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EXECUTIVE SUMMARY 

OBJECTIVES OF THE DEMONSTRATION 

The Department of Defense (DoD) has custody and responsibility for human safety and 
environmental stewardship for coastal ranges, many of which have underwater sites that are known 
to contain underwater military munitions (UWMM), such as discarded military munitions (DMM) 
and unexploded ordnance (UXO), as a result of historic military activities. In addition to explosive 
blast (safety) considerations, regulators are increasingly concerned about potential ecological impacts 
of MC on the marine environment, which has resulted in costly risk characterization efforts (e.g., 
NAVFAC, 2011; USACE, 2012; UH, 2014a; and UH 2014b) and could lead to more resource-
intensive remediation efforts. Although underwater UWMM have the potential to corrode, breach, 
and leak munitions constituents (MCs) such as 2,4,6-trinitrotoluene (TNT) and hexahydro-1,3,5-
trinitro-s-triazine (RDX), and their major degradation products into aquatic environments (Lewis et 
al., 2009; Pascoe et al., 2010; Rosen and Lotufo, 2010; Wang et al., 2013), a number of challenges 
prevent accurate assessment of environmental exposure using traditional water, sediment, and tissue 
sampling and analyses. These challenges include a high level of effort or difficulty required to (1) 
measure MC at very low (ng/L) concentrations; (2) identify leaking UWMM, and evaluate the nature 
of the leakage (e.g., varying levels of corrosion, MC release rates attenuated by currents, dissolution 
rate, biofouling, and MC degradation); (3) measure MC release during episodic events; and (4) 
measure MC in biota in spite of low bioaccumulation potential (Lotufo et al., 2009; Lotufo et al., 
2013). 

This demonstration focused on field validation of commercially available passive sampling devices 
(PSDs), specifically Polar Organic Chemical Integrative Samplers (POCIS), that had recently been 
optimized for detection and quantification of MC under environmentally relevant conditions in 
laboratory-based studies (e.g., Belden et al., 2015) .  

The technical objectives of the effort included the following tasks: 

Task 1: Conduct a controlled field validation study using a known source (i.e., fragments of the 
explosive fill material Composition B) placed in a marine environment.  

Task 2: Conduct a calibration study to evaluate the performance of POCIS under multiple flow 
velocities and different levels of source material (e.g., shell) encapsulation, including fully 
exposed versus breach hole scenarios. 

Task 3: Use the results from Tasks 1 and 2 to develop a technology user’s guide for POCIS 
application at underwater military munitions (UWMM) sites.  

Task 4: Conduct a full field validation study at UWMM site, specifically a bay in the Live 
Impact Area at the Vieques Naval Training Range (VNTR). 

Exposure data from the proposed validation efforts were then compared with existing toxicity 
criteria (Lotufo et al., 2017) to assess potential for ecological risk of UWMM associated with the 
data derived from the field. The technology user’s guide is appended to this report, and will be made 
separately available to Department of Defense (DoD) end users, regulators, and commercial 
laboratories for POCIS employment at such sites. 
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TECHNOLOGY DESCRIPTION 

The measurement of polar organic compounds in environmental matrices, especially at trace 
concentrations, represents a significant challenge. In recent years, significant improvements in 
analytical techniques coupled with the development of PSDs have much to offer towards in situ 
monitoring of ultra-low concentrations of emerging contaminants by providing a time-integrated 
sample with low detection limits and in situ extraction. PSDs are fairly well developed for legacy 
hydrophobic compounds (e.g., low-density polyethylene membranes, polymer-coated jars or fibers), 
as well as for polar organic compounds (e.g., POCIS and Chemcatcher). 

The POCIS technology (Table 1-1) offers an advantageous alternative to traditional sampling 
methods (e.g., grab sampling) at sites where very low concentrations (ng/L) or fluctuation in 
concentrations are expected to occur, such as near underwater munitions. A continuous sampling 
approach allows detection and quantification of chemicals in an integrated manner, providing time-
weighted average (TWA) concentrations, and the detection of chemicals that rapidly dissipate or 
degrade in the environment following release from the source (Alvarez et al., 2004; Mazzella, 
Debenest, and Delmas, 2008). Unlike samplers that rapidly achieve equilibrium using very high 
surface area to sorbent volume, POCIS exhibits negligible loss rates and does not require long times 
to reach equilibrium, allowing small masses of chemical from episodic release events to be retained 
in the device by the end of the deployment period. The POCIS vastly simplifies sampling, and 
preparation steps, by elimination of electrical or fuel powering requirements, significantly reduces 
the numbers of analyses required, and provides protection of analytes against decomposition during 
transport and storage (Kot-Wasik et al., 2007).  

Table 1-1. Performance Objectives for the Demonstration of POCIS Technology. 

Quantitative Performance Objectives 

# Performance 
Objective Data Requirements Success Criteria Results 

1 

POCIS will detect 
MC in positive 
control field 
deployment (Gulf 
Breeze, FL). 

In controlled field 
study, POCIS 
analyzed for TNT, 
ADNTs, DANTs, and 
RDX. 

Detectable MC 
concentrations in 
POCIS. 

Met. In controlled field study with 
Composition B explosive fill 
material, MC detected at 9–103 
ng/L 0.3 to 2 m from source. 

2 

POCIS will 
accurately 
quantify time-
averaged MC 
concentrations in 
the water 
column. 

Simultaneous 
collection of POCIS-
derived and discrete-
sampling-derived 
concentrations under 
actual field 
conditions or field 
conditions simulated 
in a flume 

For flume study 
simulating field 
conditions and for 
the positive control 
and the Vieques 
field studies, POCIS 
estimated TWA 
concentrations 
validated using 
concentrations 
determined for grab 
water samples 

Met. Composition B flume studies 
showed that POCIS TWA 
concentrations were 19–44% and 
≤6% higher than TWA 
concentrations derived for 
multiple grab samples. In the 
positive control field study, POCIS 
data were more meaningful, as 
MC were detected at low ng/L 
concentrations in a gradient from 
the source, but grab samples 
were always non-detect. In the 
Vieques field validation, the 
average TNT concentration from 
the two grab samples (5,984 
ng/L) was only 11% higher than 
the average for POCIS (5,304 
ng/L). 
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Table 1-1. Performance Objectives for the Demonstration of POCIS Technology. (Continued) 

Quantitative Performance Objectives 

# Performance 
Objective Data Requirements Success Criteria Results 

3 

POCIS will 
quantify MC 
under different 
flow velocities 
and MC release 
conditions. 

Sampler uptake data 
among varying flow 
velocities in flume. 

Development of 
sampling rates and 
time-weighted 
average 
concentrations 
under controlled 
experimental 
conditions in a 
flume. 

Met. A positive linear relationship 
between flow velocity and 
sampling rate for POCIS was 
established for multiple MC, 
useful for correcting sampling rate 
based on flow velocity. Two 
different explosive fill 
encapsulation scenarios showed 
highly comparable TWA 
concentrations for POCIS and 
multiple grabs. 

4 

POCIS sampler 
will detect MC at 
levels 
substantially 
lower than 
detection 
limits achievable 
for grab samples. 

Conduct field and 
flume studies using 
discrete (i.e., grab) 
sampling alongside 
integrative POCIS 
samplers. 

1. QL for POCIS
substantially lower 
than QL for discrete 
water samples. 

2. POCIS
continuous sampling 
over time will result 
in MC detection 
while MC in 
corresponding 
discrete water 
samples below 
detection. 

3. POCIS
continuous sampling 
over time at field 
sites will result in 
higher frequency of 
detection of MC 
compared to grab 
samples. 

1. Met. The QL for POCIS-derived
TWA concentrations were 
consistently lower than those 
derived for discrete samples. 
2. Met. For the positive control
study, TNT and RDX in all grab 
samples reported as non-detects 
while detects obtained for 12 of 
20 POCIS stations. For 12 of 15 
stations at Vieques, RDX in grab 
samples reported as non-detects 
while POCIS detected RDX at 8 
of those stations. 
3. Met. For the positive control
study, TNT and RDX from grab 
samples reported as non-detects 
(detection frequency = 0); 
contrastingly, POCIS-derived 
TWA concentrations were 
reported for 12 of 20 stations 
(detection frequency = 60%). For 
Vieques field validation, RDX in 
initial grab samples were detected 
for 3 of 15 stations (detection 
frequency = 20%), while for final 
grab samples RDX was reported 
as non-detect for all stations 
(detection frequency = 0). 
Contrastingly, POCIS-derived 
TWA concentrations for 11 of 14 
stations (detection frequency = 
79%). 

5 

POCIS will 
successfully 
detect MC 
concentration at 
a site (Success 
Rate) 

Useful POCIS, 
water, sediment, and 
tissue data from 
target sampling 
locations. 

Useful data 
collected for at least 
80% of locations for 
POCIS. 

Met. 100% of samplers were 
recovered from positive control, 
flume, and Vieques field efforts. 
97% of Vieques POCIS produced 
useful data (one sample lost in 
lab).  
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Table 1-1. Performance Objectives for the Demonstration of POCIS Technology. (Continued) 

Quantitative Performance Objectives 

# Performance 
Objective Data Requirements Success Criteria Results 

6 

Quality control 
and Quality 
assurance meet 
technology 
requirements 

Site- and/or 
experiment-specific 
sampling and 
analysis plans (e.g., 
demonstration plan) 
will be developed. 

Per sampling and 
analysis plans, trip 
and laboratory 
blanks less than 
quantitation limit, 
laboratory spikes 
within 25% of 
expected, chain of 
custody and sample 
control procedures 
followed. 

Met. Trip blanks and laboratory 
blanks were below quantitation 
limits. All chain of custody and 
sample control procedures were 
met. Extraction of POCIS and 
SPE of water samples were 
always less than 25%. A few 
analytes in tissue and sediment 
had recoveries up to 30% lower. 
See Appendix E for more details. 

7 UWMM field 
validation 

POCIS will provide 
useful data for 
assessing potential 
MC exposure at 
underwater UXO 
sites. 

Reporting of MC at 
low enough 
concentrations to 
determine realistic 
assessment of 
ecological risk. 

Met. Instead of largely non-
detects from grab samples, 
POCIS reported ≥ low ng/L MC 
concentrations in all tasks, 
allowing more quantitative 
assessment, but negligible 
ecological risk based on species 
sensitivity distributions.  

8  Ease of use 

Feedback from field 
deployment 
personnel and 
laboratory 
technicians on 
usability of 
technology, sample 
prep and extraction, 
and time 
requirements. 

Reduced effort 
relative to traditional 
sediment and water 
chemical sampling 
and analysis. 

Met. Feedback in field by DoD 
contractors was mixed. They 
indicated the deployment and 
recovery went well, but they noted 
the design was labor intensive, 
and costly in comparison to grab 
sampling, which can be done in a 
single field effort without divers. 
We agree with this conclusion if 
assuming that integrated 
sampling will not provide added 
value, but complexity is expected 
to be comparable if autosampling 
and multiple trips to the site are 
desired for an integrated sample. 

9 Cost-benefit 

Costs for acquiring 
data, and usefulness 
of data via 
comparison of 
POCIS, water, and 
sediment. 

Relative value of 
data compared to 
cost of traditional 
measurements from 
water, sediment, 
and tissues. 

Met. POCIS was only technology 
that detected MC in positive 
control study, and had a higher 
frequency of detects compared to 
grab sampling at Vieques. In this 
case, both POCIS and grab 
samples were below regulatory 
screening levels, with both clearly 
showing no unacceptable risk. 
The high percentage of 
detections with POCIS may help 
convince the Vieques public that 
samplers were placed in 
representative locations. 
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Table 1-1. Performance Objectives for the Demonstration of POCIS Technology. (Continued) 

Quantitative Performance Objectives 

# Performance 
Objective Data Requirements Success Criteria Results 

10 
End user 
understanding 
and acceptance 

Feedback from end 
users including site 
managers and 
regulators from 
reports, webinars, 
meetings. 

Positive feedback 
and consideration of 
integration of the 
technology in 
assessments at 
Munitions Response 
Sites. 

Met. Site managers and 
contractors understood value of 
integrative samplers, and 
provided considerable in kind 
support to successfully 
demonstrate the technology at 
Vieques. Concerns were 
expressed about cost, diver 
safety, and regulatory acceptance 
at their site. 

PERFORMANCE EVALUATION 
Performance Objective #1: Detection of MC in Controlled Field Study 

Performance objective 1 was the verification that POCIS could detect munitions constituents 
(MCs) in a positive control field study at a clean site. Following permit approvals, 15 grams of 
Composition B (an explosive fill composed of 39.5% TNT, 59.5% RDX, 1% wax) was placed at the 
site over a 13-day exposure. The performance objective was met, with POCIS-derived TNT and 
RDX average water concentrations ranging from 9–103 ng/L, with the highest concentrations within 
0.3 m of the source. MC was non-detectable at stations > 2 m from the source. Grab water samples 
collected and oyster tissues deployed at the site were below detection limits for all stations, 
indicating POCIS was the most sensitive technology for ultra-trace level detection in a controlled 
field study.  

Performance Objective #2: Accurate Quantification of Time-Weighted Average MC 
Concentrations 

Performance objective 2 was the verification that POCIS-derived TWA water concentrations and 
TWA concentrations derived from multiple grab sampling would produce similar results, or better 
results for POCIS in a flume study simulating field conditions or in actual field studies. This 
objective was met for the Composition B flume study, the positive control field study, and the 
Vieques field validation study. Composition B flume-deployed POCIS estimated TWA water 
concentrations for TNT and RDX that were similar to averaged concentrations generated using 
multiple grab TWA concentrations. The highest ratio of the POCIS-derived and the grab-sample-
derived averages was only 1.44. In the positive control field study, MC concentration successfully 
determined using POCIS (TWA water concentrations 0.3 to 2 m from source, 9–103 ng/L for TNT, 
and 9–97 ng/L for RDX) could not be compared to discrete-sampling-derived concentrations, as grab 
water samples resulted only in non-detects. When considering the QL for grab samples (50 and 120 
ng/L for TNT and RDX, respectively), grab sample data provide some level of validation of the 
POCIS-derived data. In the Vieques field validation study, one of 30 sampling locations resulted in a 
relatively high water column concentration for TNT and several of its transformation products. The 
average TNT concentration from the two grab samples (5,984 ng/L) at the station was only 11% 
higher than the POCIS sample (5,304 ng/L). The POCIS-derived average TNT concentration was 
19% above the initial grab and 29% below the final grab sample concentration. POCIS-derived 
average RDX concentrations ranged narrowly from 5 to 13 ng/L (average = 8 ng/L) for 11 stations 
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with detectable concentrations. Only three stations had detectable concentration from grab samples 
during the initial period, and all stations had concentrations reported as non-detects for the final 
period. The three reported concentrations for the initial period were 24, 26 and 51 ng/L. When 
considered along with the non-detects reported for the final period, average concentrations estimated 
using POCIS and two grab samples were similar. Overall, data from grab samples validated the data 
obtained using POCIS for all the flume and field studies. 
Performance Objective #3: Accurate Quantification Under Different Flow Velocities and 
Encapsulation Conditions 

Performance objective 3 was the demonstration of the effects of varying current velocities, in a 
series of controlled flume studies with precise velocity control, on the uptake of MC from spiked 
water to optimize sampling rates based on site-specific flow velocities. The objective was met, with a 
positive, statistically significant, linear relationship between current velocity and sampling rate for 
POCIS for multiple MC, providing useful means of applying appropriate sampling rates. From the 
regression equations derived, simple calculations are able to be used to correct for flow velocity if 
such measurements are made at the field site. In this project, a Nortek© current profiler was used at 
Vieques to calculate the most accurate sampling rate based on measured flow. Two different 
explosive fill encapsulation scenarios showed highly comparable TWA concentrations for POCIS 
and average from multiple grab samples. 
Performance Objective #4: Detection of MC at Levels Substantially Lower than Achievable for 
Water Samples 

 Performance objective 4 was the demonstration that the POCIS sampler would detect MC at levels 
substantially lower than achievable using typical grab sampling methods. The QL for POCIS-derived 
TWA concentrations were consistently lower than those derived for discrete samples. Lower 
detection limits are achieved using POCIS sampling because the estimated volumes of water cleared 
of MC during the deployment time were substantially greater than the volume (1 L) which was 
consistent for all grab water samples. Detection limits for POCIS-derived TWA concentrations and 
grab water samples are generally comparable when the volume of water volume of water cleared of 
MCs’ for both methods is comparable (e.g., 3-week POCIS deployment and 10 L of grab water 
sample). For the Comp. B positive control study, the concentrations of TNT and RDX in grab 
samples taken at three different time points adjacent to the source were reported as non-detects; in 
contrast, POCIS-derived TWA concentrations were reported for 12 out of 20 stations, including those 
more distant from the source than the point of grab water sampling. For 12 stations out of 15 in the 
Vieques field validation study, the concentrations of RDX in grab samples were reported as non-
detects; in contrast, POCIS-derived TWA concentrations were reported for 8 out those 12 stations. 
For the Vieques field validation study, the concentrations of RDX in the initial grab samples were 
reported as non-detects for 3 out of 15 stations (detection frequency = 20%), while for final grab 
samples RDX was reported as non-detects for all stations (detection frequency = 0). In contrast, 
POCIS-derived TWA concentrations were reported for 11 out of 14 stations (detection frequency = 
79%). Despite POCIS having a higher frequency of detection than grab samples at Vieques, the 
detection levels for both grab sampling and for POCIS were below regulatory screening levels and 
both sampling methods clearly showed no unacceptable risk. Therefore, the grab samples and POCIS 
are expected to be of equal value for CERCLA risk assessment. 
Performance Objective #5: Success Rate 

Performance objective 5 was the demonstration of the success rate in terms of both recovery of 
POCIS from the field and the determination of useful data. A total of 20, 51, and 30 POCIS canisters 
(each containing three samplers) were deployed in the positive control field study, in the flume 
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studies, and at the Vieques site. All samplers (100%) were recovered. Data were considered useful 
whether or not the concentrations were above or below method detection limits, as it was expected 
that many field samples would be non-detect. All flume study data resulted in measurable 
concentrations, as the flume was spiked at concentrations to ensure detects. The strong 
correspondence between POCIS and multiple grab-based TWA concentrations in flume studies 
(Section 2.2; Appendix D) are a quantitative measure of the value of the POCIS data, showing 
negligible losses and post-uptake preservation of the parent compounds throughout the exposures. 

Performance Objective #6: Quality Control and Quality Assurance 

Performance objective 6 was the demonstration that all field and laboratory efforts followed 
experiment-specific quality assurance objectives and that quality control criteria were met. All 
criteria were met for this part of the project. Blanks, including field and laboratory, did not have MCs 
above the quantitation limits. All spike tests had accuracy and relative precision within 25% of 
expected. In addition, all other sampling handling and instrument criteria were also met. 

Performance Objective #7: Successful Assessment of Potential MC Exposure at UWMM Site 

Performance objective 7 was the demonstration of the ability to use POCIS TWA data for MC to 
evaluate ecological risk based on comparison with toxicity benchmarks developed from species 
sensitivity distributions. Compared to the high incidence of non-detects from grab samples, POCIS 
reported ≥ low ng/L MC concentrations in all tasks, allowing more quantitative assessment. 
Measured concentrations indicate negligible ecological risk based on comparison with hazardous 
concentrations derived from species sensitivity distributions. For Vieques, POCIS-derived TWA 
concentrations were 10 to 1,000,000 times lower than hazardous concentrations to 5% of species 
(HC5) generated from the most up to date and comprehensive species sensitivity distributions (SSD) 
as reported by Lotufo et al. (2017). Despite POCIS having a higher frequency of detection than grab 
samples at Vieques, detection levels for grab sampling and POCIS were below regulatory screening 
levels and both sampling methods clearly showed no unacceptable risk. Therefore, the grab samples 
and POCIS are expected to be of equal value for CERCLA risk assessment at that site. 

Performance Objective #8: Ease of Operator Use 

Performance objective 8 was a qualitative objective of ease of operator use, requiring feedback 
from field and laboratory technicians on the usability of technology, sample prep and extraction, and 
time requirements. At Vieques, feedback in the field from Navy and contractor personnel was mixed. 
The deployment and recovery of POCIS went well, but the overall process was highly labor 
intensive, with dive teams and boat support required for both deployment and recovery of the 
samplers. The use of munitions response and scientific divers creates significant safety concerns 
associated with deployment and retrieval of POCIS. Overall, the level of effort and the associated 
safety concerns for POCIS are higher than grab sampling, which if kept at a minimum, can be done 
in a single field effort without divers. Site managers understood the benefits of integrative sampling 
and the potential advantages of providing enhanced credibility through lower detection limits and 
obtaining data representative over extended timeframes, thereby sampling over a larger area. Grab 
sampling intended to provide temporal trends and TWA concentrations could require substantially 
more labor, depending on site-specific logistics and study objectives. Similarly, autosampling would 
require multiple trips to the site to obtain an integrated sample over time and ensure that MC don’t 
degrade (e.g., freeze or extract samples daily). Laboratory feedback indicated that processing of 
POCIS in comparison with standard solid-phase extraction (SPE) of grab water samples was 
negligible. 



xiv 

Performance Objective #9: Cost-Benefit 

Performance objective 9 was the demonstration that the relative value of data from POCIS 
compared well with the cost of measurements from water and sediment porewater. POCIS was the 
only technology that detected MC at Gulf Breeze, and had a higher frequency of detects compared to 
grab sampling at Vieques. The costs of using POCIS over more traditional means of water sampling 
(e.g., grab or composite sampling) are examined using multiple examples in the Cost Analysis 
(Section 7), and suggest that POCIS are less expensive when traditional sampling involves multiple 
sampling events to develop an integrative sample (as opposed to single grab samples that would be 
less expensive than POCIS). However, for sites where regulatory requirements are for single grab 
samples, the costs for a POCIS-based program can be considerably higher. Vieques is a complex site 
and the demonstration was designed to maximize likelihood for detecting a leaking munition. It is 
unlikely that POCIS would be routinely applied in such a manner in a monitoring or regulatory 
program. 
Performance Objective #10: End-User Understanding and Acceptance 

Performance objective 10 was the qualitative objective of end-user understanding and acceptance 
of the POCIS technology for potential use at UWMM sites. Site managers and contractors 
understood the value of integrative samplers for MC, and provided a considerable amount of in-kind 
support to successfully demonstrate the technology at Vieques. The notion that the use of POCIS 
would help with the criticisms of sampling at the wrong place at the wrong time was seen as a 
primary advantage, especially considering the results of the Gulf Breeze study. Site managers on 
Vieques expressed concerns about the cost, diver safety, and difficulty of implementing POCIS. Site 
managers also noted that the grab samples matched well with the POCIS results and the grab 
samplers are accepted by the regulators for risk assessment. Although the cost for POCIS is less than 
grab or composite sampling based on a sampling program that would produce similarly integrative 
samples (see Section 7), the cost of collecting a single grab sample at a site would be less expensive 
than monitoring with POCIS. 

