of statistical power while balancing this against costs. We envision this could be 
achieved by replicating the array (so the system is still physically manageable) and deploying 
multiple units. Using multiple units would allow the study design to be scaled up and down 
based on site-specific requirements. 

The RARA system has clear future applications for DoD sediments in the RI/FS process. The 
primary application should be in reducing uncertainties associated with remedy selection for site-
specific conditions. While there is a broad range of guidance on remedy selection for sediments, 
understanding of how these remedies will perform under site specific conditions is still a very 
challenging area of research and practice. Future applications of the RARA system can provide a 
cost-effective means of providing site-specific and remedy-specific empirical data to reduce this 
uncertainty and thus improve the likelihood of remedy success. This has major implications for 
cost avoidance associated with overly conservative assumptions during remedy selection, and 
potential remedy failures due to inadequate consideration of site-specific conditions.  

Another aspect of future demonstrations and applications should focus on the assessment of 
recontamination. The RARA system provides a methodology that could be standardized for 
assessment of recontamination potential at specific targeted points of interest. Because the 
system incorporates pre-characterized sediments that can be deployed and retrieved relatively 
easily, monitoring of changes associated with ongoing sources is greatly enhanced. This is also 
supported by the onboard instrumentation that provides documentation of conditions and 
potential discharge and disturbance events.  

Important next steps for the RARA technology include optimization of the array and associated 
instrumentation, development of hardware and methodologies to support the deployment of 
multiple systems, broader demonstration at DoD contaminated sediment sites under a range of 
conditions, and transition into application with standard processes including RI/FS and TMDL. 
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2.  Objective 

The SERDP Statement of Need ERSEED-15-01 called for the development of tools to identify 
the sources of ongoing contaminant influx to sediment sites capable of identifying ongoing 
contaminant sources that can be accounted for appropriately in remedy selection, design, 
implementation, and monitoring directly within the area of concern. Experience has shown that 
in most urban and industrial harbors and rivers, complete elimination of sources prior to 
implementing remediation is often unfeasible [1,2]. Continued exposure to low-level sources 
from permitted discharges, upstream contaminated sites, or from stormwater discharge can 
potentially slow or even reverse the improvements achieved through remediation. This in turn 
can drive significant additional costs for re-assessment and additional cleanup efforts [3]. The 
research described here was motivated by a need to develop a systematic method to assess 
recontamination potential, and remedy resilience so that these impacts can be effectively 
weighed within the feasibility study and as a context for the planning and interpretation of 
remedy effectiveness monitoring. There is currently no defined methodology to achieve this, and 
recontamination potential is generally poorly understood, and only marginally evaluated at most 
contaminated sediment sites. Fundamentally, we demonstrated a proof of concept for a 
generalized capability to assess recontamination potential on a site specific basis and in the 
context of anticipated remedial actions. The capability provided a basis for (1) quantifying the 
ongoing contaminant influx to sediment sites, (2) characterizing the interaction of this influx 
with both existing sediments and remediated sediments, and (3) conducting site-specific, in situ 
treatability studies that incorporate interaction with recontamination sources. Thus this work is 
both highly relevant to the SERDP statement of need, and critically important to long-term 
remedy success at DoD contaminated sediment sites.  

The objective of this study was to demonstrate proof of concept for a remedy and 
recontamination assessment (RARA) array providing site-specific, direct measurement of 
recontamination potential and impact on a range of remedies while providing increased realism 
compared to laboratory treatability studies and reduced cost and complexity compared to large-
scale field pilot studies. The goal was to determine if the integration of an in situ treatment 
microcosm with measures of flux, exposure and bioavailability could provide a simple and 
effective tool for site specific assessment of both the level of recontamination at the site and the 
effectiveness of proposed remedies under realistic conditions that include recontamination flux. 
Given the limited-scope nature of the SEED proposal, key research questions to be pursued were 
limited to the following: 

 Can microcosm experiments that are traditionally run in the laboratory be effectively 
replicated in the RARA field array? 

 Can the experiments be sustained for time periods that are relevant to the assessment of 
both recontamination and remedy performance?  

 Can differences be detected by the arrays as a function of sediment treatment? 
 Can differences be detected by the arrays as a function of recontamination exposure?  

  



Remedy and Recontamination Assessment Array  
Final Report 6 March 2017 

This page intentionally left blank 

 

 



Remedy and Recontamination Assessment Array  
Final Report 7 March 2017 

3.  Background 

Research and practical guidance, including United States Environmental Protection Agency 
(USEPA) and DoD documents stress the importance of source control in effective sediment 
remediation [4,5]. For example, EPA Risk Management Principles for Contaminated Sediment 
Sites [6] stress the need to “control sources early” and Navy policy on sediment site 
investigations and response actions [7] “specifies that the source must be identified and 
controlled before cleanup.” There is also broad recognition that source control is not always 
completely achievable due to the complexity of many sediment sites, the diversity of on- and off-
site sources, the difficulty of controlling non-point (e.g. stormwater, aerial deposition; [8,9]; 
Figure 1) and point sources (e.g. Combined Sewage Overflows, NPDES discharges; [10,11], as 
well as the potential for nearby and off-site sediments to continue to act as sources [1,12]. In 
recognition of these challenges, EPA and DoD guidance recommend that the potential for 
recontamination be factored into the remedy selection process and into the long-term monitoring 
plan for the site [1,13]. However, even with significant effort during the remedial investigation 
and feasibility study, it may be difficult to adequately factor recontamination into the remedy 
[14]. Recent evidence from a number of sites and a review of remediated sites highlights the 
difficulty of the problem, and the uncertainty associated with source control at contaminated 
sediment sites [2,15-20]. The review identified twenty sites (including several DoD sites) where 
recontamination has been reported, arising from a range of inputs including uncontrolled point 
sources, and incomplete remediation in adjacent and upstream areas [2].  Given that the cost of 
remediating DoD sediments is estimated to approach $2 billion, the implications for 
recontamination at these sites are significant [3].  

The SERDP/ESTCP sediment workshop held in 2012 outlined priority and critical research 
needs that still require effort to accomplish long-term management goals [1]. Among the 
highlighted critical needs were: 

 Improved Understanding of Off-Site Source Assessment and Potential Recontamination 
of Sites 

 Improved Assessment of Parameters that Impact Long-Term Effectiveness of In situ 
Amendments and Amended Caps 

As noted in the workshop, the first need was “specifically relevant to the assessment of incoming 
off-site contaminant loads and methods to quantify how those loads might directly change the 
surface sediment concentrations on a remediated sediment surface.” This included (1) the 
development of methods to determine how ongoing sources could be accounted for in remedy 
selection, design, implementation and monitoring, and (2) the development of monitoring tools 
to quantify source characteristics and load and connect these to downstream surface sediment 
concentrations. The second need included a focus on screening tests and pilot-scale 
demonstrations to “evaluate the ability of amendments and amended caps to be effective in the 
face of continued low-level sources and determine their assimilation capacity.” These critical 
needs are directly addressed by the research proposed here. 
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the performance assessment; and, they represent a significant improvement in realism over 
laboratory treatability studies while also providing significant potential cost savings over pilot-
scale testing (often exceeding $1M). Currently there is no standardized technology or 
methodology for conducting these tests in sediment. Thus we hypothesize that a new capability 
as envisioned by the RARA array could provide the basis of a scientifically-sound, cost-effective 
methodology for including source assessment during sediment remedy selection, and also 
provide a basis for reducing costs by potentially replacing larger-scale pilot studies. 
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4.  Materials and Methods 

The technical approach built on our broad experience with the development of in situ monitoring 
and assessment tools and the initial work of Moore et al [30] in establishing methodologies for in 
situ sediment treatment arrays. Due to the limited-scope nature of the effort, our intention was to 
leverage the project by building the prototype systems from components that are on-hand or 
readily available, and testing the arrays at a local area that was easily accessible without 
complicated permitting or access requirements but where recontamination is a potential concern. 
Development and testing of the RARA array focused on addressing the key questions identified 
above through the following tasks: (1) Conceptual design of the array and field methodology; (2) 
Construction of the prototype arrays and initial pier-side testing of the methodology; (3) Proof-
of-concept field deployment of the prototype RARA array, and (4) Initial evaluation of the 
performance and feasibility of the method. 

4.1 Project Tasks 

4.1.1 Task 1) Conceptual design of the array and field methodology 

In this task, the project team met to develop the conceptual design and methodology. The 
purpose of the meeting was to evaluate key requirements for the system and associated design 
and methodology features that we felt were responsive to the project research questions listed 
above. Specific design considerations that were addressed at the meeting included discussion of 
the number of treatment and control cells, replication requirements, the size of the cells, the types 
of measurement endpoints to use, the types of treatment to test, instrumentation to include, and 
the overall configuration of the system including considerations for size, weight and 
deployability. The meeting also focused on developing a draft approach for a typical field 
application as the basis for the draft RARA methodology, and a schedule of events and 
milestones for the remainder of the project. The meeting resulted in a bulleted outline of the 
conceptual design, a design sketch, an outline of the methodology, and a proposed schedule. 
Based on the conceptual design, an engineering design was then completed and circulated to the 
team for approval prior to construction in Task 2.  Results of Task 1 are discussed below. 

4.1.2 Task 2) Construction of the prototype arrays and pier-side testing of the methodology 

Based on the design developed in Task 1, the focus of Task 2 was to construct the prototype 
system and conduct limited pier-side testing to work out any bugs in the system and refine the 
draft methodology.  We constructed a prototype array that incorporated the key design features. 
The prototype includes 6 replicate microcosms constructed from off-the-shelf Chem-Tainers 
installed in a rigid aluminum or fiberglass frame with instrumentation and sediment traps housed 
in the central portion of the array. The depth, volume and particle trapping characteristics of the 
microcosms can then be adjusted by using containers of different height. The bottom of the 
chambers can include screened ports in the bottom to allow for groundwater migration through 
the system if desired, and the tops can be fitted with mesh to minimize predation and can also 
accommodate lids to control particle influx. As opposed to the SEA Ring systems in which 
multiple small cores are pushed directly into the existing sediment bed, the RARA array can be 
pre-filled with sufficient sediment volume to assess remedy performance and response to 
contamination. Instead of being pushed into the sediment the RARA is designed to simply be set 
on top of the existing sediment bed. The methodology developed in task 1 was initially tested 
pier-side at the SSC Pacific test facility in San Diego Bay. This facility provided full access to 
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bay surface water and sediment in water depths ranging from about 0-20 feet, and sandy to sandy 
silt substrates. The prototype system and methodology we developed are described in the results 
section below. 

4.1.3 Task 3) Proof-of-concept field deployment of the prototype RARA array 

Using the prototype RARA array and methodology developed in task 2, we conducted a limited 
initial proof-of-concept deployment at the SSC pier location using site sediments collected from 
Naval Base San Diego Chollas Creek TMDL site. The Chollas Creek TMDL site was selected 
because of specific interest from the Navy related to potential recontamination at that site from 
the upstream creek sources, and the opportunity to leverage historical and ongoing 
characterization efforts at the site. The focus of this field deployment was to (1) evaluate the 
utility of the RARA array for assessing performance of sand and natural sediment thin-layer 
placements in comparison to untreated sediments, and (2) evaluate the utility of the RARA array 
to quantify the improvement that would occur by removing the influx of recontamination. This 
testing addressed the last two key research questions posed above of: Can differences be detected 
by the arrays as a function of sediment treatment, and; Can differences be detected by the arrays 
as a function of recontamination exposure? 

Thus our field design included replicate microcosms representing treated and untreated site 
sediments moved to an area where the recontamination source was no longer present to represent 
future conditions when creek sources had been controlled. Incoming fluxes were monitored 
using the sediment traps as well as the onboard acoustic Doppler current profiler (ADCP) and 
optical sensors. Bioaccumulation and passive sampler uptake were used as the primary measures 
of performance in the different treatments and exposures. The deployments extended over a 
period of about 5 months and included the following events (Table 1). 

 T-Zero: Site and treatment sediment collection, setup and deployment of the array in late 
April 

 T-Mid: Exposure and sampling event spanning from late May to late June 

 T-Final: Exposure and sampling event spanning from mid-July to mid-August 

4.1.4 Task 4) Initial evaluation of the performance and feasibility of the method 

Results from the pier-side field testing were used to provide an initial assessment of the 
performance and feasibility of the RARA array methodology. The analysis focused on the key 
research questions posed above, the extent to which this exploratory research was able to address 
these questions, and the outcome of the proof-of-concept testing (see Table 2). The ability to 
effectively transfer microcosm methods to the field was evaluated based on the success in 
performing the passive sampler and biological testing on multiple treatments while 
simultaneously monitoring relevant recontamination fluxes and related site environmental 
conditions. The assessment also evaluated the ability to sustain testing over time durations 
sufficient to detect both performance differences and recontamination fluxes. Finally, an initial 
analysis was performed to determine if the system could detect difference based on sediment 
treatment and recontamination exposure under real field conditions. The results from these tasks 
allowed us to evaluate proof of concept for the RARA array and determine if further research 
and development is warranted for this promising concept. 
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Table 1. Field event schedule for the RARA array deployment and monitoring. 

 
  

Table 2. Research questions and associated performance measures. 

  

 
  

Field Event Date

T‐Zero Sediment Collection 4/20/2016

T‐Zero Treatment Preparation 4/21/2016

T‐Zero Collect Initial Sediment Samples 4/21/2016

T‐Zero Deployment 4/22/2016

T‐Mid Clam and Passive Sampler Installation 5/24/2016

T‐Mid DGT Sampler Retrieval 6/1/2016

T‐Mid Clam and PE Sampler Retrieval 6/21/2016

T‐Final Clam and Passive Sampler Installation 7/18/2016

T‐Final DGT Sampler Retrieval 7/25/2016

T‐Final Clam and PE Sampler Retrieval 8/15/2016

T‐Final Sediment Coring and Bethic Community Sampling 8/15/2016

  Research Question Performance Measures Success Criteria

Can microcosm experiments that are 

traditionally run in the laboratory be 

effectively replicated in the RARA 

field array?