IMPLEMENTATION ISSUES 

Previous laboratory proof of concept and calibration and work for MC by this project team (e.g., 
Belden et al., 2015), and the demonstration and validation of POCIS in laboratory and field efforts 
for this project indicate the technology is highly valuable for assessment of MC exposure at UWMM 
sites. POCIS-derived TWA concentrations are expected to be more informative about exposure to 
MC compared to discrete grab samples when MC concentrations are low and MC is released to the 
water column in a time-varying nature, either from UWMM (Wang et al., 2013) or from terrestrial-
based time varying inputs (e.g., runoff events or tidal pumping of groundwater contaminated with 
MC). For most applications, the cost associated with POCIS sampling is less than that for multiple 
grab or composite sampling required to represent a comparably integrated sample (see Section 7). In 
addition, POCIS sampling is expected to directly address sentiment from those concerned with 
UWMM as sources of contamination who perceive grab sampling may take place at the wrong time, 
in the wrong place, and therefore fail to adequately characterize exposure risk potential. UWMM site 
characterization using POCIS addresses all three of these concerns, and implementation as part of 
monitoring programs or for risk assessment should be considered depending on the site-specific 
objectives. Site characterization using POCIS may be site-wide or spatially focused, or may be used 
to complement traditional sampling approaches to identify or rank sites of potential concern and 
support leave in place versus a removal decision-making processes. 
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CONCLUSION 

Based on results from laboratory, positive field control, and UWMM site field validation efforts, 
we conclude that POCIS is a valuable technology for characterizing MC contamination and assessing 
ecological risk at UWMM sites. A large number of published reports of field evaluations show that 
integrative sampling technology has been extremely useful for detecting a long list of hydrophilic 
contaminants when they might otherwise not be detected due to potential for time varying exposure 
and a requirement for low detection limits. In this study, when detected, POCIS-derived RDX 
concentrations at Vieques ranged from 4–13 ng/L. POCIS-derived TNT concentration above the 
quantitation limit occurred at only 1 of 30 stations, with the relatively large value (5.3 µg/L) 
quantified immediately adjacent to a breached munition. Even the highest MC concentrations 
observed in the field in this study were substantially lower than those expected to be hazardous to the 
most sensitive aquatic species and ecotoxicological endpoints. Identification of potentially breached 
bombs and projectiles by placing POCIS in close proximity to UWMM was conducted as part of this 
study to maximize the likelihood of success of demonstrating the technology at UWMM sites. 
However, such an approach is extremely labor intensive and expensive, and therefore, an unrealistic 
option as a sampling design for most site characterization and monitoring programs. The non-biased 
grid design used and described in this report, therefore, is expected to be more feasible than targeted 
sampling. Note that the comparison of POCIS with grab sampling has several challenges in 
uncontrolled field settings, particularly if MC release or exposure is time varying. However, 
increasing the volume of grab samples from 1 to 10 L would more closely represent the volume 
cleared by the POCIS in a 2- to 3-week deployment and result in more comparable detection limits. 
Finally, note that although POCIS data have the potential to be more informative as integrative 
samplers, the field validation at Vieques showed no ecological risk with both POCIS and traditional 
sampling technologies.  
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1. INTRODUCTION

1.1 BACKGROUND 

The Department of Defense (DoD) has custody and responsibility for human safety and 
environmental stewardship for coastal ranges, many of which have underwater sites that are known 
to contain underwater military munitions (UWMM), such as discarded military munitions (DMM) 
and unexploded ordnance (UXO), as a result of historic military activities. In addition to explosive 
blast (safety) considerations, regulators are increasingly concerned about potential ecological impacts 
of munitions constituents (MC) on the marine environment, which has resulted in costly risk 
characterization efforts (e.g., NAVFAC; 2011, USACE, 2012; UH, 2014a, UH, 2014b) and could 
lead to more resource intensive remediation efforts. Although underwater UWMM have the potential 
to corrode, breach, and leak MC, such as 2,4,6-trinitrotoluene (TNT), Hexahydro-1,3,5-trinitro-s-
triazine (RDX), and their major degradation products into aquatic environments (Lewis et al., 2009; 
Pascoe, Kroger, Leisle, and Feldpausch, 2010; Rosen and Lotufo, 2010; Wang, George, Wild, and 
Liao, 2011), a number of challenges prevent accurate assessment of environmental exposure using 
traditional water, sediment, and tissue sampling and analyses. These challenges include a high level 
of effort or difficulty required to (1) measure MC at extremely low-levels; (2) identify leaking 
UWMM and evaluate the nature of the leakage (e.g., varying levels of corrosion, MC release rates 
attenuated by biofouling, MC biodegradation, MC photolysis, MC, and hydrolysis); (3) measure MC 
release during episodic events, and; (4) measure MC in biota in spite of low bioaccumulation 
potential (Lotufo et al., 2009; Lotufo, Rosen, Wild, and Carton 2013). Regardless, one of the primary 
outcomes of a recent SERDP workshop (SERDP, 2010) was the need to conduct field data 
collections at (preferably worst-case) UWMM sites. 

Passive sampling devices (PSDs), including Polar Organic Chemical Integrative Samplers 
(POCIS), show great promise for overcoming many of these challenges, with POCIS being the only 
known means for more efficiently characterizing MC concentration in water over time. The use of 
integrative PSDs that generate time-weighted average (TWA) concentrations has provided 
tremendous cost savings in a diversity of monitoring programs (Miege et al., 2012). Integrative PSDs 
vastly simplify sampling and the sample preparation step by elimination of electrical or fuel 
powering requirements, significantly reduce numbers of analyses required, and provide protection of 
analytes against decomposition during transport and storage (Kot-Wasik et al., 2007). PSD data can 
subsequently be used to assess ecological exposure to MC based on propensity for uptake and 
toxicity to biota without having to make such measurements (Alvarez et al., 2012). 

This project aimed to provide TWA MC concentrations at a UWMM site, providing valuable data 
for which to evaluate ecological risk associated with MC exposure to environmental receptors. 
Without such data, the DoD would lack methodological sensitivity and meaningful data that is 
essential for characterizing exposure at such sites, and would be unable to reduce the uncertainty 
associated with effectiveness of potentially unnecessary remedial actions, such as costly removal vs. 
leave-in-place (LIP) options regardless of state of integrity or MC release. 

1.2 OBJECTIVE OF THE DEMONSTRATION 

This demonstration focused on field validation of commercially available PSDs, specifically 
POCIS, that had recently been optimized for detection and quantification of MC at environmentally 
relevant concentrations in laboratory-based studies under the Navy’s Environmental Sustainability 
Demonstration to Integration (NESDI) Program (Project #465).  

The technical objectives of the effort included the following tasks. 
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Task 1: Conduct a controlled field validation study using a known source (i.e., fragments of the 
explosive fill material Composition B) placed in a marine environment  

Task 2: Conduct a calibration study to evaluate the performance of POCIS under multiple flow 
velocities and different levels of source material (e.g., shell) encapsulation, including fully 
exposed versus breach hole scenarios 

Task 3: Use the results from Tasks 1 and 2 to develop a guidance document for POCIS 
application at underwater military munitions (UWMM) sites  

Task 4: Conduct a full field validation study at an UWMM site, specifically a bay in the Live 
Impact Area at the Vieques Naval Training Range (VNTR) 

Exposure data from the proposed validation efforts were then compared with existing toxicity 
criteria (Lotufo et al., 2017) to assess potential for ecological risk of UWMM associated with the 
data derived from the field. For more information see a Technology User’s Guide, Appendix H. The 
Technology User’s Guide will be made separately available to DoD end users, regulators, and 
commercial laboratories for POCIS employment at such sites. 

1.3 REGULATORY DRIVERS 

In the United States, UXO and DMM are present at sites designated for Base Realignment and 
Closure (BRAC), at Formerly Used Defense Sites (FUDS), and at operational military ranges. Within 
the FUDS program, the U.S. Army Corps of Engineers (USACE) has identified more than 400 sites, 
totaling more than 10 million acres that potentially contain munitions in underwater environments. 
The U.S. Navy and U.S. Marine Corps Munitions Response Program (MRP) have identified an 
additional 37 sites containing underwater munitions (Bryan Harre, MR Program, personal 
communications). The inventory includes sites that date back to the 18th century and some that were 
used as recently as the 1990s (SERDP, 2010). 

Regulatory concern at these sites stems from Comprehensive Environmental Response, 
Compensation, and Liability Act (CERCLA) and U.S. Environmental Policy Act (USEPA) 
requirements to protect both human health/safety and environmental quality. Efforts to date to assess 
underwater ecological risk associated with MC are scarce. For example, concerns about marine tissue 
concentrations at Jackson Park have largely been unresolved due to insufficient clarity regarding 
analytical sensitivity to detect potentially toxic MC. Therefore, we believe that MR sites will gain 
critically valuable information for making scientifically defensible risk management decisions at 
these sites, which will assist with remedial mitigation options such as LIP, low order detonation 
(LOD) vs. removal, or blow in place (BIP). 

Since Vieques is a Superfund site, the regulatory drivers for addressing MC underwater at 
Vieques, Puerto Rico, operates at CERCLA-based screening levels. The highest MC concentrations 
observed in field studies are substantially lower than screening levels. Therefore, MC concentrations 
are not expected to create unacceptable risk in the underwater environment of Vieques, and MC is 
not expected to drive underwater cleanup of munitions at Vieques. 
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2. TECHNOLOGY

2.1 TECHNOLOGY DESCRIPTION 

The measurement of polar organic compounds in environmental matrices, especially at trace 
concentrations, represents a significant challenge. In recent years, significant improvements in 
analytical techniques coupled with the development of PSDs have much to offer towards in situ 
monitoring of ultra-low concentrations of emerging contaminants by providing a time-integrated 
sample with low detection limits and in situ extraction. PSDs are fairly well developed for legacy 
hydrophobic compounds (e.g., low density polyethylene membranes, polymer-coated jars, or fibers), 
as well as for polar organic compounds (e.g., polar organic chemical integrative sampler (POCIS) 
and Chemcatcher®). 

The POCIS technology (Figure 2-1) offers an advantageous alternative to traditional sampling 
methods (e.g., grab sampling) at sites where extremely low-level concentrations or fluctuation in 
concentrations are expected to occur, such as near underwater munitions. A continuous sampling 
approach allows detection and quantification of chemicals in an integrated manner, providing time-
weighted average (TWA) concentrations, and the detection of chemicals that rapidly dissipate or 
degrade in the environment following release from the source (Alvarez et al., 2004; Mazzella, 
Debenest and Delmas, 2008). Unlike samplers that rapidly achieve equilibrium using very high 
surface area to sorbent volume, POCIS exhibits negligible loss rates and does not require long times 
to reach equilibrium, allowing small masses of chemical from episodic release events to be retained 
in the device by the end of the deployment period. The POCIS vastly simplifies sampling, and 
preparation steps, by elimination of electrical or fuel powering requirements, significantly reduces 
the numbers of analyses required, and provides protection of analytes against decomposition during 
transport and storage (Kot-Wasik et al., 2007).  

Figure 2-1. POCIS sampler (left) and commercially available field holder and canister 
for POCIS (right). 

The POCIS was developed to sample a wide variety of organic compounds with log Kow of 3.0 or 
less. Because TNT, RDX, and their major degradation products, have relatively low log Kow values 
of approximately 2.0 or less, and because the POCIS has been successfully used in marine 
environments (Harman, and Vermeirssen  2012; Munaron, Tapie, Andral, and Gonzalez, 2012), this 
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sampling technology was considered potentially suitable for estimating TWA concentrations of 
explosives at UWMM sites, which was verified in laboratory-based calibration experiments under the 
Navy’s Environmental Sustainability Development to Integration (NESDI) Program, Project #465. 
The POCIS consists of a receiving phase (sorbent) sandwiched between two polyethersulfone (PES) 
microporous membranes with ~ 0.1 µm pore size (Alvarez et al., 2004; Figure 2-2). The sampler is 
compressed together using two stainless steel rings (interior diameter 51–54 mm), which provides an 
exposure surface area of 41–46 cm2. The samplers are available commercially from Environmental 
Sampling Technologies (EST), which use the widely used Oasis® hydrophilic–lipophilic balance 
(HLB) sorbent, which worked well under NESDI Project #465 Belden et al., 2015).  

Figure 2-2. Disassembled view of the POCIS (from Morin, Random, and Coquery, 2012). 

The sampling rate (Rs) is defined as the volume of water cleared in a unit of time for a given 
molecule type, and is required for the determination of the TWA concentration for different 
chemicals from POCIS. Despite some attempts to correlate POCIS Rs with some physicochemical 
property of grouped target compounds such as log Kow (e.g., Li, Vermeirssen, Helms, and Metcalfe, 
2010; Mazzella, Debenest, and Delmas, 2008), an overall model is lacking. Therefore, uptake rates 
must be empirically calibrated. 

A multitude of factors affect sampling rate, thus the accuracy of calibration sampling rates in 
subsequent environmental studies is dependent on how similar the site exposure conditions are to 
those used in the calibration experiment (Harman et al., 2012). The pattern and rate of water flow 
(i.e., current velocity and direction) across the polyethersulfone membranes that house the POCIS 
sorbent generally have the largest impact on Rs. This is because diffusion of dissolved substances 
across the membrane is dependent on the thickness of the water boundary layer at the membrane 
surface, and is affected by water flow/turbulence around the sampler (as reviewed by Harman and 
Vermeirssen, 2012, and Morin, Meige, Random, and Coquery, 2012). On a relative scale, other 
variables, including temperature, nutrients, dissolved organic carbon, salinity, and biofouling have 
been found to have less impact on Rs. 

Deployment of samplers at UWMM sites will ideally be attached to a weight on the sea floor, and 
placed either adjacent to suspected leaking ordnance or in a grid-shaped fashion over a given 
sampling area (to be verified in this projects Demonstration Plan following discussion with 
NAVFAC points of contact (POC)s, with evaluation and concurrence by the Naval Ordnance Safety 
and Security Activity (NOSSA) and Navy Explosive Ordnance Disposal (EOD) technicians. A 
generic visual example of the use of the samplers is shown in Figure 2-3, while a summary of the 
evolution of the technology is provided in Figure 2-4. 
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Figure 2-3. Generalized diagram of how POCIS 
might be incorporated into site characterization at a 
UWMM site.  

U.S. Patent 6,478,916 B2 (Petty et al., 2002) 

Commercially available from EST Inc. for pharmaceuticals and polar pesticides (2003) 

U.S. Coast Guard (USGS) POCIS Guidance (Alvarez, 2010) 
Critical review papers (Harman, and Vermeirssen, 2012; Morin et al., 2012  
NESDI Project #465: Calibration/lab Demo for munitions constituents (MC); (2011–2014) 

Positive control field validation for MC, Santa Rosa Sound, FL (Rosen et al., 2014) 

Publication of NESDI project MC results (Belden et al., 2015) 

Refinement of sampling rate for MC (ESTCP ER-201433, current project) 

Figure 2-4. Chronological summary of current POCIS technology. 

2.2 TECHNOLOGY DEVELOPMENT 

Tasks 1 and 2 of this project involved meaningful technology field validation and laboratory-based 
refinement prior to the full-scale field validation at Vieques. A brief overview of these studies is 
provided here, and expanded on in Appendices B, C, and D.  

Leaking Ordnance

POCIS
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2.2.1 Positive Control (Composition B) Field Evaluation 

Positive control study. An in-depth reporting of this effort (Task 1) is provided in Appendix B. In 
brief, this study examined the ability for POCIS to detect and quantify common conventional 
munitions constituents (MC), including trinitrotoluene (TNT), aminodinitrotoluenes (ADNTs), 
diaminonitrotoluenes (DANTs), dinitrotoluene (DNT), and trinitrohexahydro-s-triazine (RDX) in a 
field setting with a known MC source. POCIS were deployed at varying distances from fragments 
(15 g total mass) of the explosive formulation Composition B (39.5% TNT, 59.5% RDX, and 1% 
wax binder) in an embayment of Santa Rosa Sound (Florida, USA) adjacent to the USEPA’s Gulf 
Ecology Division. POCIS-derived time-weighted averaged (TWA) estimated water concentrations 
from a 13-day deployment ranged from 9–103 ng/L for TNT and RDX outside the source canister, 
with concentrations decreasing with increasing distance from the source to below quantitation limits 
(5–7 ng/L) at stations >2 m away from the source (Figure 2-5). The results of the positive control 
study provide critical field validation of the sensitivity and integrative advantages of POCIS for 
munitions constituents, as field validation at an actual UWMM site in a coastal area does not 
guarantee exposure due to multiple uncertainties associated with munitions. 

Biofouling study. Moderate biological fouling observed on POCIS membranes after 13-days 
during the positive control study led to a subsequent experiment to investigate the potential effects of 
biofouling on sampling rate (Rs) for MC. Briefly, following conditioning periods of 0, 7, 14 or 28 
days at the same field site in Santa Rosa Sound, FL, during which different degrees of biofouling was 
established on the POCIS membranes, POCIS were transferred to aquaria spiked with trace quantities 
of multiple MC for a 7-days uptake experiment. No significant differences in Rs were observed 
among the different fouling time periods (Figure 2-6). Mass (means and standard deviations) of MC 
accumulated by POCIS samplers in 7-day spiked laboratory exposures post-field deployment of 
samplers at Santa Rosa Sound, FL for 0 to 28 days. No significant differences among treatments 
were observed for any analyte.although mass of fouling organisms on the membranes was 
statistically greater at the 28-day field exposure compared to shorter field exposure time points, 
which also corresponded with visual observations (Figure 2-7). This study verified the high 
sensitivity and integrative nature of POCIS for dominant conventional MC in estuarine 
environments, and provided rationale for moving forward with the site demonstration at Vieques. 
The details associated with this follow on study are provided in Appendix B, and are in the process of 
being prepared for publication. 
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Figure 2-5. POCIS-derived water concentrations for TNT and RDX from positive control field study. 
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Figure 2-6. Mass (means and standard deviations) of MC accumulated by POCIS 
samplers in 7-day spiked laboratory exposures post-field deployment of samplers at 
Santa Rosa Sound, FL, for 0 to 28 days. No significant differences among 
treatments were observed for any analyte. 

 
Figure 2-7. Representative pictures of POCIS membranes upon initiation of 7-day MC spike 
laboratory experiment following deployment at Gulf Breeze East Dock (from left to right), for 0, 7, 14, 
and 28 days during July 7 to August 4, 2015. 
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2.2.2 Spiked Flume Studies 

The primary objective of these studies (Task 2) was to evaluate MC uptake rates by POCIS under 
precision-controlled flow velocities inside a large flume (Figure 2-8). In addition to investigating the 
influence of flow rate (range 7–30 cm/s) on POCIS sampling rate (Rs), we evaluated the influence of 
location in the flume, orientation of the POCIS relative to the flow, and the presence/absence of the 
protective canister on sampling rate. These efforts, described in substantially more detail in Appendix 
C, resulted in regression equations that allow accurate TWA concentration estimation when flow at 
the field site is known. As expected, flow rate had a significant effect (p < 0.01) on Rs for every MC 
evaluated for both uncaged and caged POCIS. For the range of flow rates examined here, sampling 
rate increased linearly for all MC investigated with a strong fit (r2= 0.79-0.98) for TNT and DNTs, 
but with a weaker fit (r2 = 0.46 and 0.53, uncaged and caged, respectively) for RDX. 

Figure 2-8. Flume studies to assess flow-related effects on uptake by POCIS. From left to right: (a) 
partial view of the 113,000-L flume, (b) POCIS in multiple positions and orientations, (c) MC spike, 
(d) precise flow velocity measurements with acoustic Doppler velocimetry (ADV), and (e) POCIS in 
protective canisters. 

Table 2-1. Regression equations (and R2) for each of four MC for both 
uncaged and caged POCIS. 

MC 
POCIS Configuration 

Uncaged Caged 

TNT 0.081fr + 0.014 (0.93) 0.018fr - 0.05 (0.89) 

2,4-DNT 0.003fr + 0.052 (0.82) 0.004fr + 0.08 (0.98) 

2,6-DNT 0.003fr + 0.065 (0.79) 0.004fr + 0.007 (0.98) 

RDX 0.005fr + 0.314 (0.46) 0.008fr + 0.27 (0.53) 

Fr = flow rate 

2.2.3 Composition B Flume Studies 

To further evaluate the ability of POCIS to capture slowly increasing MC concentrations to 
accurately estimate a TWA concentration, experiments were conducted in the flume using two 
realistic exposure scenarios, scenario 1 representing the release of MC from fully exposed 
Composition B fill, simulating a low order detonation (LOD), and scenario 2 representing the release 

(a)      (b)       (c)         (d)     (e) 
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of MC from Comp B through a small hole, simulating a recently breached munition (Figure 2-9). In 
both scenarios, the release of MC into the flume water was quantified using a combination of POCIS 
and frequent grab sampling for each experiment duration (10 days for the exposed fill experiment 
and 13 days for the hole experiment). These studies showed negligible differences between MC 
uptake by caged and exposed POCIS samplers, and showed minimal differences between POCIS and 
multiple grab-derived TWA concentrations for TNT and RDX (Figure 2-10). The release of MC 
under the scenarios described above was also estimated in the context of the Shell model (Wang et 
al., 2013), which was developed to estimate the mass of MC introduced into the surrounding aquatic 
environment from a single breached munition casing or dispersed by a LOD, among other scenarios. 
The full details of this series of experiments are provided in Appendix D.  

For TNT, the POCIS estimated TWA concentrations were 1.19 and 1.44 times higher than those 
derived from grab samples for scenarios 1 and 2, respectively. For RDX, POCIS estimated TWA 
concentrations were at most 6% higher than those derived from grab samples for both scenarios. The 
overall good agreement in estimating water concentration from POCIS and with measured 
concentrations in water samples was also previously reported from experiments where Comp B was 
deployed as an open source or encased with only a 0.125-inch hole allowing diffusion (Belden et al., 
2015), further confirming the expected accuracy of using POCIS for determining TWA 
concentrations of MC released to the surrounding water from UWMM. Results from our study 
corroborate those from previous investigations (Terzopoulou and Voutsa, 2016; Poulier et al., 2015; 
Coes et al., 2014) that demonstrated that POCIS provide reliable temporal integration of changing 
environmental concentrations that would require frequent grab sampling events potentially requiring 
large volumes of water to obtain comparable temporal integration. In addition, POCIS and POCIS-
style samplers sequester residues from episodic events that may not always be detected with grab 
sampling (Morrison and Belden, 2016; Bueno et al., 2016). 

Figure 2-9. Cleaved munition surrogate produced from intact full-surrogate 155-mm replica loaded 
with Comp B fragments as an open source (left and center) and encased within a 1-cm hole (right). 
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Figure 2-10. (left) Comparison of MC uptake in caged and uncaged POCIS in the fully 
exposed (top) and encased (bottom) experiments; (right) comparison of TWA water 
concentrations between uncaged POCIS and multiple grab samples for fully exposed 
(top) and encased (bottom) experiments. 

2.3 ADVANTAGES AND LIMITATIONS OF THE TECHNOLOGY 

2.3.1 Advantages 

The POCIS provide high sensitivity (i.e., low detection limits) and continuous, integrative, 
sampling capability. These are substantial advantages over discrete grab sampling, or automated 
sampling (for which relatively large volumes of water would be required to be collected), especially 
for UWMM sites where MC exposure might be episodic (e.g., terrestrial runoff, groundwater 
seepage, breached munition release rate dynamics). The samplers also protect adsorbed contaminants 
against degradation, which could otherwise occur in water samples. POCIS are highly demonstrated, 
have been calibrated for over 300 different polar organic chemicals, and are commercially available. 
They are also simple to deploy, are relatively inexpensive, and can be easily analyzed by commercial 
laboratories. The ability to detect MC at UWMM sites, while other methods are likely to yield non-
detects, is expected to be extremely valuable for improving the determination of environmentally 
relevant MC concentrations and will assist tremendously with calculations of ecological risk 
associated with MC at such sites. 

2.3.2 Limitations 

One of the primary limitations of POCIS is that they are generally considered semi-quantitative 
(e.g., Bueno et al., 2016). The contaminant-specific sampling rate (Rs), used towards the estimation 
of a TWA concentration by POCIS, is dependent on a variety of in situ exposure conditions including 
current velocity, salinity, pH, temperature, dissolved organic compounds, and biofouling. That said, 
most of these variables appear to have overall minimal effect on Rs (Harman, Allen, and 
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Vermeirssen,  2012). Efforts to improve the quantitative ability of POCIS are ongoing, including a 
recently completed SERDP SEED project (ER-2542) that reported clear advantages towards the use 
of nylon mesh to reduce the influence of flow on MC uptake and/or the incorporation of Micro Flow 
sensors into the exposure canister for precise in situ current measurements, which in turn could be 
used for the selection of Rs that allow the calculation of accurate TWA concentrations. Current 
velocity was also investigated in this project, and regression equations were developed to correct for 
velocity if current meters are incorporated into the field test design with POCIS. With respect to 
UWMM sites in deep water or high energy environments, costs and safety considerations associated 
with the requirement of highly skilled dive teams may be required to execute successfully. 
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3. PERFORMANCE OBJECTIVES

The performance objectives for this study are divided into quantitative objectives (objectives that 
were measured against a standard or set criteria to demonstrate success), and qualitative objectives 
(objectives that required a particular observation during use of the technology or in the end result), 
and are shown in Table 3-1. 

Table 3-1. Performance Objectives for the Demonstration of POCIS Technology. 

Quantitative Performance Objectives 

# Performance 
Objective 

Data 
Requirements Success Criteria Results 

1 

POCIS will detect 
MC in positive 
control field 
deployment (Gulf 
Breeze, FL). 

In controlled field 
study, POCIS 
analyzed for 
TNT, ADNTs, 
DANTs, and 
RDX. 

Detectable MC 
concentrations in 
POCIS. 

Met. In controlled field study with 
Composition B explosive fill 
material, MC detected at 9-103 
ng/L 0.3 to 2 m from source. 

2 

POCIS will 
accurately 
quantify time-
averaged MC 
concentrations in 
the water 
column. 

Simultaneous 
collection of 
POCIS-derived 
and discrete-
sampling-derived 
concentrations 
under actual field 
conditions or field 
conditions 
simulated in a 
flume 

For flume study 
simulating field 
conditions and for 
the positive control 
and the Vieques 
field studies, POCIS 
estimated TWA 
concentrations 
validated using 
concentrations 
determined for grab 
water samples 

Met. Composition B flume studies 
showed that POCIS TWA 
concentrations were 19-44% and 
≤6% higher than TWA 
concentrations derived for 
multiple grab samples. In the 
positive control field study, 
POCIS data were more 
meaningful, as MC were detected 
at low ng/L concentrations in a 
gradient from the source, but grab 
samples were always non-detect. 
In the Vieques field validation, the 
average TNT concentration from 
the two grab samples (5,984 
ng/L) was only 11% higher than 
the average for POCIS (5,304 
ng/L). 

3 

POCIS will 
quantify MC 
under different 
flow velocities 
and MC release 
conditions. 

Sampler uptake 
data among 
varying flow 
velocities in 
flume. 

Development of 
sampling rates and 
time-weighted 
average 
concentrations 
under controlled 
experimental 
conditions in a 
flume. 

Met. A positive linear relationship 
between flow velocity and 
sampling rate for POCIS was 
established for multiple MC, 
useful for correcting sampling rate 
based on flow velocity. Two 
different explosive fill 
encapsulation scenarios showed 
highly comparable TWA 
concentrations for POCIS and 
multiple grabs. 
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Table 3-1. Performance Objectives for the Demonstration of POCIS Technology. (Continued) 

Quantitative Performance Objectives 

# Performance 
Objective 

Data 
Requirements Success Criteria Results 

4 

POCIS sampler 
will detect MC at 
levels 
substantially 
lower than 
detection 
limits achievable 
for grab samples. 

Conduct field and 
flume studies 
using discrete 
(i.e., grab) 
sampling 
alongside 
integrative 
POCIS samplers. 

1) QL for POCIS
substantially lower 
than QL for discrete 
water samples. 

2) POCIS continuous
sampling over time 
will result in MC 
detection while MC in 
corresponding 
discrete water 
samples below 
detection. 

3) POCIS continuous
sampling over time at 
field sites will result in 
higher frequency of 
detection of MC 
compared to grab 
samples. 

1) Met. The QL for POCIS-
derived TWA concentrations were 
consistently lower than those 
derived for discrete samples. 
2) Met. For the positive control
study, TNT and RDX in all grab 
samples reported as non-detects 
while detects obtained for 12 of 
20 POCIS stations. For 12 of 15 
stations at Vieques, RDX in grab 
samples reported as non-detects 
while POCIS detected RDX at 8 
of those stations. 
3) Met. For the positive control
study, TNT and RDX from grab 
samples reported as non-detects 
(detection frequency = 0); 
contrastingly, POCIS-derived 
TWA concentrations were 
reported for 12 of 20 stations 
(detection frequency = 60%). For 
Vieques field validation, RDX in 
initial grab samples were detected 
for 3 of 15 stations (detection 
frequency = 20%), while for final 
grab samples RDX was reported 
as non-detect for all stations 
(detection frequency = 0). 
Contrastingly, POCIS-derived 
TWA concentrations for 11 of 14 
stations (detection frequency = 
79%). 

5 

POCIS will 
successfully 
detect MC 
concentration at 
a site (Success 
Rate) 

Useful POCIS, 
water, sediment, 
and tissue data 
from target 
sampling 
locations. 

Useful data collected 
for at least 80% of 
locations for POCIS. 

Met. 100% of samplers were 
recovered from positive control, 
flume, and Vieques field efforts. 
97% of Vieques POCIS produced 
useful data (1 sample lost in lab).  
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Table 3-1. Performance Objectives for the Demonstration of POCIS Technology. (Continued) 

Quantitative Performance Objectives 

# Performance 
Objective 

Data 
Requirements Success Criteria Results 

6 

Quality control 
and Quality 
assurance meet 
technology 
requirements 

Site- and/or 
experiment-
specific sampling 
and analysis 
plans (e.g., 
demonstration 
plan) will be 
developed. 

As defined in the 
sampling and 
analysis plans, to 
include trip and 
laboratory blanks 
less than 
quantitation limit, 
laboratory spikes 
within 25% of 
expected, chain of 
custody and 
sample control 
procedures 
followed for all 
samples. 

Mostly Met. Trip blanks and 
laboratory blanks were below 
quantitation limits. All chain of 
custody and sample control 
procedures were met. Extraction of 
POCIS and SPE of water samples 
were always less than 25%.  
A few analytes in tissue and 
sediment had recoveries up to 30% 
lower. See Appendix E for more 
details.  

7 UWMM Field 
Validation 

POCIS will 
provide useful 
data for 
assessing 
potential MC 
exposure at 
underwater UXO 
sites. 

Reporting of MC at 
low enough 
concentrations to 
determine realistic 
assessment of 
ecological risk. 

Met. Instead of largely non-detects 
from grab samples, POCIS reported 
≥ low ng/L MC concentrations in all 
tasks, allowing more quantitative 
assessment, but negligible 
ecological risk based on species 
sensitivity distributions.  

8  Ease of use 

Feedback from 
field deployment 
personnel and 
laboratory 
technicians on 
usability of 
technology, 
sample prep and 
extraction, and 
time 
requirements. 

Reduced effort 
relative to 
traditional sediment 
and water chemical 
sampling and 
analysis. 

Met. Feedback in field by DoD 
contractors was mixed. They 
indicated the deployment and 
recovery went well, but they noted 
the design was labor intensive, and 
costly in comparison to grab 
sampling, which can be done in a 
single field effort without divers. We 
agree with this conclusion if 
integrated sampling does not 
provided added value, but 
complexity is comparable if 
autosampling and multiple trips to 
the site are desired for an 
integrated sample.  
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Table 3-1. Performance Objectives for the Demonstration of POCIS Technology. (Continued) 

Quantitative Performance Objectives 

# Performance 
Objective Data Requirements Success Criteria Results 

9 Cost-Benefit 

Costs for acquiring 
data, and 
usefulness of data 
via comparison of 
POCIS, water, and 
sediment. 

Relative value of 
data compared to 
cost of traditional 
measurements from 
water, sediment, 
and tissues. 

Met. POCIS was only 
technology that detected MC in 
positive control study, and had 
a higher frequency of detects 
compared to grab sampling at 
Vieques. It is noted, however, 
that in this case, both POCIS 
and grab samples were below 
regulatory screening levels, 
with both clearly showing no 
unacceptable risk. The high 
percentage of detections with 
POCIS may help convince the 
Vieques public that samplers 
were placed in representative 
locations. 

10 
End user 
understanding 
and acceptance 

Feedback from end 
users including site 
managers and 
regulators from 
reports, webinars, 
meetings. 

Positive feedback 
and consideration of 
integration of the 
technology in 
assessments at 
Munitions Response 
Sites. 

Met. Site managers and 
contractors understood value of 
integrative samplers, and 
provided considerable in kind 
support to successfully 
demonstrate the technology at 
Vieques. Concerns were 
expressed about cost, diver 
safety, and regulatory 
acceptance at their site.  

3.1 QUANTITATIVE PERFORMANCE OBJECTIVES 

3.1.1 Performance Objectives #1: Detection of MC in Controlled Field Study 

3.1.1.1 Description 
As there is considerable uncertainty with respect to the presence of MC in the water column at any 

given time at UWMM sites, a positive control field study was conducted at the East Dock at the 
USEPA Gulf Ecology Division in the Santa Rosa Sound (Gulf Breeze, FL) to validate the POCIS 
technology in a field setting. A known quantity (15 g total mass) of small fragments of Composition 
B (39.5% TNT, 59.5% RDX, 1% wax) were deployed as a source of MC to the water column. 
Details on this study are provided in Section 2.2 and in Appendix B. 
3.1.1.2 Data Requirements 

A total of 20 POCIS sampling canisters were strategically placed around the source at varying 
distances (i.e., 0.3, 2, and 5 m) over a 13-day exposure period. Oysters (Crassostrea virginica) were 
deployed for the same time period, and grab water samples were collected at three time points (Days 
1, 6, and 13) during the exposure. TNT, ADNTs, and RDX were targeted for all matrices. 
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3.1.1.3 Success Criteria 

Detectable MC concentrations in POCIS. 

Extent Success Criteria Were Met 
In the controlled field study, MC ranged from 9-103 ng/L (TWA concentration) between 0.3 and 2 

m from the Composition B source. Concentrations were highest at the 0.3 m sampling locations, 
lower at 2 m, and not detectable at 5 m sampling points. All tissue and grab water concentrations 
were below their associated method detection limits (Section 2.2, Appendix B). TNT and RDX were 
detected at 0.3 and 2 m, but ADNT concentrations were only detected in the source canister, where 
TNT and RDX were an order of magnitude higher in concentration than outside the source canister. 

3.1.2 Performance Objective #2: Accurate Quantification of Time-Averaged MC 
Concentrations 

3.1.2.1 Description 
Environmental conditions such as flow rate, salinity, temperature, and biofouling can cause 

variations in the sampling rate and thus influence the accuracy of time-averaged MC concentrations 
determined using POCIS, for which sampling rates determined in laboratory calibration experiments. 
Despite uncertainties associated with both methodologies, comparison of time-weighted average 
concentrations derived using POCIS and discrete sampling of the water column is expected to 
provide reasonable verification of the accuracy associated with the POCIS technology. 
3.1.2.2 Data Requirements 

Simultaneous collection of POCIS-derived and discrete-sampling-derived concentrations under 
actual field conditions or field conditions simulated in a flume. 
3.1.2.3 Success Criteria 

For flume study simulating field conditions and for the positive control and the Vieques field 
studies, POCIS estimated TWA concentrations validated using concentrations determined for grab 
water samples.  

Extent Success Criteria Were Met 
For the Composition B flume studies, the POCIS estimated TWA concentrations were 1.19 and 

1.44 time higher than those derived from multiple grab samples for open exposed and 1 cm hole 
experiments, respectively (see Section 2.2; Appendix D). For RDX, POCIS estimated TWA 
concentrations were < a factor of 1.06 higher than those derived from grab samples for open and 
holed experiments (Figure 2-10). Overall, data from grab samples fully validated the data obtained 
using POCIS for the flume field simulation study. The good agreement in estimating water 
concentration from POCIS and with measured concentrations in water samples was also previously 
reported from experiments where Comp B was deployed as an open source or encased with only a 
0.125-inch hole allowing diffusion (Belden et al., 2015), further confirming the expected accuracy of 
using POCIS for determining TWA concentrations of MC released to the surrounding water from 
UWMM. 

In the positive control field study, MC concentration successfully determined using POCIS (TWA 
water concentrations 9-103 ng/L from 0.3 to 2 m from source) could not be compared to discrete-
sampling-derived concentrations as grab water samples resulted only in non-detects. It was 
anticipated that grab samples might be below detection at the site based on the ultra-low 
concentrations expected to be in the water in the vicinity of the Composition B source, showing the 
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value of the time-integrations capability of POCIS, which incrementally accumulated MC dissolving 
from the source over the 13-day exposure.  

In the Vieques field validation study, the average TNT concentration from the two grab samples 
(5,984 ng/L) was only 11% higher than the POCIS sample (5,304 ng/L). The POCIS-derived average 
TNT concentration was 19% above the initial grab and 29% below the final grab sample 
concentration. The minimal differences between the grab and time-weighted averaged concentrations 
suggest that the breaches may have been a continuous source to the area immediately where water 
sampling occurred. POCIS-derived average RDX concentrations ranged narrowly from 5 to 13 ng/L 
(average = 8 ng/L) for 11 stations with detectable concentrations. Only three stations had detectable 
concentrations from grab samples during the initial period, and all stations had concentrations 
reported as non-detects for the final period. The three reported concentrations for the initial period 
were 24, 26, and 51 ng/L. When considered along with the non-detects reported for grab samples 
taken at end of POCIS deployment (the final period), average concentrations estimated using POCIS 
and average concentration derived using two grab samples were similar. Overall, data from grab 
samples fully validated the data obtained using POCIS for the Vieques field study. 

3.1.3 Performance Objective #3: Accurate Quantification Under Different Flow Velocities and 
Encapsulation Conditions 

3.1.3.1 Description 
The potential for current velocity to influence sampling has been previously investigated or 

reviewed (e.g., Li et al., 2010; Charlestra et al., 2012; Harman et al., 2012; Di Carro, Bono, and 
Magi, 2013) and generally indicated that increasing current velocities cause increases in sampling 
rate by less than two-fold. Comparison of TWA concentrations derived using POCIS and discrete-
sampling of the water column under varying current velocities in a flume provided reasonable 
verification of the influence of current velocity on the accuracy of POCIS measurements. 
3.1.3.2 Data Requirements 

Sampler uptake and discrete-sampling data derived using varying current velocities in flume. 
3.1.3.3 Success Criteria 

Development of sampling rates and TWA concentrations under controlled experimental conditions 
in a flume. 

Extent Success Criteria Were Met 
A positive linear relationship between current velocity and sampling rate for POCIS was 

established for multiple MC, useful for correcting sampling rate based on current velocity. From the 
regression equations derived, simple calculations can be used to correct for current velocity if such 
measurements are made at the field site. In this project, a Nortek™ current profiler was used at 
Vieques to calculate the optimum sampling rate based on measured flow. Two different explosive fill 
encapsulation scenarios showed highly comparable TWA concentrations for POCIS and multiple 
grabs. See Section 2.2 and Appendices C and D for full detail on the flume experiments. 
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3.1.4 Performance Objective #4: Detection OF MC at Levels Substantially Lower than 
Achievable for Water Samples 

3.1.4.1 Description 

Discrete-sampling of the water column at UWMM sites has resulted in the vast majority of 
samples with concentrations below the level of detection (Lotufo et al., 2017). The use of POCIS 
technology is expected to concentrate contaminants present at low levels in the water column. 
Because relevant chemicals are strongly bound to the sorbent phase, no significant losses of residues 
during the exposure period are expected, resulting in optimal quantitation of sequestered chemicals. 
The continuous sampling provided by POCIS may result in detection at levels lower than those 
obtainable by quantifying contaminants in the volume (e.g., 1L) of water typically collected during 
grab sampling efforts.  
3.1.4.2 Data Requirements 

Conduct field and flume studies using discrete (i.e., grab) sampling alongside integrative POCIS 
samplers. 
3.1.4.3 Success Criteria 

The following criteria were successfully met. 

1. Quantitation limit (QL) for POCIS (as TWA concentrations) substantially lower than
quantitation limit in 1 L discrete water samples. 

2. POCIS continuous sampling over time at field sites will result in MC detection while MC
concentrations in corresponding discrete water samples may be below detection. 

3. POCIS continuous sampling over time at field sites will result in higher frequency of detection
of MC compared to grab samples. 

Extent Success Criteria Were Met 
Details of extent success criteria met are as follows: 

1. The QL for POCIS-derived TWA concentrations were consistently lower than those derived for
discrete samples (Table 3-2). Lower detection limits were achieved using POCIS sampling because 
the estimated volumes of water cleared of MC during the deployment time (4 to 12 L for TNT, and 
11 to 24 L for RDX) (Table 3-2) were substantially greater than the volume (1 L) consistently 
collected for grab water samples. Sampling and concentrating 10 L of water instead of 1 L would 
have generally resulted in lower QL for grab samples than for POCIS-derived TWA (Table 3-2). In 
summary, the detection limits for POCIS-derived TWA concentrations are substantially greater than 
for 1 L discrete water samples, but detection limits for POCIS-derived TWA concentrations and grab 
water samples are generally comparable when the volume of water volume of water cleared of MC 
for both methods is comparable (e.g., 3-week POCIS deployment and 10 L of grab water sample).  
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Table 3-2. Quantitation limits (QL) for grab samples and for POCIS-derived 
concentrations for the Comp B flume, the Comp. B positive control, and the Vieques 
field validation studies. Also shown are the volumes of water cleared of MC estimated 
using flow-corrected sampling rates (Rs).  