Development of prototype system, 

establish form factor and physical 

requirements,  integration of 

measurements and monitoring 

systems, address quality control and 

replication

Adequate physical requirements to 

replicate lab microcosms, adequate 

monitoring to provide assessment of 

conditions during deployment, 

adequate replication to address 

localized variability

Can the experiments be sustained for 

time periods that are relevant to the 

assessment of both recontamination 

and remedy performance? 

Initial pier side testing and 

subsequent proof‐of‐concept 

deployment

Equipment functions properly for 

deployment period, deployments can 

be sustained for weeks to months

Can differences be detected by the 

arrays as a function of sediment 

treatment?

Compare baseline sediments to thin 

cap and/or carbon treatment cells 

Passive sampler and/or tissue 

concentrations measurably different 

in different treatments

Can differences be detected by the 

arrays as a function of 

recontamination exposure? 

Comparison of T0 cell conditions to 

Tfinal cell conditions and evaluation 

of sediment trap contents

Passive sampler and/or tissue 

concentrations measurably different 

in T0 vs Tfinal and reflected in traps 

sediments
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4.2 Field and Laboratory Methods 

Because one aspect of the project was development of the RARA methodology, details of the 
method associated with the RARA are described in the results section. Common procedures used 
in support of the RARA field testing are described below. 

4.2.1 Sediment Collection 

Site sediments were collected by Van Veen grab from the collection site at Chollas Creek (area 
of historical stations C02 and C03; [36]) with the coordinates 32.68524 degrees north latitude 
(NAD83), 117.134925 degrees west longitude (NAD83) and a depth of approximately 40 ft 
MLLW (Figure 3). Sediments from the grab were placed in a pre-cleaned mixing tray and gently 
stirred. The material was then subdivided into the six RARA sediment cells, and a seventh cell 
used for the T-Zero sampling for benthic community analysis and physical and chemical analysis. 
Between each grab the sampler and the tray were rinsed with surface water. The process was 
repeated until the sediment cells had been filled to the desired level (~15 grabs). Grab samples 
with evidence of washout, overflow, or other quality issues were discarded away from the 
sampling area and re-taken. 

Sediments from the reference site used for the clean sediment treatment were collected using the 
same Van Veen grab procedure from a reference site (NS2233) located at 32.685810 degrees 
north latitude (NAD83) and 117.151735 degrees west longitude (NAD83) in a water depth of 
about 12 ft MLLW. Sufficient numbers of grabs (~5) were collected to provide the volume 
required for the RARA treatments, along with physical and chemical samples. The material was 
homogenized, and then screened through a 1 mm sieve to remove the benthic community. A 
subsample of the homogenized and screened sediment was collected into the containers for the 
physical and chemical analysis.  

Sediment for the sand treatment was Quikrete Play Sand (Model # 111351). An adequate volume 
of sand for the treatments and samples was placed in a large tub, homogenized and rinsed with 
unfiltered deployment site water. A subsample was collected for physical and chemical analysis.  

Site sediment and treatment sediments were held in the sediment cells or tubs with overlying 
surface water under cool conditions overnight prior to application of the treatments and 
deployment of the RARA.  

At the beginning (T-Zero) and end (T-Final) of the RARA deployment, sediment samples were 
collected directly from the sediment cells for physical and chemical analysis as well as benthic 
community analysis. Sediment coring procedures are described below. Samples for benthic 
community analysis were collected by separating off one undisturbed quadrant of the sediment 
cell with acrylic barriers (Figure 19), and then scooping sediment from this quadrant to a depth 
of about 20 cm (comparable to the Van Veen sediment grab depth). In the T-Zero sample, two 
quadrants of sediment were collected for the sample. In the T-final samples, quadrant samples 
from the two replicate RARA sediment cells were combined into a single benthic community 
sample of approximately the same volume as the T-Zero sample.  

4.2.2 Sediment Coring 

Sediment cores were collected from the RARA sediment cells at the beginning (T-Zero) and end 
(T-Final) of the experiment were collected using hand-pushed 7 cm diameter plastic core liners 
cut to a length of about 30 cm. For the T-Zero event, the cores were collected from a seventh 
sediment cell filled specifically for that purpose so as not to disturb the six cells being used 
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during the RARA testing. The cores were collected from an undisturbed quadrant of the RARA 
sediment cells after separation with the acrylic panels as shown in Figure 19. The cores were 
pushed to a depth of about 25 cm. The remainder of the core liner was then filled with to the top 
with surface water, a cap was placed on the top, and the core was removed and immediately 
capped on the bottom. Caps were secured with electrical tape. A total of two cores were collected 
from each cell and numbered by cell number (1-6) and replicate letter (a or b).  The cores were 
allowed to settle overnight in the refrigerator at -4 C. The following day, photos were taken of 
every core from each cell. The cores were then extruded to remove the top 10 cm from each core. 
Replicate samples from each cell were homogenized to create a single sample, and the samples 
for each cell were then shipped to the laboratory at ERDC for analyses. 

4.2.3 Benthic Community 

Benthic community analyses were conducted for the original site sediments from Chollas Creek, 
and for the T-Final RARA event for the site sediment control, clean sediment treatment and sand 
treatment cells. Sediments were collected as described in the Sediment Collection section above. 
Sediments were sieved on site through a 1 mm sieve. The sieve-retained fraction was transferred 
to a glass jar and preserved with formalin. Samples were maintained under cold and dark 
conditions until shipment to EcoAnalysts in Moscow, ID for analysis.  

EcoAnalysts sorted and identified macrobenthic invertebrate in the samples to the lowest 
possible taxonomic level of benthic invertebrates as described in the SOP for benthic community 
census sample taxonomy provided in Appendix A. Benthic community data were provided as 
counts per sample (by taxa) for each sample. Eleven biological indices commonly used to assess 
benthic community health included: 

 Total abundance 

 Taxa richness 

 Species diversity, as measured by Shannon-Wiener Diversity Index (H') 

 Species evenness, as measured by the Pielou’s Evenness Index [37] 

 Species dominance, as measured by Swartz’s Dominance Index (SDI, [38]) 

 Pollution tolerance, as measured by the Benthic Response Index (BRI, [39]) 

 Community response to stress, as measured by the Index of Biological Integrity (IBI, 
[40]) 

 Composite response, as measured by the Relative Benthic Index (RBI, [41]) 

 Reference relationship, as measured by the River Invertebrate Prediction and 
Classification System index (RIVPACS, [42])  

 Composite response, as measured by the Integrated Benthic Index [43] 

4.2.4 SP3TM Passive Samplers 

Polyethylene passive samplers were used to measure porewater organic contaminant 
concentrations during the T-Mid and T-Final measurement periods. SP3TM samplers consist of a 
polyethylene strip encased in a protective stainless steel mesh [44]. The samplers used for the 
RARA events measures 4  10 cm. The samplers are pre-loaded with performance reference 
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compounds and the SiREM service provides both the analytical and partitioning analysis to 
directly report final porewater concentrations. SP3TM passive samplers were shipped to SSC 
Pacific from SiREM in coolers on ice and maintained in the dark below 4 C until deployment. 

At deployment, the passive sampler was removed from the sample bag using gloved hands, and 
the sample location within the RARA was logged on the sampling bag and in the log book. A zip 
tie was attached to the sampler through the stainless steel mesh, and the sampler was inserted 
vertically into the sediment so it was centered at a depth of about 10 cm below the sediment 
water interface. The zip tie was left protruding from the sediment for subsequent retrieval. One 
sampler was placed in each of the sediment cells, so that replicate samples were collected for 
each control and treatment. The time of deployment was recorded for each sampler. The 
samplers were left in place for an exposure period of 28 days. 

During retrieval, the samplers were pulled out of the sediment using the protruding ziptie and 
gloved hands. The samplers were gently rinsed with surface water and then DI water to remove 
residual sediment. The samplers were then placed in their respective sample bag, all of the bags 
were placed in secondary bags, and loaded into a cooler with ice and shipped to the laboratory 
for processing and analyses. 

At the laboratory, the stainless steel mesh envelope was unfolded and the polyethylene sheet 
placed on aluminum foil on the laboratory benchtop. All processing used gloved hands, cleaned 
stainless steel forceps or scissors, and cleaned aluminum foil, following clean laboratory 
techniques. Both sides of the strip were wiped with a Kimwipe moistened with ultrapure water to 
remove any remaining particles, mud, or biofilms. The strip was placed in a 15-mL pre-cleaned 
amber glass vial without folding. The vial was then spiked with surrogate recovery compounds 
per standard laboratory procedures for analyses, and sufficient volume (e.g., 5 to 10 mL) of 
methylene chloride, ultrapure grade or equivalent, was added to completely submerge the 
polyethylene strip. After 12 or more hours, the solvent was transferred and retained in another 
sample vessel (amber glass to avoid photodegradation). An additional aliquot (e.g., 5 to 10 mL) 
of solvent (e.g., methylene chloride) was added to the original vial with the strip, and the sample 
agitated for 10 or more minutes on a shaker table.  

The two extracts were combined into a single vessel for pre-concentration. The polyethylene 
strip was removed from the vial, allowed to air dry, and weight recorded to ± 0.0001 g. The 
combined extracts were then concentrated using rotary evaporation or equivalent and transferred 
to the autosampler vial for GCMS analysis according to standard laboratory procedures. 
Following pre-concentration, appropriate injection standards were added, and samples analyzed 
for polychlorinated biphenyl congeners (PCBs), polycyclic aromatic hydrocarbons (PAHs), and 
chlorinated pesticides by GCMS. For each sample, the mass of the polyethylene and 
concentration of organic analytes in polyethylene on a dry weight basis (i.e., ng analyte per g PE 
[dry weight basis]) were reported. These results were then converted to porewater concentrations 
based on performance reference compound corrections by SiREM. The standard operating 
procedure for the SP3 samplers is included in Appendix B. 

4.2.5 DGT Passive Samplers 

DGTs were acquired from DGT Research, Lancashire, UK. We utilized the disk style LSNM 
loaded DGTs for metals that can be used to measure a range of cationic metals including Cd, Co, 
Cu, Fe, Mn, Ni, Pb, Zn. The DGTs consisted of a plastic molded base (2.5 cm diameter) and a 
plastic top with a 3.14 cm2 diameter window which allows for exposure to a layered setup of a 
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polyethersulphone filter-membrane, 0.78mm thick polyacrylamide diffusive gel and 0.4 mm 
Chelex binding resin gel. When deployed either in solution or into sediments, metal ions diffuse 
through the filter membrane and diffusive gel and bind to the resin gel which continues to 
accumulate ions over the course of a deployment. In sediment applications the DGT measures 
the mean flux of labile metals at the interface between the device and the sediment, or the labile 
pore-water concentrations.  

Prior to deployment, DGTs were stored in sealed, clean plastic bags at 4°C prior to deployment. 
Each bag contained a few drops of 0.01M NaNO3 solution and was maintained moist throughout 
storage periods. DGTs were transported to the field site in coolers with Blue Ice to maintain 
temperature. Just prior to deployment, 2 DGTs were removed from individual bags and inserted 
approximately 10 cm deep into the sediment inside each of the six RARA cells. The DGTs were 
connected to a colored zip-tie to facilitate recovery. DGTs were deployed for a period of 7 days. 
The time of each individual DGT deployment and recovery was recorded to the minute for 
subsequent concentration determination. Additionally, temperature data loggers were deployed 
concurrently to measure average temperature during the DGT deployment.  

During retrieval, the samplers were pulled out of the sediment using the protruding ziptie. Each 
DGT was rinsed thoroughly with deionized water from a wash-bottle and excess water was 
shaken off. The DGTs were placed in a labeled and clean plastic bag with minimal airspace and 
stored in the refrigerator at 4°C until processed. 

In the laboratory the DGTs were disassembled and the Chelex resin gels removed and placed in 
clean micro-centrifuge tubes.  All laboratory manipulation and analysis were done in <0.2µm 
High Efficiency particulate air (HEPA) filtered working stations, using acid-cleaned material, 
following trace metal clean techniques (USEPA, 1996).  The resin gel was exposed to 1000 µL 
quartz-still grade nitric acid (Q-HNO3) for 24 hours before analysis.  This was done to dissolve 
the metals back in solution, allowing the resin gel to stay as a solid membrane, instead of 
partially dissolving in solution.   

Metals were quantified in the acidic solution by inductively coupled plasma with detection by 
mass spectrometry (ICP-MS) after dilution.  The acidic solution was diluted in metal-free water 
(18 MΩ/cm H2O) acidified to pH 2 with Q-HNO3 and analyzed with a Perkin-Elmer SCIEX 
ELAN DRC II ICP-MS following USEPA method 200.8, Revision 5.4 (1994). 

The mass of the metal accumulated in the resin gel layer (M) is calculated using: 

 
M= Ce (VHNO3 + Vgel)/fe 
 
where Ce is the concentration of metals in the 1M HNO3 elution solution (in µg/l), VHNO3 is the 
volume of HNO3 added to the resin gel, Vgel is the volume of the resin gel, typically 0.15 ml, and 
fe is the elution factor for each metal, typically 0.8. 

The concentration of metal measured by DGT (CDGT) was calculated using: 

 
CDGT = M∆g/(DtA) 
 
where ∆g is the thickness of the diffusive gel (0.8mm) plus the thickness of the filter membrane 
(typically 0.14 mm), D is the diffusion coefficient of metal in the gel (see Table 1), t is 
deployment time and A is exposure area (A=3.14 cm2). 
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Analytical quantification of metals included blanks, standard reference materials (SRM), samples 
analyzed in duplicate, and spiked samples in each ICP-MS run.  A blank made up or 18 MΩ/cm 
H2O acidified to pH 2 with Q-HNO3 is included after every 5 samples in the ICP-MS run.  The 
standard deviation of the measured blank concentrations (StdDevBlanks) was used to estimate 
the limit of detection (LOD= 3*StdDevBlanks) and the limit of reporting 
(LOR=10*StdDevBlanks.  The trace metal certified SRM 1643e, Trace Elements in Water, from 
the National Institute of Standards & Technology was also analyzed several times in each ICP-
MS run.  The SRM is also diluted in pH 2 18 MΩ/cm H2O to a level commensurate with the 
calibration curve.  At least one diluted sample was spiked with Perkin Elmer Multi-Element 
Solution 3 (PEMES 3) and included in each ICP-MS run.  In general the QA/QC was accepted 
when the expected values for SRM are within 15% of the certified concentration.  