MC QL-grab 
(ng/L)* 

QL-POCIS 
(ng/L) 

Estimated 
vol. cleared 

(L)** 

Vol. adjusted QL-
grab (ng/L)*** 

Comp. B flume expt. 
TNT  21 5 11 2 
RDX  46 8 15 5 

Comp. B positive control study 
TNT 50 6 4 5 
RDX 120 5 11 12 

Vieques field validation (T14) 
TNT 25 11 12 3 
RDX 54 9 24 5 

*for 1-L sample
**by 3 POCIS 
***adjusted for 10 L 

2. For the Comp. B positive control study, the concentrations of TNT and RDX in grab samples
taken at three different time points adjacent to the source were reported as non-detects; contrastingly, 
POCIS-derived TWA concentrations were reported for 12 out of 20 stations, including those more 
distant from the source than the point of grab water sampling (Table 3-3). For 12 stations out of 15 in 
the Vieques field validation study, the concentrations of RDX in grab samples were reported as non-
detects; contrastingly, POCIS-derived TWA concentrations were reported for 8 out those 12 stations 
(Table 3-3).  

3. For the Comp. B positive control study, the concentrations of TNT and RDX in grab samples
taken at three different time points adjacent to the source were reported as non-detects (detection 
frequency = 0); contrastingly, POCIS-derived TWA concentrations were reported for 12 out of 20 
stations (detection frequency = 60%) (Table 3-3). For the Vieques field validation study, the 
concentrations of RDX in the initial grab samples were reported as non-detects for 3 out of 15 
stations (detection frequency = 20%), while for final grab samples RDX was reported as non-detects 
for all stations (detection frequency = 0). Contrastingly, POCIS-derived TWA concentrations were 
reported for 11 out of 14 stations (detection frequency = 79%) (Table 3-3).  
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Table 3-3. Summary data for TNT and RDX detection for grab samples and for POCIS-derived 
concentrations obtained in the Comp. B positive control and the Vieques field validation studies. 

MC QL-grab 
(ng/L) 

Grab concentrations 
(ng/L) 

QL-POCIS 
(ng/L) 

POCIS TWA 
concentrations (ng/L) 

Comp. B positive control study 

TNT 50 <QL for all 3 samples 6 <QL for 8 stations, 
9 to 103 for 12 stations 

RDX 120 <QL for all 3 samples 5 <QL for 8 stations, 
9 to 97 for 12 stations 

Vieques field validation (target) 

TNT 25 <QL for 13 stations, 
5984 for T14** 11 <QL for 13 stations, 

5304 for T14 

RDX 54 <QL for 12 stations, 
24 - 51 for 3 stations *** 9 <QL for 3 stations, 

5 to 13 for 11 stations 

*for 1 L sample
**average for 2 samples 
***only initial grabs samples resulted in detects 

3.1.5 Performance Objective #5: Success Rate 

3.1.5.1 Description 

In this context, success rate refers to the percentage of field samples that are both recovered and 
provide useful data. 
3.1.5.2 Data Requirements 

Useful POCIS, water, sediment, and tissue data from target sampling locations. 
3.1.5.3 Success Criteria 

Useful data collected for at least 80% of sampling locations for POCIS. 

Extent Success Criteria Were Met 
All 20 and 30 POCIS sampling canisters deployed at Gulf Breeze and Vieques, respectively, were 

recovered in good condition, resulting in 100% recovery. One Vieques sample (T5) was 
compromised during laboratory preparation for analysis. The 153 POCIS samplers (51 canisters) 
placed in the flume for flow optimization and Comp B release rate studies were recovered at a rate of 
100%. All tissue (Gulf Breeze), grab water (Gulf Breeze and Vieques), and sediment and sediment 
porewater (Vieques) samples were recovered and successfully analyzed, resulting in a success rate of 
100%. Data were considered useful whether or not the concentrations were above or below method 
detection limits, as it was expected that many field samples would be non-detect. All flume study 
data resulted in measurable concentrations, as the flume was spiked at concentrations to ensure 
detects. The strong correspondence between POCIS and multiple grab-based TWA concentrations in 
flume studies (Section 2.2; Appendix D) are a quantitative measure of the value of the POCIS data, 
showing negligible losses and post-uptake preservation of the parent compounds throughout the field 
effort.  
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3.1.6 Performance Objective #6: Quality Control and Quality Assurance 

3.1.6.1 Description 

Site- and/or experiment-specific sampling and analysis plans (e.g., demonstration plan) were 
developed, and were followed for each task to ensure quality control and quality assurance. Detailed 
elements associated with QA/QC are provided below. 
3.1.6.2 Data Requirements 

Chain of custody forms were originated upon collection of samples and followed the samples 
through processing at OSU. Quality control for all analytical chemistry samples were performed 
using the following measures. For each sampling trip, a blank passive sampler (field blank) was 
subjected to all phases of the field and transport experience. These samples were extracted and 
analyzed along with field samples to evaluate potential for contamination. Procedural blanks, spikes 
and spike duplicates were conducted at a frequency of 5% of samples extracted. Calibration of the 
GC/MS was performed prior to each run and checked every 10 samples. Precision and accuracy of all 
laboratory analytical data were monitored throughout the analytical process. Instrument precision and 
accuracy was be assured by conducting initial calibration curves (r2 > 0.98), and continuing 
calibration verification at a frequency of 10%. Calibration and maintenance of the MS was conducted 
prior to every analytical run including checking the accuracy of the tune and checking for leaks. 
Internal calibration was performed using stable isotope TNT. Quantitation limits were set at 3x the 
method detection limit and represent the lowest concentration that could be consistently used in 
calibration curves across fluctuating inlet conditions. Due to sample enrichment, quantitation limits 
are much lower for SPE (500x enrichment) and POCIS (up to 4000x enrichment) samples. Any data 
from samples that did not meet these criteria will be clearly flagged. Detailed analytical methods and 
quality control descriptions are listed in (Appendix E). Analytical methods were validated within the 
laboratory prior to acceptance of samples including calibration, laboratory blanks, and a quad study 
that consists of four replicate spiked samples as an initial measure of accuracy and precision. 
3.1.6.3 Success Criteria 

As defined in demonstration plan and data requirements above. In brief, all samples shall have 
proper chain of custody documentation and sample control. Blank samples shall be below 
quantitation limits. As a general rule, precision and accuracy must be within ± 35%. If these criteria 
are not met, associated data will be flagged. Continuing calibration will not exceed 20% of expected 
and must be within 20% of the expected value prior and post the sample run for data to be valid. 

Extent Success Criteria Were Met 
No analytes were present in any type of blank above the quantitation limits at either Gulf Breeze of 

Vieques. Extraction efficiencies of POCIS and SPE of water samples were always less than 25%. A 
few analytes in tissue and sediment had recoveries up to 30% lower. See Appendix E for more 
details. These changes were not significant within the reported data as slightly lower recovery did not 
influence our ability to detect analytes and no analytes were above quantitation limits in either matrix 
with lower than expected recoveries. Instrument quantitation limits were satisfactorily low with 48 
µg/L for TNT, 16 and 11 for ADNT and 2-ADNT, 5 and 18 for 2,6-DNT and 2,4-DNT, and 34 µg/L 
for RDX. Values were set at 3x the method detection limit calculated based on variability found in 
seven replicate low level spikes using SPE extraction as a background. Due to sample enrichment, 
quantitation limits are much lower for SPE and POCIS samples and lower for oyster and sediment 
samples, despite similar instrument MDLs. For all samples, chain of custody and sampling handling 
was met. All calibration criteria and instrument maintenance was met for all final reported data. 
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3.2 QUALITATIVE PERFORMANCE OBJECTIVES 

3.2.1 Performance Objective #7: Successful Assessment of Potential MC Exposure at UWMM 
Site 

3.2.1.1 Description 

MC water concentrations are the most relevant and useful measure with regard to exposure and 
risk assessment since uptake into most reef organisms will be through water exposure. Improving the 
ability to measure MC in water using integrative and sensitive techniques will greatly improve risk 
characterization and assessment ability across sites, reducing uncertainty and increasing toxicological 
significance. 
3.2.1.2 Data Requirements 

Development of both POCIS-derived and grab water data in a water body known to possess large 
quantities of underwater UXO. 
3.2.1.3 Success Criteria 

POCIS will provide data for adequately characterizing exposure risk to sensitive receptors at an 
UWMM site. Exposure data will be used in screening-level ecological risk assessment by comparing 
water column concentrations to available toxicological data. 

Extent Success Criteria Were Met 
Instead of largely non-detects from grab samples, POCIS reported ≥low ng/L MC concentrations 

in all tasks, allowing more quantitative assessment, but negligible ecological risk based on species 
sensitivity distributions. For Vieques, POCIS-derived TWA concentrations and grab samples were 10 
to 1,000,000 times lower than hazardous concentrations to 5% of species (HC5) generated from the 
most up to date and comprehensive species sensitivity distributions (SSD) (Lotufo et al., 2017). 

3.2.2 Performance Objective #8: Ease of Operator Use 

3.2.2.1 Description 

3.2.2.2 Ease of Operator Use 
3.2.2.3 Data Requirements 

Feedback from field and laboratory technicians on usability of technology, sample prep and 
extraction, and time requirements.  
3.2.2.4 Success Criteria 

Reduced effort relative to water traditional discrete-sampling and analysis techniques. 

Extent Success Criteria Were Met 
Feedback in field by DoD contractors was very positive. Site managers understood the benefits of 

integrative sampling and the potential advantages of providing enhanced credibility through lower 
detection limits and obtaining data representative over extended timeframes, thereby sampling over a 
larger area. Grab sampling representative of an integrative sampler would require substantially more 
labor, but depends on site-specific logistics and study objectives. Similarly, autosampling would 
require multiple trips to the site to obtain an integrated sample over time and ensure that MC don’t 
degrade over time (e.g., freeze or extract samples daily). Laboratory feedback indicated that 
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processing of POCIS in comparison with standard solid-phase extraction (SPE) of grab water 
samples was negligible.  

3.2.3 Performance Objective #9: Cost-Benefit 

3.2.3.1 Description 
3.2.3.2 Cost-benefit 
3.2.3.3 Data Requirements 

Costs, data, and usefulness of data comparison for POCIS, water, sediment, and tissues. 
3.2.3.4 Success Criteria 

Relative value of data compared to cost of traditional measurements from water, sediment, and 
tissues. 

Extent Success Criteria Were Met 
POCIS was the only technology that detected MC at Gulf Breeze, and had a higher frequency of 

detects compared to grab sampling at Vieques, providing more information to help with site 
managers’ evaluation of ecological risk potential. It was noted, however, that at Vieques the POCIS 
and grab sampling efforts both resulted in the same conclusion of no ecological risk at the stations 
sampled, and that single grab samples are much less costly and present limited risk in comparison to 
need for divers. The need for divers was inherent at Vieques to achieve the study design for 
technology validation, but diver need is site-specific and specific to the objectives of the study. The 
cost-benefit of using POCIS over more traditional means of water sampling (e.g., grab or composite 
sampling) was examined using multiple examples in the Cost Analysis (Section 7).  

3.2.4 Performance Objective #10: End-User Understanding and Acceptance 

3.2.4.1 Description 

End-user understanding and acceptance. 
3.2.4.2 Data Requirements 

Verbal and/or written feedback from site managers at the demonstration site, interested site 
managers from other sites, and/or other potential users of the technology that have interests or needs 
to understand MC exposure at UWMM sites. 
3.2.4.3 Success Criteria 

Feedback to gauge end-user understanding of the data provided, its value added to remedial 
investigations, and interest level in using the technology and/or recommending it for use at other 
UWMM sites. 
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Extent Success Criteria Were Met 
Site managers and contractors understood the value of integrative samplers for MC, and provided 

considerable in kind support to successfully demonstrate the technology at Vieques. They expressed 
that public concerns regarding sampling at the wrong place and the wrong time could be alleviated, 
particularly by the results of the positive control study at Gulf Breeze. However, concerns were 
expressed about regulatory implementation and the fact that POCIS and grab samples provided the 
same conclusion with respect to no ecological risk. Although the cost of collecting a single grab 
sample at a site is less expensive than monitoring with POCIS for reasons described previously in 
this report, the cost for POCIS is much less than multiple grab or composite sampling required to 
produce integrative data equivalent to POCIS. Note, however, that the concerns expressed by 
Vieques site managers (diver costs and safety) are eliminated at sites where there are structures from 
which suspension of samplers can be done with relatively little cost.
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4. SITE DESCRIPTION

4.1 SITE LOCATION AND HISTORY 

During the 1940s, the U.S. Navy purchased 25,000 acres of land on Vieques Island, Puerto Rico, 
on the eastern and western ends of the island. The acquired land was used for naval gunfire support 
and air-to-ground training from the 1940s until 2003. The western side of the island was used for the 
U.S. Naval Ammunition Support Detachment (NASD), while the eastern side was used as the 
Vieques Naval Training Range (VNTR). The former VNTR is located on the eastern half and the 
former NASD is located on the western one-third, with the communities of Isabel Segunda and 
Esperanza located in between. 

East Vieques (former VNTR). The former VNTR, which comprises approximately 14,573 acres, 
provided ground warfare and amphibious training for U.S. Marine Corps (USMC), naval gunfire 
support training, and air-to-ground training. A conceptual site model for a wide area assessment 
(WAA) of underwater areas (referred to as UXO 16) depicts typical activities on the range (Figure 
4-1). The former VNTR was divided into four separate operational areas, comprising from west to 
east: the Eastern Maneuver Area (EMA), the Surface Impact Area (SIA), the Live Impact Area 
(LIA), and the Eastern Conservation Area (ECA) at the easternmost tip of the island (Figure 4-2). 

On April 30, 2003, the former VNTR was transferred to the DOI to be operated and managed by 
the United States Fish and Wildlife Service (USFWS) as a National Wildlife Refuge pursuant to 
Section 1049 of the National Defense Authorization Act for Fiscal Year 2002 (Public Law 107–107). 

Approximately 900 acres of the former VNTR, consisting of the LIA, is managed as a wilderness 
area where public access is prohibited. DOI developed a Comprehensive Conservation Plan (CCP) in 
2007 for the Vieques National Wildlife Refuge that outlines its concept for managing the refuge. 
Environmental restoration of the former VNTR is based on potential risks to human health and the 
environment identified via the CERCLA process, together with applicable or relevant and 
appropriate requirements (ARARs), with consideration given to the future land use identified in the 
CCP (CH2M Hill, 2013). 

A total of 16 of the 18 Munitions Response Sites (MRS) on Vieques have been ranked a Priority 2 
hazard under DoD’s MRS Prioritization Protocol (MSRPP), which ranks explosive safety and 
environmental risk at MRSs using multiple hazard evaluation models (CH2M Hill, 2013). A Priority 
2 hazard is the highest priority rating that can be scored for sites not containing chemical warfare 
materials. UXO 16 encompasses the underwater areas, including Bahia Salina del Sur (Figure 4-2).  

The Bahia Salina del Sur (BSS) is an embayment on the southeastern shoreline of the LIA that is 
adjacent to a mock airstrip and several targets, which resulted in high densities of UWMM (GMI, 
2007; McDonald, 2009; Navy EOD, 2010), and is the focus for this technology demonstration. 
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Figure 4-1. Conceptual site model (CSM) including history, physical characteristics, land use, and potential receptors at UXO 
16, which includes the demonstration site, Bahia Salina del Sur. From CH2M Hill (2014). 
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Figure 4-2. The former Vieques Naval Training Range (VNTR) on the east side of the island, showing the four operational areas and 
UWMM from several recent surveys in Bahia Salina del Sur. 

Bahia Salina del Sur (BSS)
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4.2 SITE GEOLOGY/HYDROLOGY 

The area of BSS is approximately 0.75 by 0.50 nautical miles with water depths up to slightly 
more than 30 feet (NOAA, 2010; NOAA and Ridolfi Inc, 2009; Figure 4-3 and Figure 4-4). The 
bottom of the bay consists of areas of open sand, areas covered by marine sea grasses, and coral 
reefs. The coral tend to be located in fringing clusters around islands and along the shoreline. Areas 
of coral in the main part of the bay are typically associated with solid bottom structures (such as the 
components of the wrecked ex-USS KILLEN (a U.S. Navy target ship; Deslarzes, Nawojchik, and 
Evans, 2002) or piles of dead coral rubble (likely created by earlier ordnance detonations). The entire 
island of Vieques had its origins in volcanic activity. There are hills, rugged terrain, and rocky 
outcroppings at various places on Vieques that demonstrate its volcanic origins (McDonald, 2009). 

Figure 4-3. Bathymetry map around east Vieques generated from LIDAR data. The locations of 
100 random points are displayed. The bubbles correspond to the difference in predicted depth 
values at that location. From NOAA (2010). 
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Figure 4-4. Cropped portion of NOAA chart 25650 (34th edition, April 2004, 
soundings in fathoms) depicting hydrography in project areas. Note: + 
symbols on nautical charts indicate coral outcroppings or rocks, not UXO. 
From NOAA and Ridolfi Inc (2009). 

The vast majority of the sea bottom in BSS is sand, with less than 10% coral cover, but significant 
seagrass can be present ranging from patchy (10–90%) to continuous (90–100%) in some areas 
(NOAA and Ridolfi Inc, 2010; Figure 4-5) A series of transects out from the shoreline in 2006 
revealed generally soft bottom supporting submerged aquatic vegetation in the northern portions of 
the bay, while the shoreline on the east side was a mixture of rubble, rocks, hard bottom and sand 
pockets (GMI, 2007). 
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Figure 4-5. Map of the former VNTR showing percent coral cover in the underwater UXO areas. Bahia Salina del Sur was classified 
as primarily 0 <10% coral cover. From CH2M Hill (2014). 
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The nearshore currents around Vieques are influenced by both the prevailing trade winds and tidal 
flow. The longshore surface currents to the north and south of the island flow in an east/NE to 
west/SW direction at approximately 10 cm/s (GMI, 2003). Prevailing current velocities during the 
demonstration were measured on orders of minutes to hours at several of the sampling locations as 
this information is helpful for enhanced calculation of the TWA concentration with the POCIS 
technology. 

Capella et al. (2003) also documented a west-southwest circulation pattern in the region north of 
Vieques. Flood and ebb tidal currents vary in speed and direction around different portions of the 
island (GMI, 2003). North of Vieques, between Vieques and Culebra, reported typical tidal flow 
peaks of 10–20 cm/s in the region with a mean vector velocity of 5 cm/s (Capella et al., 2003), but 
may be stronger (> 50 cm/s) in the Vieques Passage and off of the eastern end of the island (GMI, 
2003). Tidal height is estimated in Vieques at 30–40 cm above and below mean low water (MLW) 
(Capella et al., 2003). In addition, a greater Caribbean drifter study indicated the presence of an 
eastward current of > 30 cm/s along the southwest coast of Vieques, continuing across the Vieques 
Passage towards mainland Puerto Rico (Richardson, 2005). 

4.3 CONTAMINANT DISTRIBUTION 

Few data were available to sufficiently characterize the extent and magnitude of MC 
concentrations in sediment or water at Vieques. A NOAA study involving 78 sediment samples 
encompassing analysis of 15 energetics and related compounds reported inconclusive evidence of 
presence of any energetics (Pait et al., 2010). Note, however, that the NOAA study did not perform 
targeted sampling immediately adjacent to breached munitions, but rather employed a stratified 
random design to select study sites around the island. Similarly, CH2M Hill (2007) detected no 
energetics in 79 soil samples collected in the VNTR, while NOAA and Ridolfi (2006) detected no 
energetics in crab tissue samples in 12 locations across Vieques. ATSDR (2006), however, reported 
0.97 μg/g HMX in fiddler crab (Uca sp.) tissues taken in the former LIA. Porter, Barton, and Torres 
(2011) reported various MC in water, sediment, and biota sampled at BSS, most of them taken 
adjacent to an unexploded, breached 2,000 pound bomb near the ex-USS KILLEN stern, representing 
the only underwater detection of MC at Vieques reported to date.  

The paucity of data associated with the MC at BSS is expected based on the localized and 
unpredictable nature of release from encapsulated material in UWMM, but it is also anticipated that 
the POCIS technology demonstration will help resolve this uncertainty, considering the integrative 
nature of the sampling and low detection limits it affords.  

A summary of other persistent COCs including metals, PAHs, PCBs, and organochlorine 
pesticides were provided concurrently with the data for energetics (Pait et al., 2010), but were below 
any regulatory action levels for BSS, and are outside the scope of this technology demonstration. 

The documented presence of underwater UXO at BSS was one of the primary reasons for selection 
of this site for demonstrating the POCIS technology. Although historical reports on MC 
contamination in sediments, biota, or water are scarce, UWMM are potential sources of MC, and 
were therefore, the focus of this demonstration at Bahia Salina del Sur. The most comprehensive 
evidence available to us at the time of writing the project demonstration plan included that from (1) a 
near-shore survey focused adjacent to military targets T1 through T6 (GMI, 2007,Figure 4-6), (2) a 
NOAA survey with GMI ground-truthing in the central part of BSS (GMI, 2007; Figure 4-7), (3) a 
U.S. Navy survey primarily along the northern shoreline (Navy EOD, 2010; Figure 4-7; pink circles), 
and (4) coordinates from historical collection of U.S. Navy water hits from over 10 years of 
observations from gun fire along the south east coastline of BSS. An example of densities of verified 
munitions by type is shown in Table 4-1, which summarizes items found by Geo-Marine, Inc. (GMI) 
in the near-shore survey. 
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Figure 4-6. Location of munitions related items and non-munitions debris observed off former military targets T1 through 
T6 in the near-shore environment at Bahia Salina del Sur, Vieques. Modified from GMI (2007). 
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Figure 4-7. Verified munitions (e.g., not munitions debris) in Bahia Salina del Sur (BSS) 
from previous surveys by NOAA, 2010, GMI, 2010 and Navy EOD, 2010. From Brett 
Doer, CH2M Hill. 
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Table 4-1. Summary of type and quantity of munitions, munitions debris, and non-munitions debris 
found in the nearshore area off former military targets (T1 through T6) at Bahia Salina del Sur, 
Vieques. From GMI (2007). Targets correspond with those shown in Figure 4-6. 
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5. TEST DESIGN

5.1 CONCEPTUAL EXPERIMENTAL DESIGN 

Earlier project tasks included validation that POCIS was sufficiently sensitive to detect estimated 
low part-per-trillion (ng/L) time-weighted average MC water concentrations in a known source field 
study at Gulf Breeze, FL (Task 1), and optimization of sampling rates for different flow velocities 
(Task 2). The remainder of performance objectives associated with the technology demonstration 
were addressed by a full-scale deployment at BSS, a known Navy MR site with significant quantities 
of UWMM previously documented (Figure 4-6 and Figure 4-7, Table 4-1; GMI, 2007, NOAA, 
2007). A conceptual diagram of the basic experimental design at Bahia Salina del Sur (BSS) is 
shown in Figure 5-1.  

Figure 5-1. Generalized experimental approach for the technology demonstration 
at BSS. 

The generalized experimental design at Bahia Salina del Sur (BSS) (Figure 5-2 and Figure 5-3) 
included two strategies for POCIS deployment: (1) a non-biased (Grid) deployment of POCIS 
equally spaced over the majority of the bay using a grid design, and (2) a biased (Targeted) 
deployment of POCIS placed immediately adjacent to munitions following visual inspection and MR 
diver opinion regarding likelihood for containing, and potentially leaking MC. The rationale for the 
Grid approach was to assess the technology’s value as a screening tool to identify any MC presence, 
and magnitude of concentration across an UWMM site known or suspected to contain UWMM, but 
with limited or even no knowledge of presence or condition of munitions. The Target approach 
aimed to sample munitions that were suspected of releasing MC into the water column via 
dissolution of explosive fill material following corrosion or a physical breach of the metallic housing. 
Note, however, that it was beyond the scope of this project to positively verify that munitions 
selected for the Target approach were indeed releasing MC prior to the POCIS demonstration due to 
the complexities associated with verification of such a scenario, and NOSSA regulations that 
required no direct contact with the UWMM themselves.  
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Magnitude and frequency of detected MC at sites using the TWA concentrations derived from 
POCIS were compared with those from grab samples collected during the deployment and recovery, 
and ultimately compared with aquatic toxicity screening values for MC, including water quality 
criteria and hazardous concentrations derived from species sensitivity distributions (Lotufo et al., 
2017; SERDP ER-2341). 

Figure 5-2. Proposed distribution of 30 POCIS sampling canisters at  
15 Grid stations (top) and 15 Target stations (bottom). Actual locations 
identified following a Reconnaissance survey and shown in Figure 5-7. 
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Figure 5-3. Design for POCIS demonstration at Bahia Salina del Sur, including non-biased (Grid) 
and biased (Targeted) sampler deployment followed by focused sampling and screening level risk 
assessment. 

5.2 BASELINE CHARACTERIZATION 

Baseline characterization associated with this site demonstration relied on a combination of 
previous ground-truthing of magnetic anomalies (i.e. detections) already performed by dive surveys 
subsequent to geophysical surveys (NOAA, 2007, GMI, 2007; see Section 4), and critical visual 
inspection of candidate munitions immediately prior to this POCIS technology demonstration. Under 
oversight of NAVFAC LANT, CH2M Hill MR divers conducted a Reconnaissance survey in early 
January 2016 to support this demonstration. The MR divers identified and photo-documented 25 
candidate items, largely located along the northern and eastern shorelines of BSS for discussion with 
the project team. These were a combination of MK series bombs and a variety of projectiles across a 
range of degrees of corrosion. The ETSCP project team selected 15 of these, based on detailed 
discussion with the MR dive team, for the POCIS deployment. 

5.3 LABORATORY STUDY RESULTS 

As briefly described in Section 2.2, in addition to the positive control field study in Santa Rosa 
Sound, FL, a series of flume experiments were conducted by the project team to optimize the 
calculation of Rs for multiple MC under site-specific flow velocities. This was pursued due to flow 
current velocity being one of the primary parameters creating uncertainty associated with accurate 
estimation of the TWA concentration. A summary of the results from the flume studies are provided 
in Section 2.2.2 and full descriptions are provided in Appendices C and D. 
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5.4 DESIGNS AND LAYOUT OF TECHNOLOGY COMPONENTS 

5.4.1 Equipment Storage and Transfers to and from the Site 

Equipment was shipped to, and stored securely at the Navy Field Office at Camp Garcia located 
near the Department of the Interior’s (DOI) entrance to the FVNTR. The office also served as a 
meeting location for safety and project briefs, point of origin for day trips to the field site, sample 
processing, and as a FedEx® pick-up location.  

There are two primary means of transport to the field site at BSS: (1) by vehicle through semi-
rough terrain, or (2) by boat from launch sites at Esperanza, on the south side of the island or at 
Bahia Icacos to the north. For this project, we launched at Esperanza pier (Figure 5-4), which 
required a minimum of 2 hours of travel time, including transit from Camp Garcia to the boat ramp, 
loading, and boat transit time to BSS. 

A total of 10–12 people were typically distributed over two boats, a dive boat (Figure 5-4), and a 
support boat. Gear included POCIS samplers and anchoring equipment (weights, blocks, line), ice 
chests with blue ice, a Nortek™ current profiler, water quality meters and loggers, field notebooks, 
and personal items.  

Figure 5-4. Route used to access field site from Camp Garcia (top); Vieques dive boat (bottom left) 
and partial crew (bottom right). 
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5.4.2 Listing and Description of Primary Technology Components 

The small size of samplers and associated equipment with this project ensured relative simplicity 
of this technology demonstration (Table 5-1). 

Table 5-1. List of primary technology components. 

Item Purpose 

POCIS samplers MC detection in water column, including field blanks 

POCIS canisters Protection of samplers at sampling locations 

Nortek™ Current Profiler Logging of current direction and velocity at select 
sampling locations 

Troll® 9500 (In Situ, Inc.) Logging of water quality (temperature, pH, salinity, 
dissolved oxygen) at select sampling stations 

Anchoring system (36” sand screws, 
weights, concrete blocks, zip ties, lines, etc.) 

Securing samplers and water quality sensors 12” 
above sea floor 

Lift bags For safe transfer and placement of POCIS at Target 
stations 

Hand-held GPS Documentation of placement of sampling equipment 

Portable water quality meters Documentation of water quality parameters at 
specified time points  

Underwater still camera Documentation of sampling locations 

Underwater video camera 
Real-time communication between divers and 
technical field crew on survey boat; video 
documentation at select stations. 

1-L amber glass sampling jars Discrete sampling of water and sediment 

PushPoint samplers and syringe system Collection of porewater at select locations 

Sediment core liners and caps Collection of surface sediment at select locations 

POCIS canisters (each containing three samplers) were positioned approximately 12” above the 
sea floor. Target (i.e., adjacent to munitions) stations used a weighted-block system (Figure 5-5) 
weighing approximately 45 lbs. and carefully placed by the item in a secure location by MR divers 
with the assistance of a lift bag. Because Grid stations could be safely cleared to NOSSA 
requirements using a magnetometer, 36” sand screws were used to securely anchor POCIS canisters 
used at these stations (Figure 5-5). The deployment approach was fully vetted by Navy EOD, 
NOSSA, NOAA, and National Marine Fisheries Services based on both safety and ecological 
considerations. All deployed equipment was removed during the recovery operation. 
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Figure 5-5. Weighted-block system (left) used for placement of POCIS adjacent to 
targeted munitions and sand screws (right) used to place sampling canister at Grid 
stations.  

5.5 FIELD TESTING 

Mobilization and demobilization requirements for the demonstration were minimized to the extent 
possible, with relevant components being conducted by project team collaborators at their respective 
laboratories prior to, or following, on-site field activities. Based on the relatively simple nature of the 
technology, no major installation efforts were required, minimizing the need for time, equipment, and 
personnel requirements at the site. The vast majority of the field time involved access to and from the 
site and diver safety considerations (e.g., compliance with strict munitions response diver 
procedures) while on site.  

In brief, the demonstration included: (1) site-specific anchoring trial, (2) reconnaissance study to 
select candidate munitions, (3) technology component deployment (3 field days), (4) technology 
component recovery (3 field days), followed by (5) a one-time focused verification sampling effort of 
porewater and sediment (2 field days) based on results from phases 1 and 2. The schedule for the 
technology demonstration is summarized in Table 5-2. 
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Table 5-2. Overview of on-site activities to support technology demonstration at Bahia Salina del 
Sur, Vieques. 

Event Date(s) Tasking 

Anchoring Trial Dec 8–10, 2015 
• Deployed POCIS at three stations at BSS using different

anchoring options to assess anchor performance
• Water surface reconnaissance study

Equipment 
Shipment Dec 1–30, 2015 • Supply/equipment purchasing followed by shipment to

Camp Garcia office

Reconnaissance 
Survey Jan 6–9, 2016 

• MR and scientific divers identify and rank 25 candidate
munitions for technology demonstration

• Technical team evaluation and final decision on munitions
targeted for sampling

Deployment Jan 9–16, 2016 

• Field team logistical/safety briefs
• Preparation of anchoring systems
• Loaded POCIS canisters, calibrate instrumentation
• Deploy samplers (3-day field effort)
• Concurrent collection of current and water quality data
• Time Initial grab sampling, on-site extraction, shipment
• Field team debrief

Recovery Jan 30–Feb 4, 
2016 

• Field team logistical/safety briefs
• Recover samplers (3-day field effort)
• Concurrent collection of current and water quality data
• Time Final grab sampling, on-site extraction
• Shipment of all samplers and equipment to labs
• Field team debrief

Sediment 
sampling prep June 1–30, 2016 • Field trials for in situ porewater sampling in San Diego

• Procurement and shipment of sediment sampling gear

Sediment 
Sampling 

July 11–14, 
2016 

• Field team logistical/safety briefs
• Porewater and sediment sampling (2-day field effort)
• On-site extraction of porewater samples
• Shipment of sediments and porewater to labs
• Field team debrief

5.5.1 POCIS Grid Deployment 

A total of 15 POCIS canisters (each containing three HLB POCIS) were deployed at the test site 
using a non-biased grid design that encompassed the majority of the Bahia (Figure 5-2). The 
approximate total area of the grid is ~ 106 m2 (~ 250 acres), with individual sampling canisters 
approximately 250 m apart. Samplers were placed as close to previously derived GPS coordinates as 
possible, but were never placed on top of coral colonies or any ecologically important species or 
habitat, per on-site review by munitions and scientific divers, and specialized observers (e.g., Ms. 
Diane Wehner, NOAA). Due to the relatively large size of each sampling box within the grid, there 
were no issues associated with locating appropriate anchoring locations, based on the generally soft 
bottom nature of most of the site (Bauer et al., 2010). While the Grid stations were deployed using 
installation of 36” sand screws following verification of no hazard using a magnetometer in a 25 foot 
radius, the weight-block system used for placement at Target stations was installed by transport of 
the assembly to the station using lift bags (Figure 5-6). 
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Figure 5-6. Sand screws were used to secure Grid stations to sea floor after clearance with a 
magnetometer (left). Lift bags were used to transport the weighted block system used to position 
POCIS canisters within 12” of Target munitions (right). 

5.5.2 POCIS Targeted Deployment 

A second set of 15 POCIS canisters were deployed adjacent to munitions for which visual 
inspection suggested potential for exposed and potentially leaking MC. These items were identified 
during the Reconnaissance survey led by NAVFAC personnel and CH2M Hill dive teams a few days 
prior to sampler installation. The dive teams used historical knowledge of the site (see Section 4.1) 
and the project team’s objectives/input to locate and rank a variety of items. Ranking was based on a 
number of factors including: 

• Likelihood to potentially contain explosive fill material
• Representation of different munition types (e.g., various sized projectiles and bombs)
• Condition (i.e., level of corrosion and observed breaches)
• Requirement for safe access and placement of sampler adjacent to the item.

Figure 5-7 and Table 5-3 show actual locations where Grid and Target samplers were deployed. 
Table 5-3 provide descriptors of the munition type, condition, depth, and/or substrate at each 
sampling location.  
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Figure 5-7. Deployment locations of Grid and Target POCIS deployments. 

Green = Grid Station (15)
Red = Target Station (15)
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Table 5-3. Locations and times of deployment and recovery of POCIS at Bahia Salina del Sur. OWB=Open water blank. 
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Table 5-4. Description of munitions items, POCIS placement, and substrate/habitat at Target stations. 
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Table 5-5. Description of substrate/habitat at Grid stations. 

5.5.3 Discrete Water Sampling for MC 

Water was sampled by two means: (1) POCIS, and (2) discrete grab samples. POCIS were used to 
derive estimated TWA water concentrations as already described. A 19–23 day POCIS exposure 
(station dependent, based on time required to deploy and recover samplers over a 3-day period each) 
occurred from January 11 through February 3, 2016. Grab sampling was conducted at each of the  
15 Target sampling locations during both deployment and recovery operations. Grab samples were 
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considered supplementary and were intended for comparison purposes, but were not required for 
calibration purposes as they were for flume and fouling efforts (this project), and initial calibration 
studies (Belden et al., 2015). Grab water samples were collected in 1-L glass amber bottles by 
scientific divers during deployment and recovery operations. Jars were filled within a few inches of 
the respective POCIS sampling canister (Figure 5-8). Because of the propensity for some MC to 
rapidly degrade, grab water samples were extracted on site on to Oasis® HLB cartridges (Appendix 
E) and frozen before shipment to the OSU analytical laboratory.

Figure 5-8. Grab sampling approach used to compare 
water concentrations between discrete samples and 
POCIS. 

5.5.4 Water Quality and Current Velocity Characterization 

A Troll® 9500 probe (In-Situ®, Inc.) was used to measure dissolved oxygen (D.O.), temperature, 
conductivity/salinity, and pH at multiple locations. Current velocity and direction were recorded 
using an Aquadopp® Profiler (Nortek™ AS) at the same stations. The water quality probe and current 
profiler were co-deployed on a weighted block system by MR divers for variable time periods 
(minutes to hours). Placement was on an opportunistic basis at a subset of representative stations 
during both the deployment and recovery efforts to obtain representative conditions during the field 
operations. This included measurements over a total of 6 days during the 19–23 day (station-specific; 
average 20.5 days) POCIS exposure period. Water quality data were logged every minute, while 
current data were logged every 5 seconds during each deployment of the systems. 
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Figure 5-9. Nortek™ current profiler and Troll assembly 
configuration for measuring current velocity/direction and water 
quality adjacent to POCIS samplers. The same configuration was 
attached to a weighted block system at most stations for easier 
deployment and recovery using a lift bag. 

5.5.5 POCIS Recovery and Field Processing 

POCIS canisters were deployed for 19–23 days (average 20.5 days), and upon recovery, assessed 
for damage and photographed. Biofouling at the Vieques site was generally very light (Figure 5-10), 
essentially eliminating the need to remove surficial debris or biofouling from the samplers. POCIS 
were individually wrapped, frozen, and shipped overnight to Dr. Belden’s lab (OSU). 

Figure 5-10. Recovery and preparation of samplers for shipment to analytical laboratory. 

5.5.6 Focused Sediment and Porewater Sampling 

Following the analysis of POCIS samplers, focused sediment sampling was conducted at four 
stations where RDX detects were above method reporting limits to assess the relative usefulness of 
POCIS as a screening tool for water and sediment MC contamination. Weather conditions did not 
allow a visit to the one station where a relatively large TNT detection was observed. Earlier iterations 
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of the sampling plan included biota sampling, but following discussion with NAVFAC personnel and 
regional stakeholders, the final decision was not to collect biota samples.  

The sampling design for porewater sampling is shown in Figure 5-11. Due to the desire for low 
detection limits, a total of 16 60-mL syringes full of porewater were collected using PushPoint 
samplers (http://mheproducts.com/) and composited for each sample, both at representative Inner 
locations (~ 0.5 m from munition) and Outer locations (1 to 2 m from munition; Figure 5-11, Figure 
5-12). This approach yielded approximately 1 L of porewater from each inner and outer sampling 
location at the four stations: A1, T10, T11, and T12 (see Figure 5-7). As with grab samples 
collected during the POCIS demonstration, porewater was extracted on-site using Oasis® HLB SPE 
cartridges under vacuum prior to freezing and shipping. Blank BSS bay water samples and matrix 
spikes to bay water were extracted on-site as well. 

For the sediment sampling effort, 5” surface sediment cores were collected, two at both the Inner 
and Outer sampling locations. Cores were sampled by hand by divers to ensure that placement of 
cores was where sediment could be obtained and in areas rendered safe from both EOD and ESA 
requirements. 

Figure 5-11. Example of porewater sampling locations ~ 0.5 m (red dots) and 1 to 2 m (yellow 
dots) away from a munition (left); PushPoint porewater sampler, with syringes (center); intact 
sediment core sample and grab water sample (top right); multiple syringes collected using 
PushPoint sampler from a single station for a 1-L composite (bottom right). 

2 m
2 m
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Figure 5-12. (left) Close-up of porewater sampling using PushPoint sampler, targeting top 6” 
sediment layer; (right) Inner station (~ 0.5 m from munition at Target Location T12) porewater 
sampling. 

5.6 SAMPLING METHODS 

Details associated with the sampling associated with the demonstration at BSS (Task 4) are 
included in Table 5-6 and Table 5-7. As the performance criteria for the technology are also 
measured from other associated tasks, the sampling details from those efforts (Tasks 1 and 2) are 
included as well. 
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Table 5-6. Total number and types of samples collected. 

Component Matrix Number of 
Samples Analyte(s) Location 

Task 1  
Pre-
demonstration 
sampling 
(Controlled Field 
Validation) 

Water 
(POCIS) 

66 (composited 
to 22) 

TNT, 2ADNT, 
4ADNT, DANT, 
RDX 

19 samplers near Comp B 
source at EPA Dock, 
Pensacola, FL, 1 far-field 
location, 2 QA/QC. 

Water 
(SPE) 10 

TNT, 2ADNT, 
4ADNT, DANT, 
RDX 

Grabs immediately above 
Comp B source canister 

Water Varied Flow direction and 
velocity with ADV Adjacent to source canister 

Water Continuous 
logging 

pH, temperature, 
salinity 

Adjacent to source canister 
(bottom and surface) 

Task 2 
Pre-
demonstration 
sampling (Flume 
Calibration) 

Water 
(POCIS) 

153 (composited 
to 51) 

TNT, 2ADNT, 
4ADNT, DNT, 
DANT, RDX 

Up to 11 locations within 
flume (8 exposed, 3 caged); 
5 flume expts under 3 flow 
velocities and 2 Comp B 
release rates. 

Water 
(SPE) 63 

TNT, 2ADNT, 
4ADNT, DNT, 
DANT, RDX 

12 grabs X 5 expts + 
QA/QC for calibrating flow-
dependent Rs 

Water Multiple discrete Flow direction and 
velocity with ADV 

Multiple locations and time 
points within flume 

Water Continuous 
logging 

pH, temperature, 
salinity 

One upstream location 
within flume, 3 expts. 

Task 4 
Technology 
performance 
sampling 
(Vieques Island) 

Water 
(POCIS) 

90 (composited 
to 30) 

TNT, 2ADNT, 
4ADNT, DNT, RDX, 
picric acid 

3 POCIS/canister, 15 
canisters equally spaced in 
BSS, 15 at targeted near 
munitions 

Water 
(SPE) 33 

TNT, 2ADNT, 
4ADNT, DNT, RDX, 
picric acid 

15 select locations co-
located with POCIS, during 
deployment and recovery 
phases + blanks 

Water 5 DOC, TSS Co-located with POCIS 
during deployment only 

Sediment 8 (composited to 
4) 

TNT, ADNTs, 
DNTs, RDX 

4 locations in BSS based on 
positive POCIS results 

Porewater 
8 (composite 
from 16 
syringes/stn) 

TNT, ADNTs, 
DNTs, RDX 

4 locations in BSS based on 
positive POCIS results 

Sediment 5 TOC, grain size 4, co-located with sediment 
local MC stations 
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Table 5-7. Analytical methods for sample analysis. 

Matrix Analyte Method Container Preservative1 Holding 
Time 

Water 
(POCIS) 

Munitions 
Constituents2

Solvent Elution 
GC/MS3

Aluminum foil 
/polyethylene 
Ziploc® bag 

<4°C, freeze 
on lab arrival 

28 d after 
frozen 

Water (Grab) 

Munitions 
Constituents2 

SPE 
GC/MS3 1L Amber Jar <4°C 4 d4

DOC EPA Method 
415.3 0.25 L Amber Jar <4°C, freeze 

on lab arrival 4 d 

TSS EPA Method 
160.2 1L HDPE <4°C 7 d 

Porewater 

Munitions 
Constituents2 

SPE 
GC/MS3 

Plastic syringes 
composited into 1L 

Amber Jar 
<4°C 4 d4 

DOC EPA Method 
5310C 0.25 L Amber Jar <4°C, freeze 

on lab arrival 4 d 

Sediment 

Munitions 
Constituents2 

Modified EPA 
8330 

GC/MS3 
0.25 L Amber Jar <4°C, freeze 

on lab arrival 14 d 

TOC Loss on Ignition 0.25 L glass jar <4°C 14 d 

Grain size ASTM Method 
D422 

1 gallon 
Ziploc® bag <4°C 14 d 

1Preservatives are not required for these samples; however, all samples were stored and shipped at <4°C. 
2TNT, TNB, DNB, 2-ADNT, 4-ADNT, DANT, 2,4-DNT, 2,6-DNT, RDX, 3,5-DNANIL, picric acid 
3GC/MS is based on EPA 8095 modified to use mass spectrometry with negative chemical ionization. 
4Grab and porewater samples collected from Vieques were extracted within 24 h of collection. 

Analytical methods including instrumentation, quality assurance samples, decontamination 
procedures, sample documentation, and analytical data management and analysis are provided here. 
Similar details are elaborated upon or referenced in previous sections and in Appendix E. 

• Instrumentation: Precision and accuracy of all laboratory analytical data were monitored
throughout the analytical process. Instrument precision and accuracy of the GC/MS was assured
by conducting initial calibration curves (r2 > 0.98), and continuing calibration verification at a
frequency of 10%. Calibration and maintenance of the MS was conducted prior to every
analytical run including checking the accuracy of the tune and checking for leaks. Internal
calibration was performed using stable isotope PAHs.