4.2.6 Bioaccumulation 

Bioaccumulation studies using appropriate sediment dwelling organisms were used to determine 
if treatments or changes in source exposure in the RARA array led to differences in exposure and 
uptake to benthic organisms. 

The bent-nose clam, Macoma nausta, was deployed in the RARA array as a 28-d 
bioaccumulation endpoint for the tested sediments. The RARA array was deployed off the pier at 
SSC on April 22nd, 2016. Ten 1-cm perforated, CAB core liners that were 11” in length were 
placed into the sediment just prior to deployment. The core liners had ½” flexible titanium mesh 
secured at the bottom to ensure clam recovery but minimize sediment disturbance. The chambers 
were buried in the sediment and filled in with extra sediment to make sure the height of sediment 
in the core matched the array. 

Clams were deployed in two separate 28-d deployments; the first deployment occurred on May 
24th, 2016 and the second deployment occurred on July 18th, 2016. The clams were received 4-6 
days prior to deployment and acclimated to site conditions (i.e. 20°C water temperature). During 
each deployment, 5 clams were placed into 5 core liners and the top was secured with a ¼” 
stainless steel mesh cap to protect clams from predation. After each deployment, the core liners 
with clams were removed from the RARA array and the clams were recovered by hand, 
enumerated and placed in clean 0.45 µm filtered seawater for overnight depuration. The 
following day, tissues were homogenized and sent to ERDC for analysis. One clam from each 
replicate (5 clams per treatment), was retained as an archived sample. Time zero samples 
(unexposed clams frozen immediately after acclimation period) were taken prior to both 
deployments for baseline tissue analysis. 

4.2.7 Chemical Analyses 

Chemical analyses were performed on samples collected from the RARA array at different time 
points and from different samplers and matrices. Analyses for DGTs were performed at SSC 
Pacific as described under the DGT section. Analyses for all other samples were performed at 
ERDC following the methods described below and in the previous methodology sections. 

Bulk sediment and core samples collected at T-Zero and T-Final were analyzed for grain size, 
TOC, metals, pesticides, PAHs and PCBs. Samples for grain size were analyzed following 
ASTM method D422. Total organic carbon was analyzed by the Walkley-Black method. Metals 
in sediments were analyzed by ERDC using EPA 6000/7000 series methods. Mercury was 
analyzed by EPA method 7474, Iron was analyzed by method SW 846/6010, and Aluminum, 
Cadmium, Copper, Lead and Zinc were analyzed by method SW 846/6020. Organochlorine 
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Pesticides were analyzed by EPA Method 8081A. Polynuclear Aromatic Compounds were 
analyzed by GC/MS with Selected Ion Monitoring using EPA method 8270C. PCBs were 
analyzed for congeners by USEPA 8082. 

Tissue samples collected at T-Mid and T-Final were analyzed for lipid content, percent moisture, 
metals, pesticides, PAHs and PCBs. Lipid content was determined by spectrophotometer at 490 
nm following homogenization and chloroform/methanol extraction, and calibrated using stock 
solutions of soybean oil according to Van Handel (1985). Metals in tissue samples were analyzed 
by ERDC using EPA 6000/7000 series methods. Mercury was analyzed by EPA method 7474, 
Iron was analyzed by method SW 846/6010, and Aluminum, Cadmium, Copper, Lead and Zinc 
were analyzed by method SW 846/6020. Organochlorine Pesticides were analyzed by EPA 
Method 8081A. Polynuclear Aromatic Compounds were analyzed by GC/MS with Selected Ion 
Monitoring using EPA method 8270C. PCBs were analyzed for congeners by USEPA 8082. 

SP3TM passive samplers collected at T-Mid and T-Final were analyzed for pesticides, PAHs and 
PCBs. Organochlorine Pesticides were analyzed by EPA Method 8081A. Polynuclear Aromatic 
Compounds were analyzed by GC/MS with Selected Ion Monitoring using EPA method 8270C. 
PCBs were analyzed for congeners by USEPA 8082. 

4.2.8 Field Instruments 

Field instruments deployed with the RARA array included a water quality meter (temperature 
and dissolved oxygen), an acoustic Doppler current profiler to measure water velocities, and an 
optical backscatter sensor to measure turbidity.  

Temperature and dissolved oxygen (DO) were measured in situ using a HOBO logger (Onset© 
U26-001) mounted to the central area RARA array. The HOBO logger was launched with a 5 
minute interval on April 22nd, 2016 at 1200. The logger was recovered at approximately 1-
month intervals to download data and relaunch the logger. The data were truncated to represent 
only the measurements made underwater in the RARA assay. 

Water velocities were measured using a Teledyne RD Instruments Workhorse Sentinel 600 kHz 
ADCP mounted in the central area of the RARA array. The ADCP was launched with a 15 
minute interval on April 22nd, 2016 at 1200. The profiler was setup to measure currents and 
acoustic backscatter at 1-meter intervals between 3 meters above the bottom and the water 
surface. Data were collected during the entire duration of the deployment. Data collection was 
terminated when the RARA was retrieved on August 15, 2016. The data were truncated to 
represent only the measurements made underwater in the RARA assay. 

Optical backscatter was measured using a Campbell Scientific OBS-3 system mounted to the 
central area RARA array. The OBS sensor was launched with a 10 minute interval on April 22nd, 
2016 at 1200. The logger was recovered at approximately 1-month intervals to clean the lens, 
download data and to relaunch the logger. Data were collected during the entire duration of the 
deployment. Data collection was terminated when the RARA was retrieved on August 15, 2016. 
The data were truncated to represent only the measurements made underwater in the RARA 
assay. 
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5.  Results and Discussion 

Results of the design, development, testing and proof-of-concept level performance are 
summarized below. Conclusions and implications for potential follow-on research are discussed 
based on these findings in the following section. 

5.1 Conceptual design of the array and field methodology 

During the period 10/7/2015-10/8/2015, we conducted a 2-day meeting of the principals to 
evaluate key requirements for the system and associated design features that were responsive to 
the research questions listed above. Consideration was given to the best designs and procedures 
for moving systems from the lab to the field and providing the capability to sustain the 
experiments in the field for time periods that are adequate to assess both recontamination and 
remedy performance. The conceptual design that we established incorporated replicate treatment 
microcosms, integrated sediment traps to quantify recontamination flux, an ADCP to document 
flow a particle plume (via backscatter) dynamics during the deployment, and water quality and 
optical sensors to track environmental conditions and particle concentrations (Figure 4). Key 
considerations for the conceptual design of the microcosms themselves required that they (1) 
provide the ability to evaluate a range of potential treatments and recontamination pathways (2) 
can be isolated from direct deposition with a lid system and thus provide a control without 
recontamination flux for comparative purposes, (3) can be filled with site sediments and treated 
with a range of amendments and thin layer passive and active capping materials and then tested 
alongside untreated control materials, and (4) their performance and recontamination influences 
can be assessed through passive samplers and organisms placed in the microcosms as well as 
through the integrated sediment traps and monitoring sensors. At the end of this task, we 
completed the prototype design and draft methodology that forms the basis for construction of 
the prototype system.  

The conceptual design balanced the requirements for multiple treatments, controls and 
replication with the constraints of size, weight, deployability and cost. An important goal of the 
RARA was to allow remedies to be tested in situ and on-site while reducing costs that would be 
associated with costly pilot-scale studies. We arrived at a design for the system that incorporates 
six treatment/control cells, thus allowing for duplicates for up to two different treatments and one 
control sediment. The size of the cells was discussed in detail with consideration toward keeping 
the system low profile and the individual cells manageable, while allowing sufficient space for 
sampling and exposures to occur over the course of the deployment period. Our goal was to 
accommodate about 6-10” of native sediment and 6” of treatment while maintaining about 2-3” 
of overlying water in the tub once filled. We selected the ChemTainer 17 gallon open top, flat 
bottom cylindrical tank measuring 17" height x 18" diameter. These polyethylene containers are 
rugged, can be fitted with lids, can be cleaned for multiple uses and provide adequate volume 
and area to accommodate a range of sampling activities. While the system design only 
accommodates this fixed diameter, the container is available in a range of heights that could be 
used to accommodate different thickness and volume requirements.  

To address the recontamination flux aspect of the array, we discussed a range of options 
including using the tubs themselves as collection devices, as well as integrating sediment traps 
into the system. As the conceptual design evolved, we found that there was sufficient space to 
accommodate standard cylindrical sediment traps within the deployment frame within gaps 
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 Bioaccumulation - To compare direct differences in biouptake across treatments and 
assess changes associated with recontamination 

 Toxicity - To compare direct differences in toxic response across treatments and assess 
changes associated with recontamination 

 Benthic Infauna – To assess changes in habitat quality associated with treatments and 
recontamination fluxes 

 Sediment Tracers – To define baseline sediment and treatment interfaces and 
qualitatively assess vertical mixing over time 

All of these methods (and more) were expected to be accommodated by the array design. A 
subset of methods was selected for the proof-of-concept deployment as discussed in subsequent 
sections. 

We also discussed the range of treatments that could be accommodated by the array. The six 
cells in the array will generally accommodate duplicate controls and duplicate treatments for two 
distinct treatment types. Cleary other arrangements are possible such as three replicates of 
controls and a single treatment, or duplicate controls and four replicates of a single treatment, 
depending on the requirements of the project. In addition, it would be relatively straightforward 
to add multiple arrays and thus increase the number of controls and treatments that could be 
accommodated in increments of six. Treatments that lend themselves well to the array include 
Monitored Natural Recovery (MNR), Enhanced Monitored Natural Recovery (EMNR), 
Sediment Amendments (e.g. activated carbon, apatite, etc.), Permeable Reactive Barriers (PBRs), 
Geofabrics, and other treatments that can be accommodated within the vertical scale of the array. 
Even dredging can potentially be assessed by collecting cores to the projected dredge horizon 
and using the material at this depth (with added residuals if necessary) in the array exposures. A 
subset of these treatments was selected for the proof-of-concept deployment.    

Based on the considerations above, we completed a more detailed design for the system as a 
basis for construction in subsequent tasks. The component-level design is shown in Figure 5. The 
system consists of a light-weight aluminum frame onto which the other array components are 
installed. The six sediment cells are fitted into circular hoops that are part of the frame and sit on 
cross bars to accommodate their weight when filled with sediment. The sediment traps are 
installed in six triangular areas formed by the sediment cells around the perimeter of the frame. 
The instrumentation is all installed on brackets in the central area of the frame. The overall 
diameter of the frame is 5’-3” and the height is 1’-6”.  

The final phase of task1 was to develop a general experimental design for the field testing, and a 
draft protocol for the methodology that would support the field testing. The experimental design 
incorporated testing of two treatments and a control. The control was defined to be untreated 
contaminated sediment from a site in San Diego Bay. The first treatment was a thin-layer sand 
cap as is traditionally used in EMNR remediation (e.g. Marine Corp Base Quantico). The second 
treatment was designated to be a thin-layer cap of clean natural sediment from a reference area of 
San Diego Bay. The second treatment type was chosen on the basis of potential transition to a 
proposed Navy Environmental Sustainability Development to Integration (NESDI) project that is 
focused on using native sediment for EMNR applications. The design called for collecting 
baseline samples of the site and treatment materials, followed by two subsequent sampling 
events (T-Mid and T-Final) over a period of about 6 months.  
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Based on this typical experimental design, we developed a draft protocol for the field 
methodology. The protocol included the following components: 

 Prepare the Array 

o Site Sediment Collection 

o Sediment Treatments 

o Baseline Samples 

o Install Instruments and Sediment Traps 

 Deployment 

o Install Frame to Bottom 

o Install Cells in Frame 

o Stabilize 

 Sampling 

o T-Mid Install Passive Samplers and Organisms 

o T-Mid Retrieve Passive Samplers and Organisms 

o T-Final Install Passive Samplers and Organisms 

o T-Final Retrieve Passive Samplers and Organisms 

o Collect Final Samples and Instrument Data 

This initial protocol was then refined and developed at additional levels of detail during the 
construction, testing and deployment phases of the project.  
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5.2 Construction of the prototype arrays and pier-side testing of the methodology 

In task 2, we completed the design and construction of the prototype array that incorporated the 
key design features described above. The major construction component of the RARA was the 
fabrication of the frame. The remaining components were largely off-the-shelf, existing 
equipment, or easily fabricated items. The frame construction required development of detailed 
engineering drawings to assure clearances and tolerances were met that would accommodate all 
of the desired equipment onboard the array. Drawings of the frame are shown in Figure 6. 
Specified frame component materials are summarized in Table 3. The drawings show the large 
diameter hoops that support the overall structure, the individual hoops that hold the sediment 
cells, the cross braces on the bottom that support the weight of the cells, the central brackets for 
the instruments, and the perimeter brackets that hold the sediment traps. 

Design of the system was completed at the end of October 2015. A local fabricator was 
contracted to construct the frame. Materials for other components including the sediment cells 
and the sediment traps were purchased off-the-shelf from vendors. The ADCP, OBS and 
temperature/oxygen sensors were all available from previous projects. Other miscellaneous parts 
included clamps to secure the traps and instruments, small diameter line to construct lift lines for 
the individual sediment cells, and larger diameter line for a lifting system for the frame itself. 
Primary components and their costs, and the overall cost of the system not including the 
instruments are summarized in Table 4. From this it can be seen that the frame is about 85% of 
the non-instrument total cost. The total cost per unit for the RARA is only about $4500, so the 
system is relatively inexpensive and cost effective. 

Construction of the frame was completed in mid-January 2016. The finished frame with the 
sediment cells inserted for test fit is shown in Figure 7. Using this prototype frame, we conducted 
a series of tests in the lab and at the SSC-PAC pier. These included testing the fit of the various 
components, testing the lifting of the individual cells, testing the lifting of the frame, and testing 
the deployment of the frame followed by diver-assisted installation of a sediment cell. Testing 
was completed in February 2016.  In general, with minor adjustments, these tests were all 
successful and provided confidence in going forward to a proof-of-concept deployment in the 
field.  

Table 3. RARA frame components and their construction materials. 

 

Part Number Material

Outer Hoops 2 1.5" OD Aluminum tubing

Inner Hoops 2 1.5" OD Aluminum tubing

Vertical Supports 12 1.5" OD Aluminum tubing

Radial Supports ‐ Bottom (straight) 6 1.5" OD Aluminum tubing

Radial Supports ‐ Top (y‐shape) 6 1.5" OD Aluminum tubing

Chemtainer Hoops 6 1/4" X 2" Aluminum flatbar rolled to size

Chemtainer Supports 12 1‐1/2" X 1‐1/2" X 1/4" Aluminum tee

ADCP Bracket 1 1/4" Aluminum plate

OBS Bracket 1 1/4" Aluminum plate

WQ Bracket 1 1/4" Aluminum plate

Sediment Trap Brackets 6 1/4" Aluminum plate
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Table 4. Overall components of the RARA system and their associated costs. 

 

 

 

 

 

Component Source Description

Part 

Number Unit Unit Cost

No. of 

Units Total Cost

Frame Clint Precision Mfg., Inc. Custom Ea 3,850.00$  1 3,850.00$ 

Sediment Cells Chemtainer 17 Gallon Open Top, Flat Bottom Cylindrical Tank TC1815AA Ea 50.15$        6 300.90$     

Sediment Cell Lids Chemtainer Polyethylene Cover for 17 Gallon Cylindrical Tank TC1815AF Ea 19.55$        6 117.30$     

Sediment Trap Body Mcmaster‐Carr 4" Diameter Schedule 40 PVC Pipe 48925K18   10 ft 40.92$        1 40.92$       

Trap Bottom Cap Mcmaster‐Carr 4" PVC Pipe Cap 4880K58 Ea 5.83$           6 34.98$       

Trap Removable Top Cap Mcmaster‐Carr Flexible 4" Pipe Cap 4511K44 Ea 5.31$           6 31.86$       

Sediment Cell Lift Line West Marine 1/8" Braided Polyester Cord 179259 50 ft 7.99$           2 15.98$       

Frame Lift Line West Marine 6mm Dia. Endura Braid, 4,500 lb. Breaking Strength 3453388 ft 1.93$           30 57.90$       

Trap Clamps Mcmaster‐Carr Worm‐Drive Clamp, 316 Stainless Steel 5011T37 5 Pk 14.07$        3 42.21$       

Small Instrument Clamps Mcmaster‐Carr Worm‐Drive Clamp, 316 Stainless Steel 5011T41 5 Pk 10.58$        1 10.58$       

Large Instrument Clamps Mcmaster‐Carr Worm‐Drive Clamp, 316 Stainless Steel 5011T38 5 Pk 14.17$        1 14.17$       

Total Cost 4,516.80$ 
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5.3 Proof-of-concept field deployment of the prototype RARA array 

In this task, we finalized the experimental design for the proof-of-concept deployment, refined 
the method protocol, and conducted the field deployment.  

5.3.1 Experimental Design 

The experimental design for the proof-of-concept field deployment called for evaluation of two 
sediment treatments to contaminated sediment collected from a site in the Chollas Creek area of 
San Diego Bay. The sediment treatments included duplicate cells for a thin-layer (~20 cm) clean 
sand treatment, a thin-layer (~20 cm) clean sediment treatment, and an untreated Chollas Creek 
site sediment. Sampling events were scheduled for the beginning of the deployment (T-Zero), the 
mid-point of the deployment (T-Mid), and the end of the deployment period (T-Final). The 
duration of the deployment was expected to be four months. The schedule for the deployment is 
shown in Table 5.  

To evaluate the concept of source influence on the remedies, the experimental design called for 
removing the known source inputs at Chollas Creek by moving the RARA array to an area 
without significant ongoing sources. The SSC Pacific Pier 169 location was chosen to 
accommodate this design element as there are no significant sources in the area. This also 
allowed for easier testing and monitoring of the equipment by eliminating mobilization and 
access issues associated with a remote deployment. Performance relative to this removal of 
ongoing sources was evaluated by looking at changes in the untreated Chollas Creek sediment 
cells over time. 

To assess the performance of the remedies in the RARA, the experimental design called for 
sampling events over the course of the deployment that allowed the treated cells to be compared 
to the untreated Chollas Creek sediment controls. Measurements of bulk sediment concentrations 
were made for the site and treatment sediments at the beginning of the deployment. These were 
compared to subsequent sediment cores that were collected from the cells at the end of the 
deployment. Passive samplers including SP3 and DGT samplers were deployed at the T-Mid and 
T-Final time periods to allow comparison of the treatments and controls based on estimated 
porewater concentrations. The design also incorporated bioaccumulation measurements at the T-
Mid and T-Final time periods to evaluate comparative changes in bioavailability.   

5.3.2 Final Protocol 

Prior to the proof-of-concept field deployment, the RARA operational protocol was finalized to 
provide a step-by-step basis for the procedures to be used in the field. The key elements of the 
protocol are described below in the Preliminary Standard Operating Procedure and also included 
as a standalone document in Appendix C.  
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I. Preparation and Mobilization 

 Pre-clean the sediment cells, frame, and sediment traps 
 Prepare the brine solution for the sediment traps 
 Ready the ADCP, OBS and water quality instruments 
 Ready and clean the sampling equipment (grab, splitting tub, scoops, bottles etc.) 
 Ready the treatment sand (purchase from vendor) 
 Secure adequate support boat and sampling crew 

II. Site Sediment Collection 

 Collect site sediments - 2-3 grabs per container 
 Distribute each grab to all containers 
 Control cells filled 12-14”  
 Treatment cells filled 8-10” 
 T-Zero sampling cell filled 12-14” 
 Collect sediment cores and benthic infauna samples from T-Zero cell 
 Add overlying surface water to all cells 
 Cover and allow site sediment to settle overnight keeping dark and cool 
 Collect treatment sediment into spare cell – sufficient for 4” layer in two cells 
 Homogenize and sieve treatment sediment to remove infauna 
 Add treatment sand to a spare cell – sufficient for 4” layer in two cells 
 Add overlying water 
 Cover and keep treatment sediments cool and dark overnight 

III. Apply Treatments 

 Remove surface water from each cell 
 Insert 10 clam chambers into control cells until ~3” is left protruding (Figure 8) 
 Insert 10 clam chambers into control cells until ~7” is left protruding 
 If desired, add thin layer of colored tracer at sediment/treatment interface 
 Carefully add 4” layer of treatment material to each treatment cell (Figure 9 - Figure 10) 
 If desired, add thin layer of colored tracer at sediment/water interface  
 Collect split samples of treatment materials for T-Zero analysis 
 Refresh surface water to each cell 
 Cover and keep cells cool and dark until deployment 

IV. RARA Deployment 

 Secure boat support, crew and dive support 
 Install instruments to frame and initiate data recording 
 Install sediment traps to frame 
 Add brine and surface water to sediment traps and cap 
 Diver inspect installation location 
 Install frame to bottom with diver assistance (Figure 11) 
 Install cells to frame with diver assistance (Figure 12) 
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 Diver remove lids from cells – note time (Figure 13) 
 Diver remove caps from sediment traps – note time 
 Allow ~1 month for cells to stabilize 

V. T-Mid Sampling Event Start 

 Secure boat support, crew and dive support 
 Ready the passive samplers 
 Ready the clams 
 Diver install caps on sediment traps – note time 
 Diver retrieve OBS and HOBO loggers for cleaning and download 
 Diver install covers on RARA cells – note time 
 Retrieve cells one at a time (Figure 14) 
 Add clams to clam chambers and install chamber covers – note time (Figure 15) 
 Install passive samplers – note time (Figure 16) 
 Cover and reinstall cell to frame on bottom 
 Repeat for each cell 
 Diver reinstalls instruments on frame 
 Diver removes covers from cells – note time 
 Diver removes caps from sediment traps – note time 
 Allow 7 days for DGT exposures 
 Allow 28 days for clam and SP3 exposures 

VI. T-Mid Sampling Event DGT Retrieval 

 Secure boat support, crew and dive support 
 Ready sampling gear for DGTs (clean bags, DI water, labels, etc.) 
 Diver retrieves DGT samplers from each cell – note time (Figure 17) 
 DGT samplers cleaned and placed in clean, marked bags 

VII. T-Mid Sampling Event End 

 Secure boat support, crew and dive support 
 Ready sampling gear for clams and SP3s (containers, bags, labels, etc.) 
 Diver install caps on sediment traps – note time 
 Diver retrieve OBS and HOBO loggers for cleaning and download 
 Diver install covers on RARA cells – note time 
 Retrieve cells one at a time 
 Remove chamber covers and clams from clam chambers – note time (Figure 18) 
 Rinse clams and transfer to clean containers with surface water 
 Remove SP3 passive samplers – note time 
 Rinse SP3 samplers and transfer to marked sample bags 
 Cover and reinstall cell to frame on bottom 
 Repeat for each cell 
 Diver reinstalls instruments on frame 
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 Diver removes covers from cells – note time 
 Diver removes caps from sediment traps – note time 

VIII. T-Final Sampling Event Start 

Same as T-Mid 

IX. T-Final Sampling Event DGT Retrieval 

Same as T-Mid 

X. T-Final Sampling Event End 

 Secure boat support, crew and dive support 
 Ready sampling gear for clams, SP3s, cores, traps and benthic infauna 
 Diver install caps on sediment traps – note time 
 Diver retrieve OBS and HOBO loggers for cleaning and download 
 Diver install covers on RARA cells – note time 
 Retrieve cells one at a time 
 Remove chamber covers and clams from clam chambers – note time 
 Rinse clams and transfer to clean containers with surface water 
 Remove SP3 passive samplers – note time 
 Rinse SP3 samplers and transfer to marked sample bags 
 Install partitions in each cell (Figure 19) 
 Collect sediment cores from the core partition area 
 Collect benthic infauna samples from the benthic partition area 
 Allow sediment traps to settle and remove most of the overlying water 
 Collect sediment trap samples into jars for processing 

XI. Demobilization 

 Process samples for shipment and/or analysis (Figure 20 and Figure 21) 
 Process data from instruments  
 Dispose of sediment from the cells 
 Clean all equipment to remove sediment and fouling (Figure 22) 
 Store equipment for future use  
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Table 5. Schedule of field events for the RARA array proof-of-concept field deployment. 

 

  

Field Event Date Julian Day 2026

T‐Zero Sediment Collection 4/20/2016 110

T‐Zero Treatment Preparation 4/21/2016 111

T‐Zero Collect Initial Sediment Samples 4/21/2016 111

T‐Zero Deployment 4/22/2016 112

T‐Mid Clam and Passive Sampler Installation 5/24/2016 144

T‐Mid DGT Sampler Retrieval 6/1/2016 152

T‐Mid Clam and PE Sampler Retrieval 6/21/2016 172

T‐Final Clam and Passive Sampler Installation 7/18/2016 199

T‐Final DGT Sampler Retrieval 7/25/2016 206

T‐Final Clam and PE Sampler Retrieval 8/15/2016 227

T‐Final Sediment Coring and Bethic Community Sampling 8/15/2016 227
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5.3.3 Proof-of-Concept Field Deployment 

The proof-of-concept field deployment for the RARA followed the protocol described above and 
in the methods section. Results are presented below for bulk sediment analysis, sediment traps, 
passive samplers, bioaccumulation and benthic community census. Supporting data from the 
onboard instruments and general conditions in San Diego Bay during the deployment are also 
presented. The results are considered in the context of the research questions originally posed for 
the project and restated below: 

 Can microcosm experiments that are traditionally run in the laboratory be effectively 
replicated in the RARA field array? 

 Can the experiments be sustained for time periods that are relevant to the assessment of 
both recontamination and remedy performance?  

 Can differences be detected by the arrays as a function of sediment treatment? 
 Can differences be detected by the arrays as a function of recontamination exposure?  

To answer the first two questions, we evaluated our level of success in the proof-of-concept field 
program in all aspects of the testing ranging from preparation to deployment, sampling, retrieval 
and demobilization. To answer the third question, we directly compared the outcomes of the 
untreated site sediment controls to the sediments treated with thin-layer sand and thin-layer clean 
sediment for the broad range of measurement endpoints used in the study. To address the final 
question, the T-Zero and T-Final outcomes in the untreated Chollas Creek sediments were 
compared. Specific discussion of these outcomes is presented below following the description of 
the results for the individual measurement endpoints. 

Field Conditions 

Field conditions during the deployment were monitored through a combination of onboard 
sensors and publicly available data for San Diego Bay. Onboard sensors included acoustic 
backscatter and water velocities from the ADCP, water temperature and DO levels from the 
HOBO logger, and optical backscatter from the OBS. Publicly available data that were acquired 
included 6-minute water elevation (tides) from the NOAA Broadway Pier station, and daily 
precipitation from the NWS Lindbergh Field station.  

Conditions for water elevations, acoustic backscatter, and water velocities for the entire RARA 
deployment period are shown in Figure 23. The results show that water elevations varied through 
approximately eight complete spring-neap tidal cycles with maximum tidal ranges during spring 
tides between 2-3 meter, and smaller tidal ranges during neap tides of about 1 meter. Acoustic 
backscatter, which reflects the volume of scattering material in the water column, showed 
significant variation (from about 160-200 dB) over both tidal and spring-neap time scales. Water 
velocities (averaged through the water column) were generally in the range of -5 to 15 cm/s for 
the north component, and about half that range for the east component, while total water speed 
was generally in the range of 0 – 20 cm/s. Water velocities also showed strong variability over 
tidal and spring-neap time scales. 

Figure 24 shows a closer view of water elevations, acoustic backscatter, and water velocities for 
an individual spring-neap cycle between Julian Days 150-164. These data show that peak current 
speeds generally occur during the early phase of the larger flood tide, except during the 
maximum spring tides, when peak currents tend to occur during the smaller ebb tide. Figure 25 
shows the same tide period with acoustic backscatter plotted directly over the water elevation. 
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From this it can be seen that maximum backscatter generally occurs at or just after slack low 
water. This is consistent with general observations for the bay that show higher particle loads 
further into the bay that would be advected past the RARA deployment location during low tides.  