• Quality Assurance Samples: For each sampling trip, a blank passive sampler (field blank) was
subjected to all phases of the field and transport experience. These samples were extracted and
analyzed along with field samples in an effort to check for contamination. Extraction and
procedural efficiency was measured using surrogates in each sample. Procedural blanks, spikes,
and spike duplicates were conducted at a frequency of 5% of samples extracted.

• Decontamination: POCIS samplers are discrete units and typical sampling gear is not necessary
to avoid cross contamination. On recovery each sampler was placed into Ziploc® bags and put on
ice. At Camp Garcia, each canister was processed by removing each of the three samplers and
individually wrapping in its own small Ziploc® bag, wrapped in bubble wrap, and then the three
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replicates sealed in a second large Ziploc®, to minimize any chance of cross contamination 
among samplers. In the laboratory, samplers were dismantled on new, solvent washed foil and 
extracted in triple-rinsed and solvent washed extraction tubes.  

• Sample Documentation: Chain of custody forms were originated upon collection of samples
and followed the samples through processing at OSU and ERDC. Samples were labeled using
water-proof labels and markers. Labels included date, field ID of sample, type of sample, and
collecting scientist. Data from all field efforts were recorded in logbooks along with any notes
and ancillary data. In both the field and the laboratory, extraction and analysis were recorded in
laboratory notebooks and bound datasheets. Data were then transferred to spreadsheets that are
backed up to secure servers.

• Data Management and Analysis: All laboratory data were stored in electronic form in more
than one location. Analytical data from the laboratory were reported using spreadsheets. Data
were not reported to other investigators or used for further calculations. Any data failing to pass
criteria (associated blanks have positive hits, spikes are outside of range) resulted in the data
being clearly noted with the data when reported.

Additional details describing the handling and QA/QC of samples are provided in Appendix E. 

For qualifying POCIS samples, the mass of MC accumulated by the POCIS were used to estimate 
time averaged water concentrations based on sampling rates reported in Belden et al., (2015), those 
refined based on current velocity (i.e., flume) experiments in this project, or those assumed, the latter 
being more semi-qualitative. The TWA water concentrations (Cw) were ultimately calculated using 
Eqn. 1 from the best available sampling rates (summarized in the accompanying ESTCP Guidance 
Document), the time (t) of deployment (days), and the mass of analyte accumulated by the sampler, 
(N): 

Eqn. 1 𝐶𝐶𝑤𝑤 = 𝑁𝑁
𝑅𝑅𝑠𝑠𝑡𝑡

Additional information on QA/QC is provided in Appendix E. 

5.6.1 Compliance with Safety and Ecological Concerns 

All sampling activities associated with the technology demonstration at Vieques were conducted 
with the knowledge and consent of relevant stakeholders, including, but not limited to, NAVFAC, 
NOAA, National Marine Fisheries Service (NMFS), the Puerto Rico Environmental Quality Board 
(PREQB), the Puerto Rico Department of Natural and environmental Resources (PRDNER), the 
USACE, USEPA Region 2, and United States Fish and Wildlife Service (USFWS). As directed, a 
USACE Nationwide Permit application was filed and a letter provided by USACE indicating no 
permit was required as the deployment of samplers falls under activities under CERCLA at the site. 
That letter is in Appendix F. Because this effort falls under CERCLA as a means to help inform and 
assist in the ongoing remedial investigation at the sites, permits were not ultimately required. Further, 
because no biota were sampled, previous discussions regarding collection permits for biota were not 
required. Vessel strike avoidance measures (NMFS, 2008; Appendix F) were followed to reduce the 
risk associated with disturbance of protected species including marine mammals, including manatees, 
and sea turtles. Diane Wehner (NOAA OR&R) was also on-site during sampler deployment to 
oversee any potential issues associated with endangered or threatened coral or other invertebrate 
species. 
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Experimental and dive plans for this work were vetted by NOSSA and internal Navy offices to 
ensure explosive safety considerations were adhered to (select documentation provided in Appendix 
F). Sampling only occurred at locations that MR divers had cleared for safety purposes, and scientific 
divers had assessed for environmental concerns. 

5.7 SAMPLING RESULTS 

The positive control field study at Santa Rosa Sound, FL and the technology optimization flume 
studies are summarized briefly in Section 2.2, and are provided in detail in Appendices B, C, and D. 
An overview of those studies is also included in Rosen et al. (2016). The results shown in this section 
are for the technology demonstration at Vieques. 

5.7.1 Recovery Success Rate 

A total of 30 POCIS canisters were deployed, of which 30 (100%) were recovered. All 15 Grid 
canisters were in the same position they were upon deployment, verifying the performance of the 
sand screw-based anchoring system. Two of the Target POCIS canisters, which used the weighted 
block system, had slightly moved, while all others were intact. The assembly at Station T4 had 
moved towards the munition (butted up against it), while the assembly at Station T7 had been 
dragged, apparently by surge at that station, about 18” beyond the placement location. All 90 
samplers (3 per canister) were intact and had relatively little fouling. Examples of deployment and 
recovery conditions are shown in Figure 5-13, and are provided for all items in Appendix G. 
Representative condition of the membranes are shown in Figure 5-14. A few of the samplers showed 
evidence of ring-fastener associated corrosion along the perimeter of the membrane. 

Figure 5-13. Representative target items and POCIS on deployment (top) and on recovery (below) 
after approximately 3 weeks. All stations are shown in Appendix G. 

T12 Deploy

T12 Recovery

T8 Recovery

T8 Deploy

T14 Deploy

T14 Recovery
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Figure 5-14. Representative appearance of sampler membranes after 19–23 days of deployment. 

5.7.2 POCIS-Derived and Grab Sample MC Water Concentrations

Analytical results are available for 29 of the 30 (97%) samples sent to the laboratory. One sample 
(T5) was unavoidably compromised during sample extraction. POCIS-derived water concentrations 
are provided in Table 5-8 (Target) and Table 5-9 (Grid). Grab samples, collected only at the 15 
Target stations are shown in Table 5-10 (Initial) and Table 5-11 (Final). For POCIS, TNT, 2,4-DNT, 
DNB, RDX, 4-ADNT, 2-ADNT, and 3,5-DNANIL were detected at one or more stations. For grab 
samples, TNT, 2,4-DNT, RDX, 4-ADNT, 2-ADNT, and TNB were detected at one or more stations. 

Picric acid, primarily used during the World War I era as a high explosive (a component of 
Explosive D, or ammonium picrate), and later favored for TNT, was analyzed for Initial Target grab 
samples only (N = 15) in response to site-specific interests. Sorbents other than HLB might be useful 
for quantifying picric acid using POCIS, but this was not the objective of this work, and would 
require further study. For picric acid, a second amber sampling bottle (volume 500 mL) was collected 
concurrently with the 1-L bottle for the primary MC list. Picric acid was analyzed by EPA 8330 as 
modified by Thorne and Jenkins (1995) (see Appendix E). 

Table 5-8. POCIS-derived estimated water concentrations from 15 Target stations deployed at Bahia 
Salina del Sur in January 2016. Dark shaded values are above the QL, light shaded are above the 
MDL. Values in italics are number days samplers exposed at site. 
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Table 5-9. POCIS-derived water concentrations from 15 Grid stations deployed at Bahia Salina del 
Sur in January 2016. Dark shaded values are above the QL, light shaded are above the MDL. 
Values in italics are number of days samplers exposed at site. 

Table 5-10. Grab water concentrations from 15 Target stations adjacent to POCIS on sampler 
Deployment (Initial). Dark shaded values are above the QL, light shaded are above the MDL.  

Table 5-11. Grab water concentrations from 15 Target stations adjacent to POCIS on sampler 
Recovery (Final). Dark shaded values are above the QL, light shaded are above the MDL.  

A1 A2 A3 A4 B1 B2 B3 B4 C2 C3 C4 C5 D3 D4 D5
20 19 23 23 23 23 23 23 20 20 20 21 19 19 19

TNB 1.9 5.7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
TNT 3.7 11.1 0 0 0 0 0 0 0 0 0 0 0 0 9.6 0 0

2,6-DNT 1.4 4.3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2,4-DNT 6.6 19.9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

DNB 6.0 17.9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
RDX 2.9 8.8 12.2 4.0 0 6.8 6.4 0 0 6.7 0 0 0 6.8 0 0 0

4-ADNT 4.2 12.7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2-ADNT 2.6 7.7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

3,5-DNANIL 1.7 5.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Analyte

POCIS-derived Time-averaged concentration (ng/L)

MDL QL

MDL QL T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 T13 T14 T15
TNB 3 9 0 0 0 0 0 0 0 0 0 0 0 0 0 22 0
TNT 8 25 0 0 0 0 0 0 0 0 0 0 0 0 0 4470 0

2,6-DNT 3 8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2,4-DNT 9 28 0 0 0 0 0 0 0 0 0 0 0 0 0 13 0

DNB 6 17 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
RDX 18 54 0 0 0 0 51 0 0 0 0 26 24 0 0 0 0

4-ADNT 8 25 0 0 0 0 0 0 0 0 0 0 0 0 0 19 0
2-ADNT 6 17 0 0 0 0 0 0 0 0 0 0 0 0 0 31 0

3,5-DNANIL 12 36 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Picric Acid 166 500 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

*Picric acid was not reported below QL based on analysical method

Analyte
Grab water - Initial (ng/L)

MDL QL T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 T13 T14 T15
TNB 3 9 0 0 0 0 0 0 0 0 0 0 0 0 0 35 0
TNT 8 25 0 0 0 0 0 0 0 0 0 0 0 0 0 7497 0

2,6-DNT 3 8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2,4-DNT 9 28 0 0 0 0 0 0 0 0 0 0 0 0 0 17 0

DNB 6 17 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
RDX 18 54 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

4-ADNT 8 25 0 0 0 0 0 0 0 0 0 0 0 0 0 73 0
2-ADNT 6 17 0 0 0 0 0 0 0 0 0 0 0 0 0 89 0

3,5-DNANIL 12 36 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Analyte
Grab water - Final (ng/L)
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5.7.3 Detection Frequency and Magnitude at Target Stations 

5.7.3.1 TNT and other nitroaromatic compounds 

A summary of the detection frequency and concentration range from 14 POCIS Target samples 
(due to loss of one sample in the laboratory) and grab samples from the 15 Target stations for TNT 
and RDX is provided in Table 5-12 at Target stations, Station T14 represented the highest 
concentration for all MC in the study for both POCIS and grab samples. Station T14 was the only 
Target station where TNT and other nitroaromatics, including TNT degradation products, were 
detected. 

Table 5-12. Detection frequencies for POCIS and the two Grab time points for TNT and RDX at 
Target stations. 

The largest MC detection observed in the Vieques study was at station T14, where the POCIS 
canister was placed approximately 12” away from visible breaches associated with a 1,000-lb general 
purpose (GP) bomb. Divers described three half-dollar sized holes in the side of the item, which 
otherwise appeared intact. Figure 5-15 and Table 5-11 show the POCIS and grab water TNT 
concentrations observed for water sampled at T14. The average TNT concentration from the two 
grab samples (5,984 ng/L) was 11% higher than the POCIS sample (5,304 ng/L). The POCIS-derived 
average TNT concentration was 19% above the initial grab and 29% below the final grab sample 
concentration. Although two grab samples are unlikely to be considered representative over a 3-week 
time period in a dynamic environment such as Roca Alcatraz, the minimal differences between the 
grab and TWA concentrations indicates that the breaches may have been a continuous source to the 
area immediately where water sampling occurred. The closest sampling location to station T14 was 
station T15, where an apparently intact 1,000-lb GP bomb was present. This station, approximately 
50 m away from T14, was below detection limits for all MC quantified. 

Although T14 presented the highest water concentrations in the study for nitroaromatics, RDX was 
not detected by either POCIS or grab samples at that station (Table 5-9, Table 5-10, and Table 5-11) 
It is interesting to note that although RDX was not detected at T14, it was frequently detected at very 
low ng/L concentrations near Target and at Grid stations inside the Bay. Station T14 was located 
south of Roca Alcatraz, outside the Bahia. In addition, many of the GP bombs were filled with Minol 
(mixtures of TNT, ammonium nitrate, and powdered aluminum) or Tritonol (80% TNT, 20% 
aluminum powder), so it is not expected that RDX would be leaking from such items. 
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Figure 5-15. TNT (top), sum ADNTs (middle), and 2,4-DNT (bottom) 
water concentration at station T14 from initial grab (I), final grab (F), and 
POCIS. The blue line represents the average of the initial and final grab 
sample concentrations. 

0

1000

2000

3000

4000

5000

6000

7000

8000

Grab (I) Grab (F) POCIS

TN
T 

in
 W

at
er

 C
ol

um
n 

(n
g/

L)

Sample

0
20
40
60
80

100
120
140
160
180

Grab (I) Grab (F) POCIS

Su
m

 A
DN

Ts
 in

 W
at

er
 C

ol
um

n 
(n

g/
L)

Sample

0
5

10
15
20
25
30
35
40
45
50

Grab (I) Grab (F) POCIS

2,
4-

DN
T 

in
 W

at
er

 C
ol

um
n 

(n
g/

L)

Sample



61 

5.7.3.2 RDX 

RDX concentrations at BSS ranged from 5–13 ng/L (when detected by POCIS; Table 5-8, and 
Table 5-9) and 24–51 ng/L (when detected in grabs collected during the deployment; Table 5-10. 
During the recovery process, all RDX grab water samples were non-detect (Table 5-11). 

Figure 5-16. POCIS-derived TWA concentrations derived for RDX at 30 stations 
evaluated at Bahia Salina del Sur, based on method detection limits (MDL).

5.7.4 Detection Frequency and Magnitude at Grid Stations 

The unbiased (Grid) sampling was conducted using POCIS only (i.e., water grab samples were not 
collected). Therefore, comparisons of Grid POCIS with grab water data cannot be made. However, 
comparison of the Target and Grid POCIS detection frequency and magnitude are shown in Table 
5-13. 

MDL=2.9 ng/L
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Table 5-13. Detection frequencies of TNT and RDX for POCIS at Target and Grid Stations. 

5.7.4.1 TNT 

Only one TNT detect was observed for each the Target and Grid sampling approaches. The Grid 
detect was three orders of magnitude lower than that quantified from the Target breached munition. 
The Grid value was above the MDL, but slightly below the QL. The marginal detect occurred at 
station D3, which is in relatively close proximity to the ex-USS KILLEN (a U.S. Navy target ship; 
Deslarzes, Nawojchik, and Evans, 2002). 
5.7.4.2 RDX 

Detection frequency was nearly twice as high for Target stations in comparison to Grid stations  
(79 and 40%, respectively). The concentration ranges were very similar, ranging from 5.0–12.6 
(mean = 8.1) and 4.0–12.2 (mean = 7.2) ng/L, respectively. Combined, 4 of the total 17 detects were 
above the QL. In general, RDX detects, including at Grid stations, were more often closer to the 
shoreline as opposed to the center of the bay, where most samples were below detection limits. 

5.7.5 Site-Specific Current Velocities and POCIS Sampling Rates

The Nortek™ current profiler (see Section 5.5.4) results from opportunistic sampling during POCIS 
deployment and recovery efforts are provided in Table 5-14. 

The overall mean (s.d.) from Stations inside the Bay were 5.10 (1.71) cm/s. Due to some 
uncertainty associated with not being able to continuously monitor current velocity at all stations for 
the duration of the exposure period, this average value for inside the Bay was used to represent the 
prevailing condition inside the Bay. The two stations south of Roca Alcatraz (Figure 5-16) provided 
outlying current data averaging 13.3 cm/s, therefore, sampling rates (Rs) were calculated based on 
current velocity curves fitted from the flume studies for inside the bay and outside the bay, which are 
reflected in Table 5-15. 
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Table 5-14. Current velocity (mean and standard deviations) 
from deployments of a Nortek® current profiler at representative 
stations during deployment and recovery. 

Current velocity (cm/s) 

Table 5-15. Sampling rates (L/d) used for 
calculation the TWA MC concentration at Vieques, 
derived using site-specific current velocities as 
derived in the ER-201433 Technology User’s Guide 
(Appendix H). 

T14&T15 All others
TNB 0.329 0.077
TNT 0.185 0.105

2,6-DNT 0.133 0.085
2,4-DNT 0.133 0.066

DNB 0.274 0.045
RDX 0.377 0.284

4-ADNT 0.324 0.093
2-ADNT 0.474 0.104

3,5-DNANIL 0.339 0.05

POCIS Sampling Rates 
(L/d)

Station Location

Analyte



64 

5.7.6 Water Quality Characteristics from Bahia Salina del Sur 

Table 5-16 and Table 5-17 summarize basic water quality characteristics measured during the 
POCIS validation study. The Troll® 9500 data (temperature, pH, dissolved oxygen, salinity) were 
generally collected concurrently and at the same locations as current velocity data. The total 
suspended solids (TSS) and dissolved organic carbon (DOC) analyses were performed on discrete 
water samples collected concurrently with grab samples collected for MC analysis during the 
Recovery (February 2016) event. These data were reported for documentation purposes only. 

Table 5-16. Summary of water quality parameters collected 1 foot above the sea floor at select 
stations using a Troll® 9500 logging device. 

Table 5-17. TSS and DOC 
concentrations from the POCIS 
Recovery phase at BSS. 

All porewater and sediment samples were below method detection limits, which are provided in 
Table 5-18. Sample IDs correspond with the four POCIS sampling locations selected for further 
evaluation (A1, T10, T11, T12), and whether or not the location was at inside (~ 0.5 m) or outer  
(~ 1.5 to 2 m) collection locations (e.g., A1–IC corresponds with Station A1, Inner Composite) 
around the munition or center point of the grid station. The sampling design for porewater and 
surface sediment are provided in Section 5.5.6. The lack of detected MC concentrations in porewater 
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and sediment demonstrate that the water column was the most conservative compartment for 
detecting MC in this study. The sediment organic carbon and grain size distributions for the focused 
sediment and porewater sampling study are provided in Table 5-22. 

Table 5-18. Porewater MC concentrations collected from BSS. 

  

Table 5-19. Surface sediment MC concentrations collected from BSS. 

 

Table 5-20. Total organic carbon (TOC) and grain size 
distribution from stations A1, T10, T11, and T12 at BSS. 

 

 
 
  

Analyte MDL QL A1‐IC T10‐IC T11‐IC T12‐IC A1‐OC T10‐OC T11‐OC T12‐OC

TNB 3 9 0 0 0 0 0 0 0 0

TNT 8 25 0 0 0 0 0 0 0 0

2,6‐DNT 3 8 0 0 0 0 0 0 0 0

2,4‐DNT 9 28 0 0 0 0 0 0 0 0

DNB 6 17 0 0 0 0 0 0 0 0

RDX 18 54 0 0 0 0 0 0 0 0

4‐ADNT 8 25 0 0 0 0 0 0 0 0

2‐ADNT 6 17 0 0 0 0 0 0 0 0

3,5‐DNANIL 12 36 0 0 0 0 0 0 0 0

Pore water (ng/L)

Analyte MDL QL A1‐IC T10‐IC T11‐IC T12‐IC A1‐OC T10‐OC T11‐OC T12‐OC

TNB 0.6 1.8 0 0 0 0 0 0 0 0

TNT 1.6 4.8 0 0 0 0 0 0 0 0

2,6‐DNT 0.5 1.5 0 0 0 0 0 0 0 0

2,4‐DNT 1.8 5.4 0 0 0 0 0 0 0 0

DNB 1.1 3.3 0 0 0 0 0 0 0 0

RDX 3.4 10.2 0 0 0 0 0 0 0 0

4‐ADNT 1.6 4.8 0 0 0 0 0 0 0 0

2‐ADNT 1.1 3.3 0 0 0 0 0 0 0 0

3,5‐DNANIL 2.3 6.9 0 0 0 0 0 0 0 0

Sediment Concentration (µg/kg), Dry weight
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5.7.7 Quality Assurance and Quality Control (QA/QC) 

All blanks, including grab water (n = 6, Table 5-21), porewater (n = 3), POCIS (n=3), and 
sediment (n = 3, Table 5-22) were below quantitation limits. Extraction recoveries for laboratory and 
matrix spikes were acceptable for all matrices as well. Efficiencies for grab water and sediment 
samples are provided in Tables 5-23 and 5-24, respectively. Extraction efficiencies from POCIS 
(spiked HLB adsorbant) ranged from 95–120% and RSDs were less than 10% for each analyte. Mean 
extraction efficiency from pore-water ranged from 76–105 and RPD values were less than 20% (n = 
2 for each matrix). All sampling holding and instruments quality control criteria was met. Water 
samples were extracted in the field to obtain less than a 48 hour holding time. 

Table 5-21. QA/QC samples showing laboratory blank, field laboratory blanks (n = 3), field blank, 
and open water blanks. 

 

Table 5-22. QA/QC samples showing laboratory blanks for sediment (n = 3). 

 
  

QL LB 1 FLB 1 FLB 2 FLB 3 FB OWB
TNB 9 0 0 0 0 0 0
TNT 25 0 0 0 0 0 0

2,6-DNT 8 0 0 0 0 0 0
2,4-DNT 28 0 0 0 0 0 0

DNB 17 0 0 0 0 0 0
RDX 54 0 0 0 0 0 0

4-ADNT 25 0 0 0 0 0 0
2-ADNT 17 0 0 0 0 0 0

3,5-DNANIL 36 0 0 0 0 0 0
LB = Analytical laboratory blank; FLB = Field laboratory blank (replicate); 

Field Blank= clean water transported in field; OWB= Open Water Blank (collected from outer bay in field)

Analyte
Grab Water (ng/L)

MDL QL LB A LB B LB C
TNB 0.6 1.8 0 0 0
TNT 1.6 4.8 0 0 0

2,6-DNT 0.5 1.5 0 0 0
2,4-DNT 1.8 5.4 0 0 0

DNB 1.1 3.3 0 0 0
RDX 3.4 10.2 0 0 0

4-ADNT 1.6 4.8 0 0 0
2-ADNT 1.1 3.3 0 0 0

3,5-DNANIL 2.3 6.9 0 0 0

Sediment- Final (ug/kg)

LB = Analytical laboratory blank; 

Analyte
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Table 5-23. QA/QC samples showing recoveries for laboratory spiked 
reagent water and recoveries and relative percent differences from field 
spiked water collected outside Bahia Salina del Sur. 