Conditions for precipitation, water temperature, DO, and optical backscatter are shown in Figure 
26. In general, precipitation during the deployment period was minimal, with the only significant 
rainfall event occurring at about Julian Day 125 with an event total of about 9 mm. Several small 
events (~1 mm) occurred during the subsequent period from Julian Day 130-160. These data 
indicate that inputs from stormwater runoff were likely to be minimal with the exception of the 
single event on day 125. Water temperatures during the first half of the deployment were 
generally in the range of 16-18 C. Temperatures then increased during the subsequent half of the 
deployment ending in the range of 21-23 C.  

Temperature variations associated with tidal and spring-neap time scales were also observed. 
Over tidal time-scales, coolest temperatures generally occurred at high water, and warmest 
temperatures just after low water. Over spring-neap time scales, warmest temperatures generally 
occurred a few days after the mid-neap time period. DO levels during the first half of the 
deployment were generally in the range of 7-9 mg/L. During the second half of the deployment, 
DO levels were generally lower in the range of 4-8 mg/L. A particularly low DO event 
apparently occurred during the period from Julian Day 186-204. It was not clear if this event was 
truly related to low DO or potentially sensor fouling. The green line in Figure 26 shows the 
readings corrected on the assumption of fouling by adding the offset value from the large change 
on day 186. Tidal and spring-neap variations in DO were also observed, but the range of 
variability was generally quite low (~1 mg/L).  

Optical backscatter measurements were plagued by fouling problems. Between cleaning periods, 
backscatter was observed to increase at an accelerating rate despite little evidence of turbidity 
increase. These increasing trends were removed from the data by fitting a baseline curve to the 
low range of the readings throughout the deployment, and then removing the low-frequency 
trend. Data after about Julian Day 185 could not be used due to high levels of fouling. The 
results shown in Figure 26 are the corrected data. Even with these corrections, the data are 
considered to be of questionable quality and should only be viewed in a very qualitative sense. 
Future deployments should include OBS units with wipers to alleviate the fouling problems. 

Note also that the design and presence of the RARA array creates physical variations that may 
not always be representative of site conditions. For example, the cells are elevated above the 
bottom, and the sediment within the cells is recessed below the lip of the cell. These physical 
variations may affect the processes that control resuspension and deposition. This is one trade-off 
between the more cost-effective nature of the RARA system and more costly but realistic pilot-
scale approaches. 
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Figure 25. Tidal elevation (blue) and acoustic backscatter (green) during the spring-neap cycle from Julian Day 150-164. 
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Bulk Sediments 

Bulk sediment concentrations were analyzed for samples collected at T-Zero from the original 
Chollas Creek site sediment, the two treatment materials, and for samples collected at T-Final 
from the untreated site sediments and the two different treatment conditions (Table 6). Results 
are presented below for two different comparisons. To determine the influence of removing 
localized sources, the T-Zero and T-Final concentrations in the untreated Chollas Creek 
sediments were compared. To determine the influence of the two treatments, the untreated site 
sediment controls were compared to the sediments treated with thin-layer sand and thin-layer 
clean sediment at the T-Final condition. 

Comparing the T-Zero and T-Final concentrations of the Chollas Creek site sediments (control), 
the physical properties remained relatively consistent over the 5-month period, with a slight 
decrease in the percent fines. Contaminant concentrations also remained relatively stable, 
although there were some variations (Figure 27). Cadmium increased by over 90%, although the 
starting concentration at T-Zero was relatively low to begin with. Total Chlordane concentration 
reduced by 100% such that it was below detection limits at the T-Final sampling event. Other 
variations in T-Zero to T-Final concentrations were in the range of 50% or less with lead, zinc 
and Total PAHs increasing and copper, mercury and Total PCBs decreasing over the deployment 
period. With the exception of the large reduction in Total Chlordane, these results suggest that 
removing the site sediments from influences at the site did not have a major effect on the bulk 
concentrations of contaminants present in the sediments after a period of five months. 

Much more dramatic differences in bulk sediment concentrations were observed in the 
comparisons of the untreated site sediments to the treatments (Table 6; Figure 29 - Figure 35). 
Comparing bulk sediment concentrations in treatments to untreated controls, we found 
reductions in all contaminant levels with the largest reductions in the sand treatment, followed by 
the clean sediment treatment. One exception to this was Total DDX which was below detection 
limit in all sediments at T-Zero but increased to detectable levels in the clean sediment and sand 
treatments at T-Final (Figure 36). Excluding DDX and Chlordane (due to non-detects), bulk 
sediment contaminant levels in the sediment treatment decreased by 65% while levels in the sand 
treatment decreased by 90% when averaged across contaminants for the T-Final condition 
(Figure 37). This is only a slight decrease in compared to the starting materials measured at T-
Zero which showed differences between the treatment sediment and sand compared to controls 
of 75% and 94%, respectively.   

To evaluate statistical differences between treated and untreated sediment bulk sediment 
concentrations, the data were evaluated using a paired (by sampling event) T-test for each 
contaminant with sufficient data. The results indicated that for the sediment treatment, cadmium, 
copper, lead, zinc, Total PCB, and Total PAH showed a statistical difference associated with 
treatment (all p<0.05). For the sand treatment, all of the same contaminants also showed 
statistically significant reductions with the exception of cadmium. The trends observed for other 
contaminants were not statistically significant. 

Overall, the bulk sediment results indicate limited reductions in concentrations associated with 
the elimination of site specific conditions, but significant reductions in concentrations associated 
with the two treatments. Complete bulk sediment chemistry reports are included in Appendix D. 
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Trap Sediments 

Sediment trap bulk sediment concentrations were analyzed for a composite sample created from 
sediments collected from the six sediment traps on the RARA array at T-Final (Table 6). Results 
are presented along with the treated and untreated RARA cell bulk sediments in Figure 29 - 
Figure 35. The purpose of the sediment trap samples in this case was to determine the nature of 
ongoing deposits on the treatment and control sediments given that the primary exposure to 
ongoing sources at Chollas Creek had been removed. Comparing the sediment trap 
concentrations to the Chollas Creek site sediments gives an indication of how the sediments 
might recover if the sources at the creek were controlled. Comparing sediment trap 
concentrations to the sediment treatment concentrations gives an indication of the level of 
resilience needed for the treatment given the continuing level of contamination input even after 
local sources have been controlled.  

Deposition rates at the deployment site were estimated based on the composite total mass 
collected in the six sediment traps, the combined surface area of the traps, and the time period of 
the deployment. The total sediment dry weight mass collected in the traps was 2311 g, the 
combined surface area of the six traps was 486 cm2, and the deployment period was 115 days. 
This indicates a deposition rate of about 15.1 g/cm2/y. Assuming a wet bulk density of 1.76 
g/cm3 (estimated from moisture content and assumed solids density of 2.5 g/cm3), this indicates a 
deposition rate of about 8.6 cm/y or a total deposition thickness for the deployment period of 
about 2.7 cm. This rate is typical of many coastal harbor areas.  

In general, the results for the sediment traps show that new sediments depositing at the array site 
had contaminant concentrations that were generally lower than the concentrations in the control 
sediments, with the exception of Total DDX (Table 6; Figure 38). Contaminant concentrations in 
trap sediments were generally <30% of the concentration in the untreated control sediments, with 
the exception of Total PAHs which had similar concentration in the trap at about 75% of the 
control sediment concentration. Total DDX was detected in the traps, but not in the control 
sediments, indicating that there may be a localized source of DDX at the RARA deployment site 
that was not previously known. These results generally support the conceptual design of the 
RARA deployment which was to evaluate the response of the sediments to removing the local 
sources of contamination from the Chollas Creek.   

Comparison of trap sediment concentrations to treated sediment concentrations indicated that 
depositing sediments generally had contaminant concentrations that were higher than the sand 
treatments, but lower or comparable to the sediment treatments (Figure 39). Concentrations of 
copper, mercury, zinc and Total PCBs were all higher in the depositing sediments captured in the 
traps than in the sand treated sediments. For the sediment treatments, the depositing sediments 
generally had lower concentrations in the range of 36-83% of the concentration in the treatments 
at T-Final. These results suggest that incoming sediments would exert some upward pressure on 
the thin-sand treatments, but would generally have only a small downward pressure on the thin-
sediment treatments. On the thin-sand treatment, with limited organic material, this might 
exacerbate uptake as the organisms preferentially feed on incoming organic matter with 
associated contaminants. 

For metals, one way of examining the influence of background conditions and mixing is to 
normalize to iron content in the sediments. Correlation plots for metals and iron are shown in 
Figure 40 – Figure 43. These plot all show good correlations between metal and iron 
concentrations in treated and untreated Chollas Creek site sediments. They also indicate that the 
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treatment material for both sand and clean sediment fall closely along the same relationship. In 
contrast, the sediments from the traps generally have much lower metal concentrations given the 
relatively high iron concentration, and thus fall well below the regression line. These diagrams 
provide conceptual insight into the relative influence of the treatment of the sediments compared 
to the sediment deposition. In general, the influence of treatment is to move the sediment 
characteristics toward the origin along the regression line, while the influence of the deposition is 
to move the sediment characteristics vertically downward (Figure 44). Using this analysis, we 
can say that the figures generally indicate trends that are dominated by treatment effects rather 
than deposition effects. Using the starting and ending ratios of iron to indicate the mixing of 
treatment and site sediments, we found that the mixing rates in the two treatments were very 
comparable at about 82% and 83% for the sediment treatment and sand treatment, respectively. 
Complete sediment trap chemistry reports are included in Appendix E.  
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Table 6. Results for bulk sediment analysis of RARA samples collected at T-Zero and T-Final.  
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Detectable 

DDX (ug/kg)
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Detectable 

Chlordane 

(ug/kg)

Total 

Detectable 

PAHs (ug/kg)

Site Sediment Control 73% 1.8% 31000 0.489 162 75.3 3.15 271 146.1 ND 5.4 1706.4

Treatment Sediment 32% 0.5% 14100 0.108 49.7 23.1 0.542 103 22.0 ND 0.3 397.6

Treatment Sand 2% ND 1060 ND 0.47 1.27 0.005 5.35 ND ND ND ND

Site Sediment Control 1 67.9% 1.60% 31600 1.06 129 107 1.37 372 113.7 ND ND 2115.7

Site Sediment Control 2 67.4% 1.70% 32700 0.834 165 110 1.46 252 89.7 ND ND 2178.0

Sediment Treatment 1 29.7% 0.5% 16900 ND 80.7 27.7 0.353 111 16.4 1.0 ND 630.1

Sediment Treatment 2 31.2% 0.6% 17300 ND 65.5 38.8 1.46 107 17.3 1.2 ND 606.0

Sand Treatment 1 11.0% 0.25% 6580 ND 21.6 6.45 0.055 32.1 3.3 0.3 ND 311.5

Sand Treatment 2 8.9% 0.19% 5800 ND 18.3 5.61 0.044 34.2 1.8 0.2 ND 189.8

Sediment Trap NA 2.20% 33000 0.271 31.8 34.7 0.367 47.3 16.1 2.5 ND 1607.3
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Figure 27. Change in contaminant concentrations over the 5-month RARA deployment period relative 
to the starting concentration at T-Zero. 
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Figure 28. Comparison of bulk sediment cadmium concentrations for controls, sediment treatments, 
and traps during the RARA T-Zero and T-Final measurements. 

 
 
Figure 29. Comparison of bulk sediment copper concentrations for controls, sediment treatments, and 
traps during the RARA T-Zero and T-Final measurements. 
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Figure 30. Comparison of bulk sediment lead concentrations for controls, sediment treatments, and 
traps during the RARA T-Zero and T-Final measurements. 

 

 
Figure 31. Comparison of bulk sediment mercury concentrations for controls, sediment treatments, 
and traps during the RARA T-Zero and T-Final measurements. 
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Figure 32. Comparison of bulk sediment zinc concentrations for controls, sediment treatments, and 
traps during the RARA T-Zero and T-Final measurements. 

 
Figure 33. Comparison of bulk sediment Total Chlordane concentrations for controls, sediment 
treatments, and traps during the RARA T-Zero and T-Final measurements.  
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Figure 34. Comparison of bulk sediment Total PCB concentrations for controls, sediment treatments, 
and traps during the RARA T-Zero and T-Final measurements. 

 

 
Figure 35. Comparison of bulk sediment Total PAH concentrations for controls, sediment treatments, 
and traps during the RARA T-Zero and T-Final measurements. 
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Figure 36. Comparison of bulk sediment Total DDX concentrations for controls, sediment treatments, 
and traps during the RARA T-Zero and T-Final measurements. 

 

 
Figure 37. Bulk sediment concentration reduction compared to untreated controls for the sediment and 
sand thin-layer treatments.  
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Figure 38. Ratio of the bulk sediment trap concentration to the concentration in the untreated control 
sediment at T-Final. Note that the ratio for Total DDX and Total Chlordane could not be calculated 
because DDX was not detected in the control sediments, and Chlordane was not detected in the trap 
sediments. 

  
Figure 39. Ratio of the bulk sediment trap concentration to the concentration in the treated sediments 
at T-Final.   
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Figure 40. Regression plot for copper versus iron for the treated and untreated Chollas Creek site 
sediments (blue diamonds), along with the treatment sediment (red diamond), treatment sand (green 
diamond), and sediment trap (purple diamond). 

 
Figure 41. Regression plot for mercury versus iron for the treated and untreated Chollas Creek site 
sediments (blue diamonds), along with the treatment sediment (red diamond), treatment sand (green 
diamond), and sediment trap (purple diamond). 
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Figure 42. Regression plot for mercury versus lead for the treated and untreated Chollas Creek site 
sediments (blue diamonds), along with the treatment sediment (red diamond), treatment sand (green 
diamond), and sediment trap (purple diamond). 

 
Figure 43. Regression plot for mercury versus zinc for the treated and untreated Chollas Creek site 
sediments (blue diamonds), along with the treatment sediment (red diamond), treatment sand (green 
diamond), and sediment trap (purple diamond). 
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Figure 44. Conceptual diagram of the effects of treatment and deposition on the metal concentration in 
treated Chollas Creek sediments. 
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DGT Results 

Sediment porewater metal concentrations measured with DGTs were analyzed for samples 
collected at T-Mid and T-Final from the untreated site sediments and the two different treatment 
conditions. To determine the influence of the two treatments, the untreated site sediment controls 
were compared to the sediments treated with thin-layer sand and thin-layer clean sediment at 
these two time points during the deployment. During analysis of the DGTs, it was noted that 
sediment particles had found their way into some of the gels. Care was taken to remove these to 
the extent possible, but analytical results showed outliers that were attributed to this issue. The 
outliers included DGTs from one replicate each in the T-Mid exposure of RARA sand treatment 
cell 2, and the sediment treatment cell 1. These results were flagged and excluded from the 
subsequent data analysis (Table 7). General trends (non-statistical) and statistical differences are 
described below. 

DGT results are shown in Figure 45 – Figure 48 for the metals copper, zinc, cadmium and lead. 
Each figure shows the comparison of blanks, untreated Chollas Creek site sediments (control), 
and the thin-sediment and thin-sand treatments at the T-Mid and T-Final exposure points. For all 
metals, at both time points, and for all treatments, concentrations in the cells were generally 
higher than blanks with the exception of the T-Mid time point for cadmium in the untreated 
control and clean sediment treatment. Averaged across the full data set (Figure 49), field 
exposure concentrations exceeded blank concentrations by factors of 47X, 12X, 1.4X and 11X 
for copper, zinc, cadmium and lead, respectively. Thus metals concentrations in DGTs exposed 
to field sediments were generally distinguishable compared to unexposed samplers with the 
exception of cadmium in some cases.  

Comparing the untreated sediment to the treatments at T-Mid, we found varying results by 
treatment and by metal. For the clean sediment treatment, porewater metal concentrations at T-
Mid were generally comparable to untreated controls for cadmium, zinc and lead, but were 
higher than controls for copper. For the sand treatment, metal concentrations at T-Mid were 
generally comparable to untreated controls for zinc, but were higher than controls for copper, 
cadmium and lead. Porewater metal concentrations at T-Final were generally lower than 
concentrations at T-Mid for most metal except lead. For the sediment treatment, metal 
concentrations at T-Final were generally comparable to untreated controls for cadmium and zinc, 
but were higher than controls for copper and lead. For the sand treatment, metal concentrations at 
T-Final were generally comparable to untreated controls for all metals. In general, porewater 
metal concentrations in all treatments and controls were low, suggesting limited metal 
bioavailability.  

To evaluate statistical differences between treated and untreated sediment porewater 
concentrations, the data were evaluated using a paired (by sampling event) T-test for each 
contaminant with sufficient data. The results indicated that for the sediment treatment, the only 
metal that showed a statistical difference associated with treatment was copper (p=0.02), and the 
only metal that showed a statistical difference associated with sand treatment was zinc (p=0.04). 
The trends observed for other metals were not statistically significant, although differences in 
lead for the sediment and copper for the sand treatment were borderline (p=0.07 in each case). 

Overall, the DGT results indicate limited bioavailability in all treated and untreated sediments for 
both time events, with the untreated sediments generally performing equally or better than the 
treated sediments with respect to reducing metal availability. All of the sediments also appeared 
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to improve over time, with lower porewater metal concentrations at T-Final compared to T-Mid. 
Complete DGT chemistry reports are included in Appendix F.
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Table 7. Porewater labile metal concentrations based on the DGT measurements at T-Mid and T-Final. Grey shaded cells indicate outlier 
samples that were believed to have been compromised by sediment particles and were not included in the averages. 

 

 
 
 

Porewater     

Copper      

(µg/L)

Porewater     

Zinc      (µg/L)

Porewater     

Cadmium 

(µg/L)

Porewater     

Lead          

(µg/L)

Porewater     

Copper      

(µg/L)

Porewater     

Zinc      (µg/L)

Porewater     

Cadmium 

(µg/L)

Porewater     

Lead          

(µg/L)

Blank 1 0.022 0.185 0.010 0.002 0.014 0.546 0.003 0.012

Blank 2 0.016 0.128 0.012 0.002 0.009 0.237 0.002 0.012

Control 1 0.470 4.329 0.016 0.070 0.163 1.737 0.004 0.047

Control 1 Dup 0.393 5.103 0.010 0.068 0.257 2.556 0.010 0.051

Control 2 0.337 2.635 0.009 0.041 0.242 2.162 0.007 0.079

Control 2 Dup 1.243 4.697 0.009 0.025 0.207 1.681 0.006 0.057

Sediment Treatment 1 13.466 14.383 0.011 0.388 1.110 6.871 0.009 0.084

Sediment Treatment 1 Dup 1.337 4.818 0.003 0.046 0.586 1.609 0.003 0.090

Sediment Treatment 2 1.362 9.125 0.005 0.081 0.548 2.245 0.007 0.101

Sediment Treatment 2 Dup 0.995 2.234 0.003 0.084 1.197 4.183 0.014 0.227

Sand Treatment 1 0.608 3.194 0.020 0.123 0.458 1.661 0.005 0.061

Sand Treatment 1 Dup 0.781 4.139 0.032 0.204 0.578 1.269 0.004 0.084

Sand Treatment 2 1.468 2.876 0.010 0.040 0.206 1.365 0.004 0.022

Sand Treatment 2 Dup 7.008 7.718 0.033 0.173 0.223 1.573 0.005 0.020

Average Control 0.611 4.191 0.011 0.051 0.217 2.034 0.007 0.058

Average Sediment Treatment 1.231 5.392 0.004 0.070 0.777 2.679 0.008 0.139

Average Sand Treatment 0.952 3.403 0.020 0.123 0.414 1.432 0.004 0.056

Sample ID

Deployment T‐Mid Deployment T‐Final
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Figure 45. Copper concentrations in porewater for the T-Mid and T-Final sampling events based on 
results from the DGT samplers. 

 

 
Figure 46. Zinc concentrations in porewater for the T-Mid and T-Final sampling events based on 
results from the DGT samplers. 
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Figure 47. Cadmium concentrations in porewater for the T-Mid and T-Final sampling events based on 
results from the DGT samplers. 

 

 
Figure 48. Lead concentrations in porewater for the T-Mid and T-Final sampling events based on 
results from the DGT samplers. 
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Figure 49. Ratio of field porewater DGT concentration to blank concentration averaged across all 
measurements. 
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SP3 Results 

Sediment porewater HOC concentrations measured with SP3 polyethylene samplers were 
analyzed for samples collected at T-Mid and T-Final from the untreated site sediments and the 
two different treatment conditions (Table 8). To determine the influence of the two treatments, 
the untreated site sediment controls were compared to the sediments treated with thin-layer sand 
and thin-layer clean sediment at these two time points during the deployment. Although the 
sampler deployments were reasonably long (28 days), there is some uncertainty in the calculation 
of porewater concentrations due to low elimination rates of PRCs (see Appendix G). However 
the qualitative trends are still expected to be reliable when comparing treated to untreated 
sediment exposures. General trends (non-statistical) and statistical differences are described 
below.  

SP3 results are shown in Figure 50 – Figure 53 for HOCs including Total PAH, Total PCB, Total 
DDX, and Total Chlordane. Each figure shows the comparison of untreated Chollas Creek site 
sediments (control), and the thin-sediment and thin-sand treatments at the T-Mid and T-Final 
exposure points. At T-Mid, the thin-sediment treatment porewater concentration for Total PAH 
was comparable to the untreated control, while the thin-sand treatment was lower. In the T-Final 
porewater samples, the trend in Total PAH porewater concentrations had reversed with the 
control and sediment treatment still comparable, but the thin-sand treatment porewater 
concentration was higher. Porewater Total PCBs showed clear differences between untreated and 
treated sediments with both treatments showing lower concentrations and the sand treatment 
showing the most dramatic decrease. These differences were maintained in the T-Final exposure 
in which the untreated control sediment porewater Total PCB concentration increased while the 
two treatments both decreased.  

Total DDX was not detected in the porewater of any of the treated or untreated sediments at T-
Mid. However, at T-Final, detectable levels of Total DDX were found in both duplicates of the 
untreated controls and one duplicate of the sediment treatment, while there was still no DDX 
detected in the sand treatment porewater. Results for Total Chlordane in porewater showed lower 
concentrations in the treated sediments during T-Mid. By T-Final, Chlordane was undetectable in 
the porewater of all the treated and untreated sediments. 

To evaluate statistical differences between treated and untreated sediment porewater 
concentrations, the data were evaluated using a paired (by sampling event) T-test for each 
contaminant with sufficient data. The results indicated that for both the sediment treatment and 
the sand treatment, the only HOC that showed a statistical difference associated with treatment 
was Total PCBs (p=0.04 and p=0.01, respectively). The trends observed for PAHs and 
Chlordane were not statistically significant, and the changes in DDX could not be evaluated due 
to non-detects. 

Overall, the SP3 results indicate differing responses over time for HOC porewater concentrations. 
Qualitatively, PAHs in porewater showed an increasing trend in the sand treatment suggesting 
potential movement of PAHs from the contaminated sediment below into the sand layer. PCBs 
and Chlordane generally showed reductions associated with the application of the treatments. 
Chlordane also showed reduction with time in all sediments suggesting attenuation through 
degradation or some other process. Porewater DDX indicated that concentrations were increasing 
with time suggesting a potential local source because concentrations were increasing in the 
control sediments. However, the only HOC that showed a statistical decrease with treatment was 
Total PCBs. Complete SP3 chemistry reports are included in Appendix G. 
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Table 8. Porewater HOC concentrations based on the SP3 passive sampler measurements at T-Mid and T-Final 

 

 

 

Sampling Event

Treatment Total PAH 

(ng/L)

Total PCB 

(pg/L)

Total DDX 

(pg/L)

Total 

Chlordane 

(pg/L)

Total PAH 

(ng/L)

Total PCB 

(pg/L)

Total DDX 

(pg/L)

Total 

Chlordane 

(pg/L)

Control 1 48 620 ND 300 53 1300 210 ND

Control 2 70 1200 ND 800 27 1400 340 ND

Sediment Treatment 1 56 430 ND 190 36 250 ND ND

Sediment Treatment 2 55 520 ND 210 78 310 60 ND

Sand Treatment 1 35 110 ND 130 73 29 ND ND

Sand Treatment 2 26 120 ND 120 83 11 ND ND

T‐Mid T‐Final
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Figure 50. Total PAH concentration in porewater based on the SP3 passive samplers.  

 
Figure 51. Total PCB concentration in porewater based on the SP3 passive samplers. 
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Figure 52. Total DDX concentration in porewater based on the SP3 passive samplers.  

 
Figure 53. Total Chlordane concentration in porewater based on the SP3 passive samplers.  

  

0

5

10

15

20

25

30

35

Control Sediment Treatment Sand Treatment

P
o
re
w
at
e
r 
To
ta
l D

D
X
 (
u
g/
kg
P
E)

T‐Mid

T‐Final

ND ND ND ND

ND Rep

0

5

10

15

20

25

30

Control Sediment Treatment Sand Treatment

P
o
re
w
at
e
r 
To
ta
l C
h
lo
rd
an

e
 (
u
g/
kg
P
E)

T‐Mid

T‐Final

ND ND ND



Remedy and Recontamination Assessment Array  
Final Report 78 March 2017 

Bioaccumulation 

Bioaccumulation in tissues of the clam Macoma nasuta was analyzed for samples collected at T-
Mid and T-Final from the untreated site sediments and the two different treatment conditions. To 
determine the influence of the two treatments, the untreated site sediment controls were 
compared to the sediments treated with thin-layer sand and thin-layer clean sediment at these two 
time points during the deployment. General trends (non-statistical) and statistical differences are 
described below. 

Results for bioaccumulation of the metals copper, lead, zinc and mercury are shown in Figure 54 
– Figure 57. Cadmium was below detection limits in the clam tissues. Bioaccumulation of copper 
was generally uniform across treated and untreated sediments at both the T-Mid and T-Final 
exposures. For lead, tissue concentrations were comparable for the untreated controls and the 
sediment treatment, but showed some decrease in the sand treatment, particularly for the T-Final 
exposure. As with copper, bioaccumulation of zinc was uniform across untreated and treated 
sediments, with slightly lower uptake in the sand treatment. Mercury bioaccumulation was 
generally uniform across treated and untreated sediments, but showed differences with time, with 
the T-Final concentrations increasing in comparison to the T-Mid exposure. 

Results for bioaccumulation for Total PAHs, Total PCBs, Total DDX and Total Chlordane are 
shown in Figure 58 – Figure 61. Bioaccumulation of Total PAHs was fairly uniform across the 
untreated and treated sediments at T-Mid with slightly lower concentrations in the treatments. At 
T-Final, Total PAH concentrations in tissues decreased by about 50% in all sediments and 
showed slightly higher concentrations in the treatments compared to the controls. For Total 
PCBs, bioaccumulation was somewhat lower in the treatments compared to the controls at T-Mid. 
However, at T-Final, tissue concentrations increased across all sediments with somewhat higher 
levels in the treated sediments compared to the untreated controls. Total DDX concentrations 
were relatively low and uniform across all sediments at T-Mid, with treatment sediments each 
having non-detects in one of the replicate exposures. At T-Final, tissue concentrations increased 
in the control and sand treatment and showed higher variability between the duplicates. Total 
Chlordane was only detected in the bioaccumulation exposures for the controls at both T-Mid 
and T-final, indicating a trend toward lower (undetectable) levels in the treatments compared to 
the controls. Chlordane concentrations in controls appeared to decrease between T-Mid and T-
Final as well. 

To evaluate statistical differences between treated and untreated tissue concentrations, the data 
were evaluated using a paired (by sampling event) T-test for each contaminant with sufficient 
data. The results indicated that for the sediment treatment, no contaminants showed a statistically 
significant reduction (Total Chlordane had insufficient data). For the sand treatment, the only 
contaminant that showed a statistically significant reduction was zinc (p=0.04; cadmium and 
Total Chlordane had insufficient data). The trends observed for other contaminants were not 
statistically significant. 