 

Table 5-24. QA/QC samples showing laboratory blanks for laboratory 
sediments (sand; n = 3). 

 
*n = 4 

  

Mean, % 
Recovery

SD

TNB 73 3
TNT 82 4

2,6DNT 78 3
2, 4DNT 78 3

DNB 78 3
RDX 101 3

4ADNT 82 4
2ADNT 79 2

3,5DNANIL 87 4
 

Laboratory Spiked 
Sediment (Sand)*

Analyte
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5.7.8 Comparison of Field Data with Toxicity Screening Values 

Lotufo et al. (2017) calculated hazardous concentration values for 5% of species (HC5), or 
protective at the 95% confidence interval, for 13 common conventional MC, based on effects and no 
effects concentration data from the literature, inclusive of the most recent toxicity data available. In 
Table 5-25, Figure 5-17, Figure 5-18, concentrations for MC relative to the HC5 are provided. MC 
concentrations at BSS were generally 4 to 6 orders of magnitude (10,000 to 1,000,000 times) lower 
than the HC5. The single TNT value over the quantitation limit was 1 order of magnitude (10 times) 
and 2 orders of magnitude (100 times) lower than no effects and effects based HC5 values, 
respectively. For comparison, the highest concentrations for TNT (0.103 µg/L) and RDX (0.097 
µg/L) reported outside the source canister in the positive control experiment at Santa Rosa Sound, FL 
(Section 2-2.2; Appendix B) were 4 and 6 orders of magnitude lower than effects based HC5 values, 
similar to those observed at BSS. 

Table 5-25. Comparison of concentrations observed at BSS and HC5 concentrations for both 
effects and no effects based toxicity. 

MC 
Concentration 
Range at Site 

(µg/L) 

HC5 (µg/L) # orders of magnitude 
below HC5 

Effects No effects Effects No effects 
2,4,6-TNT 0.0096-5.3 116 34 2-6 1-5 
2-ADNT 0.054 1,239 NA 6 NA 
4-ADNT 0.103 1,983 NA 5 NA 
1,3-DNB 0.009 274 39 6 5 
2,4-DNT 0.046 615 43 5 4 

RDX 0.004-0.013 2,074 4,560 5-6 4-5 
HC5: Hazardous concentration for 5% of species (from Lotufo et al., 2017) 
NA: Fewer than six species. No calculation available. 
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2, 4, 6-TNT No-effects Concentrations (mg/L) 

Figure 5-17. Comparison of TNT no effects-based HC5 and concentrations measured at Bahia 
Salina del Sur. Note that concentrations are on a log-scale. 

 
RDX No-effects Concentrations (mg/L) 

Figure 5-18. Comparison of RDX no effects-based HC5 and concentrations measured at Bahia 
Salina del Sur. Note that concentrations are on a log-scale. 
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6. PERFORMANCE ASSESSMENT 

6.1 QUANTITATIVE PERFORMANCE OBJECTIVES 

6.1.1 Performance Objective #1: Detection of MC in Controlled Field Study 

Performance objective #1 was the verification that POCIS could detect munitions constituents 
(MC) in a positive control field study at a clean site. Following permit approvals, 15 grams of 
Composition B (an explosive fill composed of 39.5% TNT, 59.5% RDX, 1% wax) was placed at the 
site over a 13-day exposure. The performance objective was met, with POCIS-derived TNT and 
RDX average water concentrations ranging from 9–103 ng/L, with the highest concentrations within 
0.3 m of the source. MC was non-detectable at stations > 2 m from the source. Grab water samples 
collected and oyster tissues deployed at the site were below detection limits for all stations, 
indicating POCIS was the most sensitive technology for ultra-trace level detection in a controlled 
field study. 

6.1.2 Performance Objective #2: Accurate Quantification of Time-Weighted Average MC 
Concentrations 

Performance objective #2 was the verification that POCIS-derived TWA water concentrations and 
TWA concentrations derived from multiple grab sampling would produce similar results, or better 
results for POCIS in a flume study simulating field conditions or in actual field studies. This 
objective was met for the Composition B flume study, the positive control field study, and the 
Vieques field validation study. Composition B flume-deployed POCIS estimated TWA water 
concentrations for TNT and RDX that were similar to averaged concentrations generated using 
multiple grab TWA concentrations. The highest ratio of the POCIS-derived and the grab-sample-
derived averages was only 1.44. In the positive control field study, MC concentration successfully 
determined using POCIS (TWA water concentrations 0.3–2.0 m from source, 9–103 ng/L for TNT, 
and 9– 97 ng/L, for RDX) could not be compared to discrete-sampling-derived concentrations as 
grab water samples resulted only in non-detects. When considering the QL for grab samples (50 and 
120 ng/L for TNT and RDX, respectively), grab sample data provide some level of validation of the 
POCIS-derived data. In the Vieques field validation study, one of 30 sampling locations resulted in a 
relatively high water column concentration for TNT and several of its transformation products. The 
average TNT concentration from the two grab samples (5,984 ng/L) at the station was only 11% 
higher than the POCIS sample (5,304 ng/L). The POCIS-derived average TNT concentration was 
19% above the initial grab and 29% below the final grab sample concentration. POCIS-derived 
average RDX concentrations ranged narrowly from 5–13 ng/L (average = 8 ng/L) for 11 stations with 
detectable concentrations. Only three stations had detectable concentration from grab samples during 
the initial period, and all stations had concentrations reported as non-detects for the final period. The 
three reported concentrations for the initial period were 24, 26, and 51 ng/L. When considered along 
with the non-detects reported for the final period, average concentrations estimated using POCIS and 
two grab samples were similar. Overall, data from grab samples validated the data obtained using 
POCIS for all the flume and field studies. 

6.1.3 Performance Objective #3: Accurate Quantification Under Different Flow Velocities and 
Encapsulation Conditions 

Performance objective #3 was the demonstration of the effects of varying current velocities, in a 
series of controlled flume studies with precise velocity control, on the uptake of MC from spiked 
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water to optimize sampling rates based on site-specific flow velocities. The objective was met, with a 
positive, statistically significant, linear relationship between current velocity and sampling rate for 
POCIS for multiple MC, providing useful means of applying appropriate sampling rates. From the 
regression equations derived, simple calculations are able to be used to correct for flow velocity if 
such measurements are made at the field site. In this project, a Nortek™ current profiler was used at 
Vieques to calculate the most accurate sampling rate based on measured flow. Two different 
explosive fill encapsulation scenarios showed highly comparable TWA concentrations for POCIS 
and average from multiple grab samples. 

6.1.4 Performance Objective #4: Detection OF MC at Levels Substantially Lower than 
Achievable for Water Samples 

Performance objective #4 was the demonstration that POCIS sampler would detect MC at levels 
substantially lower than achievable using typical grab sampling methods. The QL for POCIS-derived 
TWA concentrations were consistently lower than those derived for discrete samples. Lower 
detection limits are achieved using POCIS sampling because the estimated volumes of water cleared 
of MC during the deployment time were substantially greater than the volume (1 L) consistently of 
all grab water samples. Detection limits for POCIS-derived TWA concentrations and grab water 
samples are generally comparable when the volume of water volume of water cleared of MC for both 
methods is comparable (e.g., 3-week POCIS deployment and 10 L of grab water sample). For the 
Comp. B positive control study, the concentrations of TNT and RDX in grab samples taken at three 
different time points adjacent to the source were reported as non-detects; contrastingly, POCIS-
derived TWA concentrations were reported for 12 out of 20 stations, including those more distant 
from the source than the point of grab water sampling. For 12 stations out of 15 in the Vieques field 
validation study, the concentrations of RDX in grab samples were reported as non-detects; 
contrastingly, POCIS-derived TWA concentrations were reported for 8 out those 12 stations. For the 
Vieques field validation study, the concentrations of RDX in the initial grab samples were reported 
as non-detects for 3 out of 15 stations (detection frequency = 20%), while for final grab samples 
RDX was reported as non-detects for all stations (detection frequency = 0). Contrastingly, POCIS-
derived TWA concentrations were reported for 11 out of 14 stations (detection frequency = 79%).  

6.1.5 Performance Objective #5: Success Rate 

Performance objective #5 was the demonstration of the success rate in terms of both recovery of 
POCIS from the field and the determination of useful data. A total of 20, 51, and 30 POCIS canisters 
(each containing three samplers) were deployed in the positive control field study, in the flume 
studies, and at the Vieques site. All samplers (100%) were recovered. Data were considered useful 
whether or not the concentrations were above or below method detection limits, as it was expected 
that many field samples would be non-detect. All flume study data resulted in measurable 
concentrations, as the flume was spiked at concentrations to ensure detects. The strong 
correspondence between POCIS and multiple grab-based TWA concentrations in flume studies 
(Section 2.2; Appendix D) are a quantitative measure of the value of the POCIS data, showing 
negligible losses and post-uptake preservation of the parent compounds throughout the exposures. 

6.1.6 Performance Objective #6: Quality Control and Quality Assurance 

Performance objective #6 was the demonstration that all field and laboratory efforts followed 
experiment-specific quality assurance objectives and that quality control criteria were met. All 
criteria were met for this part of the project. Blanks, including field and laboratory, did not have MCs 
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above the quantitation limits. All spike tests had accuracy and relative precision within 25% of 
expected. In addition, all other sampling handling and instrument criteria were also met.  

6.2 QUALITATIVE PERFORMANCE OBJECTIVES 

6.2.1 Performance Objective #7: Successful Assessment of Potential MC Exposure at UWMM 
Site 

Performance objective #7 was the demonstration of the ability to use POCIS TWA data for MC to 
evaluate ecological risk based on comparison with toxicity benchmarks developed from species 
sensitivity distributions. Instead of largely non-detects from grab samples, POCIS reported ≥ low 
ng/L MC concentrations in all tasks, allowing more quantitative assessment, but negligible ecological 
risk based on comparison with species sensitivity distributions. For Vieques, POCIS-derived TWA 
concentrations were 10 to 1,000,000 times lower than hazardous concentrations to 5% of species 
(HC5) generated from the most up to date and comprehensive species sensitivity distributions (SSD) 
as reported by Lotufo et al. (2017). Despite POCIS having a higher frequency of detection than grab 
samples at Vieques, the grab samples and POCIS were shown to be of equal value for CERCLA risk 
assessment because the detection levels for grab sampling were below regulatory screening levels. 
Therefore, both sampling methods clearly showed no unacceptable risk. 

6.2.2 Performance Objective #8: Ease of Operator Use 

Performance objective #8 was a qualitative objective of ease of operator use, requiring feedback 
from field and laboratory technicians on the usability of technology, sample prep and extraction, and 
time requirements. At Vieques, feedback in the field from Navy and contractor personnel was mixed. 
The deployment and recovery of POCIS went well, but the overall process was highly labor 
intensive, with dive teams and boat support required for both deployment and recovery of the 
samplers. The use of divers creates significant safety concerns associated with POCIS. Overall, the 
level of effort and the associated safety concerns for POCIS are much higher than grab sampling, 
which can be done in a single field effort without divers. Site managers understood the benefits of 
integrative sampling and the potential advantages of providing enhanced credibility through lower 
detection limits and obtaining data representative over extended timeframes, thereby sampling over a 
larger area. Grab sampling representative of an integrative sampler would require substantially more 
labor, but depends on site-specific logistics and study objectives. Similarly, autosampling would 
require multiple trips to the site to obtain an integrated sample over time and ensure that MC don’t 
degrade (e.g., freeze or extract samples daily). Laboratory feedback indicated that processing of 
POCIS in comparison with standard solid-phase extraction (SPE) of grab water samples was 
negligible. 

6.2.3 Performance Objective #9: Cost-Benefit 

Performance objective #9 was the demonstration that the relative value of data from POCIS 
compared well with the cost of measurements from water and sediment porewater. POCIS was the 
only technology that detected MC at Gulf Breeze, and had a higher frequency of detects compared to 
grab sampling at Vieques. The costs of using POCIS over more traditional means of water sampling 
(e.g., grab or composite sampling) are examined using multiple examples in (Section 7), and suggest 
that POCIS are less expensive when traditional sampling involves multiple sampling events to 
develop an integrative sample (as opposed to single grab samples that would be less expensive than 
POCIS). However, for sites where regulatory requirements are for single grab samples, the costs for a 
POCIS-based program can be considerably higher. Vieques is a complex site and the demonstration 
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was designed to maximize likelihood for detecting a leaking munition. It is unlikely that POCIS 
would be routinely applied in such a manner in a monitoring or regulatory program. 

6.2.4 Performance Objective #10: End-User Understanding and Acceptance 

Performance objective #10 was the qualitative of objective of end-user understanding and 
acceptance of the POCIS technology for potential use at UWMM sites. Site managers and contractors 
understood the value of integrative samplers for MC, and provided a considerable amount of in kind 
support to successfully demonstrate the technology at Vieques. The notion that POCIS would help 
with the criticisms of sampling at the wrong time, at the wrong place, was seen as a primary 
advantage for the Gulf Breeze study. Site managers on Vieqees expressed concerns about the cost, 
diver safety, and difficulty of implementing POCIS. Site managers also noted that the grab samples 
matched well with the POCIS results and the grab samplers are accepted by the regulators for risk 
assessment at the site. Although the cost for POCIS is less than grab or composite sampling based on 
a sampling program that would produce similarly integrative samples (see Section 7), the cost of 
collecting a single grab sample at a site would be less expensive than monitoring with POCIS. The 
cost of POCIS at UWMM sites will be site-specific and dependent on study objectives. Cost 
scenarios to develop integrative samples with POCIS in comparison to other means are described in 
Section 7.
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7. COST ASSESSMENT 

7.1 COST MODEL 

7.1.1 Cost Model for Demonstration of POCIS at a DoD UWMM Site 

The demonstration at BSS involved placement of 30 POCIS canisters throughout BSS for a period 
of 3 weeks. The costs associated with the demonstration involved a Reconnaissance Survey to 
identify candidate munitions for demonstrating the technology, an anchoring trial, deployment and 
recovery phases, a focused sediment sampling validation effort, and comparisons of water 
concentrations measured from the field site with screening benchmarks for toxicity. Note that the 
costs of conducting this study at BSS are heavily influenced by the logistical challenges and costs 
associated with accessing the site with munitions response and scientific divers. Note that costs 
associated with other tasks from this project, including the positive control field validation, are not 
included here. The costs associated with POCIS and grab sampling of water for MC analysis includes 
placement and monitoring costs for the demonstration project (Table 7-1). Field work costs below do 
not include management, oversight, and coordination. Uncertainties in applying this cost estimate for 
POCIS application depend on safety requirements on a site-specific basis. 

Table 7-1. Cost model for demonstration of POCIS at Bahia Salina del Sur. 

Cost Element Placement and Modeling Services Costs ($) 

Site Visit 

NAVFAC managerial and technical support 5,625 

ESTCP technical personnel 4,500 

Total 10,125 

Sampling Plan 
Sampling design, QA/QC, permits 30,000 

Total 30,000 

Reconnaissance 
Survey 

Dive Support (3 munitions response + 2 scientific divers) 15,000 

Boat rental (Qty 2) 5,200 

NAVFAC technical support 9,375 

Review with ESTCP technical team 5,000 

Total 34,575 

Anchoring Study 

Dive Support (3 munitions response + 2 scientific divers) 11,250 

Boat rental (Qty 2) 2,600 

NAVFAC technical support 6,750 

Data Review with ESTCP technical team 5,000 

Equipment and consumables 2,000 

Total 27,600 

 



76 

Table 7-1. Cost model for demonstration of POCIS at Bahia Salina del Sur. (Continued) 

Cost Element Placement and Modeling Services Costs ($) 

Deployment 

Dive Support (3 MR + 2 scientific divers) 22,500 
Boat rental (Qty 2) 7,800 
NAVFAC technical support 18,000 
Technical field team 22,500 
Current profiler/water quality logger rentals 1,500 
Equipment and consumables 22,650 
Shipping costs 2,500 
Total 97,450 

Recovery 

Dive support (3 MR + 2 scientific divers) 22,500 
Boat rental (Qty 2) 7,800 
NAVFAC technical support 12,000 
Technical field team 22,500 
Consumables 3,500 
Shipping costs 1,500 
Total 69,800 

Sediment and 
Porewater 
Sampling 

Dive Support (3 MR + 2 scientific divers) 7,500 
Boat rental (Qty 2) 2,600 
NAVFAC technical support 6,750 
Technical field team 12,000 
Consumables 2,000 
Shipping 500 
Total 31,350 

Chemical 
Analysis 

POCIS, grab water, sediment, porewater and ancillary 
measurements (TOC/DOC, TSS, grain size) 28,400 

Total 28,400 

Reporting 
Reports to NAVFAC and ESTCP 40,000 
Total 40,000 

Vieques Demonstration Total 369,300 
 

7.1.2 Cost Model for Implementation of POCIS at Underwater UWMM Sites. 

Implementation of the POCIS technology as a monitoring tool at UWMM sites unrelated to this 
demonstration project would likely require fewer site visits and less rigorous monitoring, due to the 
comprehensive nature of the demonstration at Vieques (e.g., target and unbiased sites, sediment 
sampling, reconnaissance survey). For implementation, it is assumed that an unbiased approach to 
deployment would more likely be required by a regulator. This assumes that historical knowledge of 
where UWMM are located are available. A cost model for implementation of POCIS to other 
projects with similar requirements (e.g., MR and scientific divers) is presented in Table 7-2. 
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Table 7-2. Cost model for implementation of POCIS at a UWMM site for 15 monitoring locations. 

Cost Element POC IS Implementation Support Costs ($) 

Site Visit 
DoD Remedial Program Manager 5,625 
Technical personnel 4,500 
Total 10,125 

Deployment 

Dive support (3 MR + 2 scientific divers) 15,000 
Boat rental (Qty 2) 5,200 
Site support 6,000 
Technical field team 12,000 
Sampling plan/logistics/permits 20,000 
Current profiler/water quality logger rentals 1,500 
Equipment and consumables 13,515 
Shipping costs 1,500 
Total 74,715 

Recovery 

Dive Support (3 MR + 2 scientific divers) 15,000 
Boat rental (Qty 2) 5,200 
Site support 6,000 
Technical field team 12,000 
Consumables 1,500 
Shipping costs 1,500 
Total 41,200 

Chemical Analysis 
MC and ancillary (e.g., DOC, TSS) 9,500 
Total 9,500 

Reporting 
Report to DoD site manager 20,000 
Total 20,000 

Implementation Total  155,540 

7.1.3 Cost Drivers 

Cost drivers to consider in selecting this technology include: 

Monitoring or Regulatory Requirements: The POCIS technology provides a measure of 
polar/weakly hydrophobic contaminants such as MC by integrating over time and sampling 
relatively large volumes of water in comparison with grab samples that quantify one point in time 
for a given sampling event. As stated above, if a regulatory program seeks the most conservative 
exposure possible from a breached munition, identification of that breached munition can become 
extremely costly, as it literally involves the considerations of searching for a “needle in a 
haystack” if the program is satisfied with monitoring for MC using a non-biased grid style 
approach, as we have demonstrated, costs and logistical constraints become much simpler, and 
arguably just as ecologically relevant, and still include the advantages of the integrative nature of 
POCIS over grab sampling. 

Safety Considerations and Diver Requirements: Approximately 25% of the budget associated 
with monitoring a UWMM site using POCIS is expected to be associated with costs associated 
with dive and safety plans, permitting, and travel and labor associated with specialized dive 
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teams certified for sampling at sites where UXO are present. At Vieques, three munitions 
response (MR) divers and two scientific divers were required to execute the demonstration. 

Comparative sampling: The integrative nature of POCIS, continuously sampling over 2 or 3 
weeks, distinctly contrasts with grab sampling that captures one point in time. Therefore, grab 
sampling is not an equal comparison to passive samplers such as POCIS. Autosamplers, such as 
Teledyne ISCO samplers, commonly used to collect representative samples for stormwater 
monitoring and compliance, are a more logical technology for comparison with POCIS than 
status quo grab sampling. However, because nitroaromatics degrade rapidly and need to be 
frozen or extracted as soon as practical, autosampler bottles would have to be changed out daily 
to preserve the integrity of the samples, requiring many more visits to the site. Further ISCO 
samplers typically require regular maintenance while the POCIS is maintenance-free while 
deployed. Finally, costs can vary significantly based on the complexity of the site, including 
considerations for bathymetry, currents, infrastructure, and other considerations, as well, as site 
access and logistical considerations. 

7.2 COST ANALYSIS 

To evaluate and compare the costs of integrative water sampling with POCIS with alternative 
approaches (e.g., composite or grab sampling), three scenarios are considered. The scenarios include 
(1) a shallow bay where 15 stations are monitored using a diver-installed mooring for attachment of 
POCIS; (2) a lagoon where POCIS are deployed around the perimeter at six monitoring stations, also 
requiring divers; and (3) a scenario similar to the positive control study at Gulf Breeze, where 
physical structures are available to suspend 15 POCIS canisters, eliminating the requirement for 
divers. Costs are driven by labor, equipment, laboratory analysis, supplies, and transportation costs. 