Overall, bioaccumulation results showed only limited effectiveness of the sediment treatments 
relative to controls. Lead and Total Chlordane showed some indication of reduced 
bioaccumulation in treatment sediments. Other contaminants generally did not show clear 
patterns that would indicate reduced bioavailability related to the treatments. Mercury, Total 
PCBs and Total DDX all showed increases between T-Mid and T-Final that suggest either source 
effects or increases in bioavailability with time. PAHs showed decreasing bioavailability with 
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time indicating attenuation or reduction in bioavailability. Complete tissue chemistry reports are 
included in Appendix H.  
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Table 9. Tissue concentrations based on the clam exposures at T-Mid and T-Final. 

 
 
 
 
 

Cadmium

(mg/kg)

Copper

(mg/kg)

Lead

(mg/kg)

Zinc

(mg/kg)

Mercury

(mg/kg)

Sum PAHs

(µg/kg)

Sum PAHs

lipid 

normalized

(µg/kg lipid)

Sum PCBs

(µg/kg)

Sum PCBs

lipid 

normalized

(µg/kg lipid)

Sum DDX

(µg/kg)

Sum DDX

lipid 

normalized

(µg/kg lipid)

Sum 

Chlordane

(µg/kg)

Sum 

Chlordane

lipid 

normalized

(µg/kg lipid)

Control 1 0.049 8.82 1.21 21.5 0.030 450 90840 7.38 1491 0.78 157 0.58 118

Control 2 0.044 7.09 1.01 19.6 0.026 485 99831 7.44 1530 0.82 168 1.89 388

Sediment Treatment 1 0.042 8.4 0.98 20.2 0.030 465 86785 8.20 1530 ND ND ND ND

Sediment Treatment 2 0.043 7.33 0.73 21.1 0.030 412 84628 3.66 752 1.33 273 ND ND

Sand Treatment 1 ND 7.87 0.50 19.0 0.025 407 109582 2.71 729 ND ND ND ND

Sand Treatment 2 0.039 9.71 0.87 18.5 0.036 266 49822 5.12 960 0.89 166 ND ND

Control 1 ND 8.28 0.81 24.6 0.034 154 34262 10.28 2284 1.30 289 ND ND

Control 2 ND 7.09 1.00 21.7 0.037 202 35449 15.33 2689 3.98 699 0.51 90

Sediment Treatment 1 ND 9.19 1.02 18.7 0.032 163 45139 12.77 3546 1.10 307 ND ND

Sediment Treatment 2 ND 6.88 0.93 21.7 0.041 202 46963 11.09 2579 1.14 266 ND ND

Sand Treatment 1 ND 8.56 0.61 18.8 0.041 227 58210 17.31 4438 5.63 1445 ND ND

Sand Treatment 2 ND 7.63 0.58 16.9 0.035 206 47979 14.54 3381 1.04 242 ND ND

T‐Mid

T‐Final

Treatment
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Figure 54. Copper concentrations in the clam Macoma nasuta exposed to treated and untreated RARA 
sediment cells from the T-Mid and T-Final exposure periods. 

 
Figure 55. Lead concentrations in the clam Macoma nasuta exposed to treated and untreated RARA 
sediment cells from the T-Mid and T-Final exposure periods. 
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Figure 56. Zinc concentrations in the clam Macoma nasuta exposed to treated and untreated RARA 
sediment cells from the T-Mid and T-Final exposure periods. 

 
Figure 57. Mercury concentrations in the clam Macoma nasuta exposed to treated and untreated 
RARA sediment cells from the T-Mid and T-Final exposure periods. 
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Figure 58. Lipid-normalized Total PAH concentrations in the clam Macoma nasuta exposed to treated 
and untreated RARA sediment cells from the T-Mid and T-Final exposure periods. 

 
Figure 59. Lipid-normalized Total PCB concentrations in the clam Macoma nasuta exposed to treated 
and untreated RARA sediment cells from the T-Mid and T-Final exposure periods. 
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Figure 60. Lipid-normalized Total DDX concentrations in the clam Macoma nasuta exposed to treated 
and untreated RARA sediment cells from the T-Mid and T-Final exposure periods. 

 
Figure 61. Lipid-normalized Total Chlordane concentrations in the clam Macoma nasuta exposed to 
treated and untreated RARA sediment cells from the T-Mid and T-Final exposure periods. 
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Benthic Community 

Benthic community analyses were conducted for the original site sediments from Chollas Creek 
(T-Zero), and for the T-Final RARA event for the site sediment control, clean sediment treatment 
and sand treatment cells (Table 10). Eleven biological indices commonly used to assess benthic 
community health were used to evaluate the data. Results are presented below for two different 
comparisons. To determine the influence of removing localized sources, the T-Zero and T-Final 
concentrations in the untreated Chollas Creek sediments were compared. To determine the 
influence of the two treatments, the untreated site sediment controls were compared to the 
sediments treated with thin-layer sand and thin-layer clean sediment. Only general trends are 
described as there was insufficient replication for statistical comparisons. 

Results for the metrics are shown in Figure 62 – Figure 70. In these figures, the comparison 
between the T-Zero and T-Final untreated Chollas Creek site sediment can be seen in the first 
two bars of each figure. This comparison indicates the change associated with removing the 
sediments from the sources and physical disturbances associated with the Chollas Creek site to 
an area of the bay with no significant sources or disturbance for a period of 5 months. Total 
abundance was reduced, but virtually every other metric of benthic health (except the IBI) 
improved in association with moving the exposure to the undisturbed location. For example, 
metrics for richness, diversity, dominance, and evenness all improved. These improvements led 
to shifts in broader index scores including the BRI shifting from Low Disturbance to Reference, 
the RBI shifting from Moderate Disturbance to Reference, and the Integrated Category Score 
shifting from Moderate Disturbance to Low Disturbance. While there were insufficient data in 
the design to determine statistical differences, all of the differences are based on composited 
replicate samples and not single grabs. These results suggest conditions at the Chollas Creek site, 
rather than conditions inherent to the sediments themselves, are contributing to the moderate 
levels of benthic degradation, and that by minimizing source exposure and physical disturbance, 
the benthic community rapidly improves. 

In Figure 62 – Figure 70, the comparison between the untreated and treated Chollas Creek site 
sediments can be seen by looking at the first (T-Zero untreated) and second bars (T-Final 
untreated) relative to the third (T-Final sediment treatment) and fourth (T-Final sand treatment) 
bars in each of the figures. Comparing the T-Zero untreated Chollas Creek site sediment to the 
T-Final treated sediments, we found broad improvements in metrics. For example, metrics for 
richness, diversity, dominance, and evenness all improved in both treatments compared to the 
untreated sediments. These improvements generally led to shifts in broader index scores. These 
improving trends were stronger for the sediment treatment compared to the sand treatment. For 
the sediment treatment, the BRI improved from Low Disturbance to Reference, the IBI improved 
from Low Disturbance to Reference, the RBI improved from Moderate Disturbance to Reference, 
and the Integrated Category Score improved from Moderate Disturbance to Reference. For the 
sand treatment, the BRI score improved but did not change category, the IBI was unchanged, the 
RBI improved from Moderate Disturbance to Reference, and the Integrated Category Score 
improved from Moderate Disturbance to Low Disturbance. Comparing the T-Final untreated 
Chollas Creek site sediment to the T-Final treated sediments, there were slight improvements in 
metrics for the sediment treatment, and minimal differences with the sand treatment. These 
results suggest that, from a benthic community health perspective, improved conditions result 
from treatment with thin layers of clean sediment and sand, with the largest improvement 
associated with the clean sediment treatment. However, because the sediment treatments were 
only evaluated at the remote location, it is not known how the treatments would perform under 
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conditions of ongoing sources and physical disturbance at the site. This was only a limitation of 
the resources available for the study, and not a limitation of the RARA system which could 
clearly be used to evaluate that question as well. Complete benthic community analyses reports 
are included in Appendix I. 
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Table 10. Benthic community analysis metrics for the original Chollas Creek site sediment and the T-Final results for the untreated site 
sediment controls and the two treatments. 

Treatment Abundance Richness
Shannon 

Div
Schwartz 

Dom
Pielou 
Even BRI

IBI Cat 
Score RBI

Int Cat 
Scores

Original Site Sediment 571 34 1.81 3.0 0.51 44.0 2 0.10 3
Site Sediment Control 407 55 2.82 9.0 0.70 39.4 2 0.42 2
Clean Sediment Treatment 415 65 2.78 10.6 0.66 38.9 1 0.51 1
Sand Treatment 417 56 2.39 9.1 0.59 41.4 2 0.50 2
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Figure 62. Total abundance for the original Chollas Creek site sediment, and the control and treatment 
sediment cells in the RARA array assessed at the end if the deployment period. 

 
Figure 63. Taxa richness for the original Chollas Creek site sediment, and the control and treatment 
sediment cells in the RARA array assessed at the end if the deployment period. 
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Figure 64. Shannon-Wiener Diversity Index for the original Chollas Creek site sediment, and the 
control and treatment sediment cells in the RARA array assessed at the end if the deployment period. 

 
Figure 65. Schwartz Dominance Index for the original Chollas Creek site sediment, and the control 
and treatment sediment cells in the RARA array assessed at the end if the deployment period. 
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Figure 66. Pielou Evenness for the original Chollas Creek site sediment, and the control and treatment 
sediment cells in the RARA array assessed at the end if the deployment period. 

 

 
Figure 67. BRI scores for the original Chollas Creek site sediment, and the control and treatment 
sediment cells in the RARA array assessed at the end if the deployment period. 
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Figure 68. IBI category scores for the original Chollas Creek site sediment, and the control and 
treatment sediment cells in the RARA array assessed at the end if the deployment period. 

 

 
Figure 69. RBI scores for the original Chollas Creek site sediment, and the control and treatment 
sediment cells in the RARA array assessed at the end if the deployment period. 
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Figure 70. Integrated category scores for the original Chollas Creek site sediment, and the control and 
treatment sediment cells in the RARA array assessed at the end if the deployment period. 
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6. Conclusions and Implications for Future Research 

Conclusions and implications for future research based on the proof-of-concept RARA 
development and testing are summarized below with respect to design and performance of the 
system, performance of the treatments, and potential for future development and applications. 

6.1 RARA System Development and Capabilities 

The RARA system was successfully designed and constructed based on the goal of providing an 
integrated technology for assessing the effectiveness of different sediment remedies when 
subjected to varying pressures from site conditions and recontamination loadings. The system 
design balances requirements for multiple treatments, controls and replication with the 
constraints of size, weight, deployability and cost. The RARA array allows remedies to be tested 
in situ and on-site while reducing costs that would be associated with costly pilot-scale studies. 
The system incorporates standard cylindrical sediment traps around the perimeter of the array 
that provide adequate capture area to collect incoming depositional sediments. The prototype 
system also incorporated an ADCP, OBS and temperature/dissolved oxygen sensor to monitor 
conditions during the deployment. The system design allows for a range of measurement 
endpoint capabilities to provide the basis for the assessment or remedy effectiveness and 
recontamination including:  

 
 Surface Sediment Chemistry – As an overall means of comparing treatments and 

assessing recontamination 

 Sediment Trap Material Chemistry – To provide assessment of incoming particle 
contaminant loading 

 Porewater Passive Sampler Chemistry – To compare potential differences in 
bioavailability across treatments and assess changes associated with recontamination  

 Bioaccumulation - To compare direct differences in biouptake across treatments and 
assess changes associated with recontamination 

 Toxicity - To compare direct differences in toxic response across treatments and assess 
changes associated with recontamination 

 Benthic Infauna – To assess changes in habitat quality associated with treatments and 
recontamination fluxes 

 Sediment Tracers – To define baseline sediment and treatment interfaces and 
qualitatively assess vertical mixing over time 

 
All of these methods (and more) can be accommodated by the array design. A subset of these 
methods were demonstrated during the proof-of-concept deployment.  

Pier-side testing and the proof-of-concept deployment provided the basis for development and 
refinement of the RARA methodology. The RARA operational protocol provides a step-by-step 
basis for the procedures to be used in the field. The key elements of the protocol include: 
preparation and mobilization; site sediment collection; treatment application; RARA deployment; 
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sampling events; and demobilization. These protocols were defined in detail and successfully 
demonstrated during the proof-of-concept deployment. 

6.2 Sediment Treatment Performance in the RARA System 

As part of the proof-of-concept deployment, we used the RARA system to evaluate two aspects 
of remedy and recontamination performance for the untreated and treated Chollas Creek site 
sediments. Performance of two sediment treatments including a thin-layer clean sand treatment 
and a thin-layer clean sediment treatment was evaluated relative to untreated Chollas Creek site 
sediment. The deployment was also used to evaluate the concept of source influence on the 
remedies by removing the known source inputs at Chollas Creek by moving the RARA array to 
an area without significant ongoing sources.  

6.2.1 Effects of Removing Site Associated Stressors 

To determine the influence of removing localized sources, the T-Zero and T-Final concentrations 
in the untreated Chollas Creek sediments were compared. Comparing the T-Zero and T-Final 
concentrations of the untreated Chollas Creek site sediments, both the physical and chemical 
properties of the bulk sediment remained relatively consistent over the 5-month period. Sediment 
traps showed moderate deposition rates and contaminant concentrations that were generally 
lower than the concentrations in the untreated sediments, confirming the effective removal of 
recontamination from site sources. Porewater trends in the untreated sediments between T-Mid 
and T-Final were mixed, with most metals, Total PAHs and Total Chlordane showing downward 
trends, while Total PCBs and Total DDXs showed increases. Over the same time period, 
bioaccumulation of metals generally remained unchanged, Total PAHs and Total Chlordane 
showing decreasing uptake, and PCBs and DDXs showed increasing uptake. Benthic community 
health compared between T-Zero and T-Final in the untreated sediments showed that total 
abundance was reduced, but virtually every other metric of benthic health improved in 
association with moving the exposure to the undisturbed location. Based on these findings, we 
concluded that: 

Overall, these results support the conclusion that removing the impacts of the creek sources and 
physical disturbance that are present at the Chollas Creek site resulted in some minor changes in 
sediment chemistry and bioavailability, but also resulted in some clear improvements in benthic 
community health. Because the chemical changes appear to be relatively minor, we suspect that 
the changes in benthic community health may results primarily from the removal of the physical 
disturbances that are known to occur at the Chollas Creek site primarily due to ship movements 
and associates propeller wash. We conclude that the deployment demonstrated the utility of the 
RARA system to assess changes in source pressure and site conditions on the response of site 
sediments with potential practical applications to impairment assessment, source control, and the 
performance of monitored natural recovery remedies.  

6.2.2 Effects of the Applied Treatments 

To determine the influence of the two treatments, the untreated site sediment controls were 
compared to the sediments treated with thin-layer sand and thin-layer clean sediment at the T-
Zero, T-Mid and T-Final conditions (depending on the measurement endpoint). Lines of 
evidence are summarized in Table 11. 

Comparing bulk sediment concentrations in treatments to untreated controls, we found 
reductions in a broad range of contaminant levels with the largest magnitude of reductions in the 
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sand treatment, followed by the clean sediment treatment. Changes in bulk sediment 
concentrations appeared to be driven primarily by the treatment application as opposed to new 
deposition as indicated by the sediment traps. Comparison of trap sediment concentrations to 
treated sediment concentrations indicated that depositing sediments generally had contaminant 
concentrations that were higher than the sand treatments, but lower or comparable to the 
sediment treatments. These results suggest that incoming sediments would exert some upward 
pressure on the thin-sand treatments, but would generally have only a small downward pressure 
on the thin-sediment treatments. Sediment porewater concentrations measured in both treatments 
were generally comparable to untreated controls for metals and Total PAHs, while showing 
reductions in Total PCBs. Bioaccumulation results indicated that bioavailability in the sediment 
treatments was comparable to the untreated sediments for all contaminants with the exception of 
zinc which was slightly reduced in the sand treatment. The bioaccumulation measurements 
generally indicate minimal effects of the treatments with respect to reduction in bioavailability. 
Comparing the T-Zero untreated Chollas Creek site sediment to the T-Final treated sediments, 
we found broad improvements in benthic community metrics. These improving trends were 
stronger for the sediment treatment compared to the sand treatment.  

Overall, the treatment results support the conclusion that both the clean sediment and sand 
treatments were effective in reducing bulk sediment concentrations when compared to untreated 
sediments. However, more direct measures of bioavailability including porewater and 
bioaccumulation indicated minimal improvement for both treatments compared to untreated 
controls. In contrast, direct measurements of benthic community health showed broad 
improvements especially in the clean sediment treatments. We conclude that the deployment 
demonstrated the utility of the RARA system to assess changes associated with sediment 
treatments using multiple lines of evidence, and that the system is effective in determining the 
relative performance of different sediment treatments relative to untreated controls. 

6.3 Future Research and Applications 

The RARA system was successfully designed and constructed based on the goal of providing an 
integrated technology for assessing the effectiveness of different sediment remedies when 
subjected to varying pressures from site conditions and recontamination loadings. The system 
design balances requirements for multiple treatments, controls and replication with the 
constraints of size, weight, deployability and cost. The RARA array allows remedies to be tested 
in situ and on-site while reducing costs that would be associated with costly pilot-scale studies. 
The method incorporates a broad range of measurement endpoints including surface sediment 
chemistry, sediment trap depositional mass and chemistry, porewater passive sampler chemistry, 
bioaccumulation, toxicity, benthic infauna, and sediment tracers. The system is well-suited to 
assess a range of remedies including thin caps, amendments, geofabrics, and natural recovery. 
Overall, the RARA system represents a new paradigm in cost-effective, realistic remedy 
performance assessment that was previously unattainable. 

A key aspect for future applications of the RARA system is the potential for order-of-magnitude 
cost savings compared to more complex and expensive pilot scale treatability studies. Pilot scale 
studies at multiple DoD sites including Puget Sound Naval Shipyard, Pearl Harbor, and Hunters 
Point all indicate costs in excess of $1M compared to RARA costs which are much closer to 
$100K for a comparable assessment. Pilot studies continue to have advantages in both the degree 
of realism, accounting for scale effects, and incorporating aspects of installation and monitoring 
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that may be important. However, for many sites the costs associated with pilot studies may be 
prohibitive, the additional information to be gained may not be critical, or the fundamental 
questions about the potential of the remedy may need to be addressed before undertaking a pilot 
study. In these scenarios, future research and applications with the RARA system have the 
potential to significantly reduce cost and complexity while still providing much more realistic 
and defensible data than can be obtained from laboratory treatability studies. To achieve this, 
future applications should consider optimization of the system and field design to achieve a 
higher degree of statistical power while balancing this against costs. We envision this could be 
achieved by replicating the array (so the system is still physically manageable) and deploying 
multiple units. Using multiple units would allow the study design to be scaled up and down 
based on site-specific requirements. 

The RARA system has clear future applications for DoD sediments in the RI/FS process. The 
primary application should be in reducing uncertainties associated with remedy selection for site-
specific conditions. While there is a broad range of guidance on remedy selection for sediments, 
understanding of how these remedies will perform under site specific conditions is still a very 
challenging area of research and practice. Future applications of the RARA system can provide a 
cost-effective means of providing site-specific and remedy-specific empirical data to reduce this 
uncertainty and thus improve the likelihood of remedy success. This has major implications for 
cost avoidance associated with overly conservative assumptions during remedy selection, and 
potential remedy failures due to inadequate consideration of site-specific conditions.  

Another aspect of future demonstrations and applications should focus on the assessment of 
recontamination. The RARA system provides a methodology that could be standardized for 
assessment of recontamination potential at specific targeted points of interest. Because the 
system incorporates pre-characterized sediments that can be deployed and retrieved relatively 
easily, monitoring of changes associated with ongoing sources is greatly enhanced. This is also 
supported by the onboard instrumentation that provides documentation of conditions and 
potential discharge and disturbance events. One future improvement from this perspective would 
be to incorporate monitoring instrumentation that is better designed for long deployments and 
fouling conditions. 

Thus, important next steps for the RARA technology include optimization of the array and 
associated instrumentation, development of hardware and methodologies to support the 
deployment of multiple systems, broader demonstration at DoD contaminated sediment sites 
under a range of conditions, and transition into application with standard processes including 
RI/FS and TMDL.    
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Table 11. Summary of lines of evidence from the RARA proof-of-concept deployment comparing treated sediments to untreated controls. 
Chemistry lines of evidence are based on statistical comparisons, while benthic community classifications are qualitative due to limited data. 
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Taxa Richness NA NA NA + NA NA NA +

Shannon‐Wiener Diversity NA NA NA + NA NA NA +
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Appendix A. Benthic Community Analyses Standard Operating Procedure  
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Appendix B. SP3 Standard Operating Procedure 
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Remedy and Recontamination Array Preliminary Standard 
Operating Procedure 

 

Author: Bart Chadwick, SSC Pacific 

Version: 1.0 

Date: 01/01/2017 

 

I. Introduction 

This document provides a preliminary Standard Operating Procedure (SOP) for the recently 
developed Remedy and Recontamination Array (RARA) system. The SOP was developed on the 
basis of a proof-of-concept deployment that was carried out in 2016 in San Diego Bay at the 
culmination of the prototype RARA development process. It is expected that this SOP will 
continue to evolve over time as the system and method are optimized and applied under a 
broader range of conditions. 

 

II. Preparation and Mobilization 

Preparation and mobilization of the RARA system includes the following steps: 

 Pre-clean the sediment cells, frame, and sediment traps 
 Prepare the brine solution for the sediment traps 
 Ready the ADCP, OBS and water quality instruments 
 Ready and clean the sampling equipment (grab, splitting tub, scoops, bottles etc.) 
 Ready the treatment sand (purchase from vendor) 
 Secure adequate support boat and sampling crew 

 

III. Site Sediment Collection 

Site sediment collection is conducted prior to the RARA deployment. Site sediments can be for 
control purposes, treatment purposes, or assessment of recontamination during subsequent 
deployments. The following steps outline general procedures for site sediment collection: 

 Collect site sediments - 2-3 grabs per container 
 Distribute each grab to all containers 
 Control cells filled 12-14”  
 Treatment cells filled 8-10” 
 T-Zero sampling cell filled 12-14” 
 Collect sediment cores and benthic infauna samples from T-Zero cell 
 Add overlying surface water to all cells 
 Cover and allow site sediment to settle overnight keeping dark and cool 
 Collect treatment sediment into spare cell – sufficient for 4” layer in two cells 
 Homogenize and sieve treatment sediment to remove infauna 
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 Add treatment sand to a spare cell – sufficient for 4” layer in two cells 
 Add overlying water 
 Cover and keep treatment sediments cool and dark overnight 

 

IV. Apply Treatments 

Application of treatments to the site sediment is a project-specific endeavor. The RARA system 
can support a range of treatments subject to limitations on the dimensions of the individual 
sediment cells. General steps for application of treatments are summarized below: 

 Remove surface water from each cell 
 Insert 10 clam chambers into control cells until ~3” is left protruding (Figure 1) 
 Insert 10 clam chambers into control cells until ~7” is left protruding 
 If desired, add thin layer of colored tracer at sediment/treatment interface 
 Carefully add 4” layer of treatment material to each treatment cell (Figure 2 - Figure 3) 
 If desired, add thin layer of colored tracer at sediment/water interface  
 Collect split samples of treatment materials for T-Zero analysis 
 Refresh surface water to each cell 
 Cover and keep cells cool and dark until deployment 

 

V. RARA Deployment 

Deployment of the RARA system is subject to site-specific requirements and conditions. The 
location for the deployment should be considered carefully both to assure that it will meet 
requirements for representativeness of desired site and source conditions, and also to assure that 
any safety and navigational issues have been considered. General steps for deployment of the 
RARA system are described below: 

 Secure boat support, crew and dive support 
 Install instruments to frame and initiate data recording 
 Install sediment traps to frame 
 Add brine and surface water to sediment traps and cap 
 Diver inspect installation location 
 Install frame to bottom with diver assistance (Figure 4) 
 Install cells to frame with diver assistance (Figure 5) 
 Diver remove lids from cells – note time (Figure 6) 
 Diver remove caps from sediment traps – note time 
 Allow ~1 month for cells to stabilize 

 

VI. T-Mid Sampling Event Start 

In some applications of the RARA, intermediate sampling events (T-Mid) may be included to 
help evaluate time trends in remedy performance or recontamination levels. General steps for 
performing a mid-deployment sampling event are outlined below: 
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 Secure boat support, crew and dive support 
 Ready the passive samplers 
 Ready the clams 
 Diver install caps on sediment traps – note time 
 Diver retrieve OBS and HOBO loggers for cleaning and download 
 Diver install covers on RARA cells – note time 
 Retrieve cells one at a time (Figure 7) 
 Add clams to clam chambers and install chamber covers – note time (Figure 8) 
 Install passive samplers – note time (Figure 9) 
 Cover and reinstall cell to frame on bottom 
 Repeat for each cell 
 Diver reinstalls instruments on frame 
 Diver removes covers from cells – note time 
 Diver removes caps from sediment traps – note time 
 Allow 7 days for DGT exposures 
 Allow 28 days for clam and SP3 exposures 

 

VII. T-Mid Sampling Event DGT Retrieval 

In cases where samplers or devices such as DGTs have shorter exposure periods, a retrieval 
event for these devices may be required prior to the main retrieval event at the end of the typical 
28-day exposure period for organisms or other passive samplers. General steps for this type of 
retrieval event are shown below: 

 Secure boat support, crew and dive support 
 Ready sampling gear for DGTs (clean bags, DI water, labels, etc.) 
 Diver retrieves DGT samplers from each cell – note time (Figure 10) 
 DGT samplers cleaned and placed in clean, marked bags 

 

VIII. T-Mid Sampling Event End 

At the end of the mid-deployment sampling event, samplers and organisms are retrieved and any 
other sampling or data downloading required by the study design are carried out. General steps 
for the end of a mid-deployment event are outlined below: 

 Secure boat support, crew and dive support 
 Ready sampling gear for clams and SP3s (containers, bags, labels, etc.) 
 Diver install caps on sediment traps – note time 
 Diver retrieve OBS and HOBO loggers for cleaning and download 
 Diver install covers on RARA cells – note time 
 Retrieve cells one at a time 
 Remove chamber covers and clams from clam chambers – note time (Figure 11) 
 Rinse clams and transfer to clean containers with surface water 
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 Remove SP3 passive samplers – note time 
 Rinse SP3 samplers and transfer to marked sample bags 
 Cover and reinstall cell to frame on bottom 
 Repeat for each cell 
 Diver reinstalls instruments on frame 
 Diver removes covers from cells – note time 
 Diver removes caps from sediment traps – note time 

 

IX. T-Final Sampling Event Start 

Procedures for the T-Final sampling event are general the same as the T-Mid event. 

 

X. T-Final Sampling Event DGT Retrieval 

Procedures for the T-Final DGT retrieval event are general the same as the T-Mid event. 

 

XI. T-Final Sampling Event End 

The retrieval phase of the T-Final event will generally have additional steps beyond what is 
carried out during the T-Mid event. This will often include destructive testing such as coring and 
benthic community sampling that remove significant amounts of sediment. General steps for the 
T-Final ending event are summarized below: 

 Secure boat support, crew and dive support 
 Ready sampling gear for clams, SP3s, cores, traps and benthic infauna 
 Diver install caps on sediment traps – note time 
 Diver retrieve OBS and HOBO loggers for cleaning and download 
 Diver install covers on RARA cells – note time 
 Retrieve cells one at a time 
 Remove chamber covers and clams from clam chambers – note time 
 Rinse clams and transfer to clean containers with surface water 
 Remove SP3 passive samplers – note time 
 Rinse SP3 samplers and transfer to marked sample bags 
 Install partitions in each cell (Figure 12) 
 Collect sediment cores from the core partition area 
 Collect benthic infauna samples from the benthic partition area 
 Allow sediment traps to settle and remove most of the overlying water 
 Collect sediment trap samples into jars for processing 

 

XII. Demobilization 

Typical demobilization steps for the RARA system are described below: 

 Process samples for shipment and/or analysis (Figure 13 and Figure 14) 
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Appendix E. Sediment Trap Chemistry 
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Appendix G. SP3 Chemistry 
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