7.2.1 Site 1 

Site 1 represents a 100-acre bay in shallow water adjacent to a former DoD training range. The bay 
has already undergone a series of surveys to locate munitions or munitions debris, and items of 
relatively unknown condition are widely present throughout the bay. The approach involves an 
unbiased (aka Grid) design incorporating 15 stations approximately equidistant from one another for 
a 2-week exposure. The costs associated with Site 1 are already presented in Table 7-2, totaling 
$155,540. The design involves full MR and scientific dive teams on both the deployment and 
recovery phases, requiring two trips to the site for deployment and recovery phases. 

7.2.1.1 Grab Sampling  

As discussed previously, grab sampling and integrative sampling with passive samplers are 
inherently different. For sites (e.g., Vieques) already undergoing the CERCLA process with single 
grab sampling requirements indicating no ecological risk, a comparison of POCIS with repeated grab 
sampling is not necessary. For sites where risk is less clear, we provide a comparison between 
POCIS and multiple grab sampling that would be required to provide an integrative sample. A 
minimum of two grab samples per station per day, one during an incoming tide and one during an 
outgoing tide, over the 14-day period would be required to develop a composite sample somewhat 
representative of an “integrated” sample. However, this approach is still not equivalent to continuous 
sampling. Due to the relatively shallow nature of the site, it is assumed that the samples could be 
collected using a simple pole sampler or peristaltic pump from a boat without diver support, but 
assumes that one explosive ordnance detection (EOD) technician would be required to be on site.  
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The sampling still require two boats, a sampling boat and a support boat, and would require  
14 consecutive days of travel to and from the site for a smaller project team. The costs of this 
scenario equates to $239,740 (Table 7-3), a 54% increase over POCIS deployments with a full dive 
crew. 

7.2.1.2 Composite Sampling 

Composite sampling with autosamplers is not a viable option at this site due to the lack of 
placement locations for the sampling systems over open water.  

Table 7-3. Site 1 cost comparison. 
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7.2.2 Site 2 

Site 2 represents a 20-acre lagoon, also impacted by a former training range with numerous 
munitions known to be present from historical surveys. The study design involves a 2-week POCIS 
deployment within approximately 50 feet of the shoreline around the lagoon perimeter at a total of 
six monitoring (non-biased) stations. This scenario also requires MR and scientific divers during 
deployment and recovery phases, but it is anticipated that all stations would be serviced in one field 
day only for each deployment and recovery phases. The costs for a POCIS program at this site are 
estimated at $111,125 (Table 7-4).  

7.2.2.1 Grab Sampling  

Grab sampling at Site 2 would not require MR or scientific divers, but it is assumed that a single 
EOD technician would be required on-site at minimum during sampling. Sampling would be 
collected at each of the six non-biased monitoring stations with a pole sampler or peristaltic pump 
from the sampling boat. It is anticipated that only one boat would be required for this sampling effort. 
However, to be comparable with an integrated sample generated by POCIS, multiple grabs would 
have to be collected, archived, and later composited to produce integrated (e.g., composite) samples. 
Under this regime, it is assumed that a single sample per day would be sufficient, as the lagoon is not 
tidally influenced and is characterized by low flow velocities. This still requires 14 trips to the site, at 
a total cost of $207,740, or 87% greater than POCIS sampling (Composite Sampling). 

Due to the proximity to the shoreline, composite sampling using ISCO autosamplers would be an 
option. It is assumed that the autosamplers would be rented for a 3-week period for a 2-week 
deployment at the six stations around the lagoon, approximately 50 feet from the shoreline as 
projected for the POCIS deployment. This approach would require MR and scientific divers during 
two time points only, one day at the beginning of the study to place sampling tubing securely at the 
targeted locations, and then during the final day to ensure all underwater equipment was 
appropriately recovered. The composite sampling would require daily visits to the site by a terrestrial 
based technical field team of two people to recover and process a daily sample (samples need to be 
extracted and/or frozen within 24 hours of collection to prevent transformation of MC), install new 
sample bottles, re-program samplers, and troubleshoot the autosamplers as necessary. Because the 
majority of the field team will be on-site during the entire process, costs are primarily weighted 
towards the “Deployment and Maintenance” cost element. The cost of this effort is estimated at 
$178,875, or 61% greater than POCIS sampling (Table 7-4).  
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Table 7-4. Site 2 cost comparison. 

Cost Element Description POCIS ($) Grab ($) Composite ($) 

Site Visit 
DoD remedial project manager 5,625 5,625 5,625 
Technical personnel 4,500 4,500 4,500 
Total 10,125 10,125 10,125 

Autosampler Install Installation (6 samplers) - - 15,000 

Deployment and 
Maintenance 

MR diver or EOD support 7,500 24,000 7,500 
Boat rental 2,600 20,800 2,600 
Site Support 4,500 48,000 11,250 
Technical field team 9,000 48,000 48,000 
Planning/logistics/permits 20,000 20,000 20,000 
ISCO autosampler rentals (Qty 6) - - 9,000 
ISCO autosampler maintenance - - 6,000 
Current profiler/WQ logger rentals 1,500 1,500 1,500 

Equipment and consumables 6,500 13,515 14,000 
 

Shipping costs 1,500 3,500 5,500 
Total 53,100 179,315 140,350 

Recovery 

Dive support (3 MR + 2 scientific 
divers) 7500 

N/A 

7,500 

Boat rental (Qty 2) 2,600 2,600 
Site support 4,500 

N/A 
Technical field team 12,000 
Consumables 1,500 
Shipping costs 1,500 
Total 29,600 10,100 

Chemical Analysis 
MC and ancillary (e.g., DOC, TSS) 3,300 3,300 3,300 
Total 3,300 3,300 3,300 

Reporting 
Report to DoD site manager 15,000 15,000 15,000 
Total 15,000 15,000 15,000 

Grand Total  111,125 207,740 178,875 
*Anticipated that one boat would be sufficient for grab sampling from boat (no divers required). 

7.2.3 Site 3 

Site 3 is a bay where discarded military munitions (DMM) are of potential concern. This is in a 
highly industrialized area where munitions were discarded over a 3-acre area adjacent to a Navy base 
where multiple structures (i.e., piers, docks, etc.) are available for suspending POCIS within 
sufficient proximity to sources based on historical knowledge of where the DMM are present. This 
site does not require usual safety disclosures or diver support typical of an underwater MR site, as all 
work would be conducted out of the water and no equipment would come into contact with the 
munitions. This scenario is somewhat analogous to the positive control study conducted at Gulf 
Breeze (see Appendix B) where samplers would be placed in the vicinity of known or suspected 
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breached items or where large clusters of munitions are known to occur. The site is characterized as a 
depth of approximately 40 feet during the average low tide during the sampling study, therefore 
POCIS canisters would be tied off on appropriate floating structures that would allow continuous 
exposure approximately 3 to 5 feet above the sediment bed. A total of 10 POCIS canisters would be 
deployed at this site at 10 stations. The costs for a POCIS program at this site are estimated at 
$102,735. 

7.2.3.1 Grab Sampling 

As discussed previously, grab sampling and integrative sampling with passive samplers are 
inherently different. A minimum of two grab samples per station per day, one during an incoming 
tide and one during an outgoing tide, over the 14-day period would be required to develop a 
composited sample somewhat representative of an “integrated” sample involving continuous passive 
sampling. Based on the target sampling at a depth of 35 feet below a floating structure, it is assumed 
that Niskin bottles will be used to collect grabs approximately 3 to 5 feet above the sediment bed. 
This scenario would not require MR divers or boat support, but would require 14 consecutive days of 
sampling twice a day for a two-person technical team. The costs of this scenario equate to $126,735 
(Table 7-5), a 23% increase over POCIS deployments. 

7.2.3.2 Composite Sampling 

Due to access to a series of floating docks at the site, composite sampling using ISCO 
autosamplers would be an option. It is assumed that the autosamplers would be rented for a 3-week 
period for a 2-week deployment at the 10 stations. The approach does not involve divers, as 
autosamplers would be installed on the docks and peristaltic pumps would be used to collect the 
samples from a designated depth (e.g., 3– 5 feet above sediment bed). The composite sampling 
would require daily visits to the site by a terrestrial based technical field team of two people to 
recover and process a daily sample (samples need to be extracted and/or frozen within 24 hours of 
collection to prevent transformation of MC), install new sample bottles, re-program samplers, and 
troubleshoot the autosamplers as necessary. Because the majority of the field team will be on-site 
during the entire process, costs are primarily weighted towards the “Deployment and Maintenance” 
cost element. The cost of this scenario equates to $164,735 (Table 7-5), a 60% increase over POCIS 
deployments. 

Table 7-5. Site 3 cost comparison. 
Cost Element Description POCIS ($) Grab ($) Composite ($) 

Site Visit 
DoD remedial project manager 5,625 5,625 5,625 
Technical Personnel 4,500 4,500 4,500 
Total 10,125 10,125 10,125 

Autosampler Install Installation (10 samplers) - - 15,000 

Deployment & 
Maintenance 

Site support 6,000 6,000 6,000 
Technical field team 9,000 48,000 48,000 
Planning/logistics/permits 15,000 15,000 15,000 
ISCO autosampler rentals (Qty 10) - - 9,000 
ISCO autosampler maintenance - - 6,000 
Current Profiler/WQ logger rentals 1,500 1,500 1,500 
Equipment and consumables 11,110 13,515 14,000 
Shipping costs 1,500 3,500 5,500 
Total 44,110 83,110 121,110 
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Table 7-5. Site 3 cost comparison. (Continued) 

Cost Element Description POCIS ($) Grab ($) Composite ($) 

Recovery 
 

Site support 6,000 6,000 6,000 
Technical field team 12,000 

N/A N/A Consumables 1,500 
Shipping costs 1,500 
Total 21,000 6,000 6,000 

Chemical Analysis 
MC and ancillary (e.g., DOC, TSS) 7,500 7,500 7,500 
Total 7,500 7,500 7,500 

Reporting 
Report to DoD site manager 20,000 20,000 20,000 
Total 20,000 20,000 20,000 

Grand Total  102,735 126,735 164,735 
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8. IMPLEMENTATION ISSUES 

The advantages of POCIS have been increasingly demonstrated over the past 10 to 15 years since 
early publications demonstrating their utility for monitoring polar and weakly hydrophobic organics 
(e.g., Alvarez, 2004; Harman, Allen, and Vermeirssen, 2012; Miege et al., 2012; Morin et al., 2012). 
A continuous sampling approach allows detection and quantification of chemicals in an integrated 
manner, providing time-weighted average (TWA) concentrations, and the detection of chemicals that 
rapidly dissipate or degrade in the environment following release from the source (Alvarez et al., 
2004; Mazzella, Debenest, and Delmas, 2008). Unlike samplers that rapidly achieve equilibrium 
using very high surface area to sorbent volume, POCIS exhibits negligible loss rates and does not 
require long times to reach equilibrium, allowing small masses of chemical from episodic release 
events to be retained in the device by the end of the deployment period. The POCIS vastly simplifies 
sampling, and preparation steps, by elimination of electrical or fuel powering requirements, 
significantly reduces the numbers of analyses required, and provides protection of analytes against 
decomposition during transport and storage (Kot-Wasik et al., 2007). POCIS data can subsequently 
be used to assess ecological risk due to MC exposure based on propensity for uptake and toxicity to 
biota without having to make such measurements (Alvarez et al., 2012).  

Previous laboratory proof of concept and calibration and work for MC by this project team (e.g., 
Belden et al., 2015), and the demonstration and validation of POCIS in laboratory and field efforts 
for this project indicate the technology is highly valuable for assessment of MC exposure at UWMM 
sites. POCIS-derived TWA concentrations are expected to be more informative about exposure to 
MC compared to discrete grab samples when MC concentrations are low and MC is released to the 
water column in a time-varying nature, either from underwater military munitions (UWMM) (Wang 
et al., 2013) or from terrestrial-based time varying inputs (e.g., runoff events or tidal pumping of 
groundwater contaminated with MC). For most applications, the cost associated with POCIS 
sampling is less than that for multiple grab or composite sampling required to represent a comparably 
integrated sample (see Section 7). In addition, POCIS sampling is expected to directly address 
sentiment from those concerned with UWMM as sources of contamination who perceive grab 
sampling may take place at the wrong time, in the wrong place, and with insufficient detection limits, 
and therefore fail to adequately characterize exposure risk potential. UWMM site characterization 
using POCIS addresses all three of these concerns, and implementation as part of monitoring 
programs or for risk assessment should be considered depending on the site-specific objectives. Site 
characterization using POCIS may be site-wide or spatially focused or may be used to complement 
traditional sampling approaches to identify or rank sites of potential concern and support leave in 
place versus removal decision making processes. 

One of the unique aspects of this project involved the optimization of POCIS sampling rate for 
variable flow velocities based on a series of large scale flume studies where flow velocity was 
precisely controlled. That study was designed to improve the semi-quantitative nature of POCIS in 
comparison with more traditional water sampling. The contaminant-specific sampling rate (Rs), used 
for estimation of a TWA water concentration by POCIS, is dependent on a variety of in situ exposure 
conditions including flow, salinity, pH, temperature, dissolved organic compounds, and biofouling. 
That said, most of these variables appear to have overall minimal effect on Rs (Harman, Allen, and 
Vermeirssen, 2012). Efforts to improve the quantitative ability of POCIS are ongoing, including a 
recently completed SERDP SEED project (ER-2542) that found promise using nylon mesh to reduce 
flow effects and/or to incorporate micro-flow sensors into the exposure canister for precise in situ 
flow measurements for optimal Rs determination. 
 



 

  



87 

REFERENCES 

Alvarez DA, Petty JD, Huckins JN, Jones-Lepp TL, Getting DT, Goddard JP, Manahan SE, 2004. 
Development of a passive, in situ, integrative sampler for hydrophilic organic contaminants in 
aquatic environments. Environmental Toxicology and Chemistry 23: 1640-1648. 

Alvarez DA, 2010. Guidelines for the use of the semipermeable membrane device (SPMD) and the 
polar organic chemical integrative sampler (POCIS) in environmental monitoring studies: U.S. 
Geological Survey, Techniques and Methods 1–D4, 28 p. (http://pubs.usgs.gov/tm/tm1d4/.) 

Alvarez DA, Rosen MR, Perkins SD, Cranor WL, Schroeder VL, Jones-Lepp TL, 2012. Bottom 
sediment as a source of organic contaminants in Lake Mead, Nevada, USA. Chemosphere 
88:605–611. 

ATSDR. 2006. Agency for Toxic Substances and Disease Registry, 2006. Health consultation: Land 
crab evaluation. National Oceanic and Atmospheric Administration Data. Isla de Vieques. U.S. 
Department of Health and Human Services, Agency for Toxic Substances and Disease Registry, 
Division of Health Assessment and Consultation. 22 pp. 

Bauer, L.J. and M.S. Kendall (eds.). 2010. An Ecological Characterization of the Marine Resources 
of Vieques, Puerto Rico Part II: Field Studies of Habitats, Nutrients, Contaminants, Fish, and 
Benthic Communities. NOAA Technical Memorandum NOS NCCOS 110. Silver Spring, MD. 
174 pp. 

Belden JB, Lotufo GR, Biedenbach JM, Sieve KK, Rosen G, 2015. Application of POCIS for 
exposure assessment of munitions constituents during constant and fluctuating exposure. 
Environ. Toxicol. Chem. Doi: 10.1002/etc.2836. 

Bueno, M.J.M., Herrera, S., Munaron, D., Boillot, C., Fenet, H., Chiron, S., Gomez, E., 2016. POCIS 
passive samplers as a monitoring tool for pharmaceutical residues and their transformation 
products in marine environment. Environ. Sci. Pollut. Res. 23, 5019-5029 

Capella JE, DA Alston, A Cabarcas-Nύñez, H Quintero-Fonseca and R Cortés. 2003. Oceanographic 
Considerations for offshore Aquaculture on the Puerto Rico-U.S. Virgin Island Platform. pp. 
247-261. In: CJ Bridger and BA Costa-Pierce, editors. Open Ocean Aquaculture: From Research 
to Commercial Reality. The World Aquaculture Society Baton Rouge, LA, USA. 

CH2M Hill, 2007. East Vieques background soil inorganics investigation report: former Vieques 
Naval Training Range, Vieques, Puerto Rico. Prepared for the Department of the Navy, Atlantic. 
Contract No. N62470-02-D-3052-CTO-039. 212 pp. 

CH2M Hill, 2013. Draft Final Site Management Plan Fiscal Year 2014. Atlantic Fleet Weapons 
Training Area – Vieques. Vieques, Puerto Rico. Prepared for Naval Facilities Engineering 
Command, Department of the Navy Atlantic, Contract No. N62470-08-D-1000, CTO-037, 
September 2013. 96 pp. 

CH2M Hill, 2014. Draft UXO 16 Wide Area Assessment Work Plan. Atlantic Fleet Weapons 
Training Area – Vieques. Former Naval Ammunitions Support Detachment and Former Vieques 
Naval Training Range, Vieques, Puerto Rico. Prepared for Naval Facilities Engineering 
Command, Department of the Navy Atlantic, Contract No. N62470-11-D-8012, Task Order 005, 
September 2014. 

 

http://pubs.usgs.gov/tm/tm1d4/


88 

Charlestra, L., Amirbahman, A., Courtemanch, D.L., Alvarez, D.A. & Patterson, H. (2012). 
Estimating pesticide sampling rates by the polar organic chemical integrative sampler (POCIS) in 
the presence of natural organic matter and varying hydrodynamic conditions. Environmental 
Pollution, 169, 98-104  

Coes, A.L., Paretti, N.V., Foreman, W.T., Iverson, J.L., Alvarez, D.A., 2014. Sampling trace organic 
compounds in water: A comparison of a continuous active sampler to continuous passive and 
discrete sampling methods. Sci. Total. Environ. 473, 731-741. 

Deslarzes K, Nawojchik R, Evans D, 2002. Ex-USS Killen Site Investigation and Biological 
Characterization, Vieques Island, Naval Station Roosevelt Roads, Puerto Rico. Final Report 
Contract No. N62470-95-D-1160, Naval Facilities Engineering Command, Atlantic Division, 
Geo-Marine, Inc., June 2002. 

GMI (Geo-Marine, Inc.). 2003. Reef ecosystem baseline assessment survey and monitoring, Vieques 
Island, Naval Station Roosevelt Roads, Puerto Rico. Prepared for Atlantic Division, Naval 
Facilities Engineering Command, Norfolk, Virginia. 

Geo-Marine, Inc. (GMI) 2007. Preliminary underwater survey of muntions related items and non-
munitions debris, Vieques Island, Puerto Rico. Final report – July 2007. Prepared by GMI 
Marine Sciences Group, Plano, TX, for Naval Facilities Engineering Command. Contract No. 
CH2M Hill #918383 Vieques. 70 pp. 

Harman C, Allan IJ, Vermeirssen ELM, 2012. Calibration and use of the polar organic chemical 
integrative sampler- A critical review. Environ. Toxicol. Chem. 2012, 31, 2724– 2738 

Kot-Wasik A, Zabiegala B, Urbanowicz M, Dominiak E, Wasik A, Namiesnik J, 2007. Advances in 
passive sampling in environmental studies. Analytica Chimica Acta 602: 141-163. 

Lewis, J., R. Martel, L. Trepanier, G. Ampleman, S. Thiboutot. 2009. Quantifying the transport of 
energetic materials in unsaturated sediments from cracked unexploded ordnance. Journal of 
Environmental Quality 38: 2229-2236. 

Li H, Vermeirssen LM, Helms PA, Metcalfe CD. 2010. Controlled field evaluation of water flow rate 
effects on sampling polar organic compounds using Polar Organic Chemical Integrative 
Samplers. Environmental Toxicology and Chemistry. 29:2461-2469. 

Lotufo, G. R., M. J. Lydy, G. L. Rorrer, O. Cruz-Uribe, and D. P. Cheney. 2009a. Bioconcentration, 
Bioaccumulation and Biotransformation of Explosives and Related Compounds in Aquatic 
Organisms. In Sunahara, G.I., Lotufo, G.R., Kuperman, R.G., Hawari, J., eds, Ecotoxicology of 
Explosives. CRC, Boca Raton, FL. 

 Lotufo G.R., Chappell M.A., George R.D., Ballentine M.L. Price C.L., Glisch E.J., Fuentes A.A., 
Bridges T.S. 2017. Review and Synthesis of Evidence Regarding Environmental Risks Posed by 
Munitions Constituents (MC) in Aquatic Systems. Final report to SERDP for project ER-2341. 
ERDC/EL TR-17-X. US Army Engineer Research and Development Center, Vicksburg. 

Lotufo GR, Rosen G, Wild W, Carton G. 2013. Summary Review of the Aquatic Toxicology of 
Munitions Constituents. US Army Corps of Engineers Engineer Research and Development 
Center (ERDC), Technical Report ERDC/EL TR-13-8. June 2013. 124 pp. 

Mazzella, N., Debenest, T., and Delmas, F. (2008) Comparison between the polar organic chemical 
integrative sampler and the solid-phase extraction for estimating herbicide time-weighted average 
concentrations during a microcosm experiment. Chemosphere 73: 545-550. 



89 

McDonald J, 2009. UXO Detection and Characterization in the Marine Environment. Travelogue and 
Phenomenology Report, ESTCP Project MM-0324, July 2009. 60 pp. 

Miege, C, Budzinski, H, Jacquet, R, Soulier, C, Pelte, T, Coquery, M. 2012. Polar organic chemical 
integrative sampler (POCIS): application for monitoring organic micropollutants in wastewater 
effluent and surface water. J Environ Monit. 14:626-635. 

Morin, N., Mie`ge, C., Random, J., Coquery, M., 2012. Chemical calibration, performance, 
validation and applications of the polar organic chemical integrative sampler (POCIS) in aquatic 
environments. TrAC Trends in Analytical Chemistry 36:144-175. 

Morrison, S.A., Belden, J.B., 2016. Calibration of nylon organic chemical integrative samplers and 
sentinel samplers for quantitative measurement of pulsed aquatic exposures. J. Chromatogr. A 
1449, 109-117. 

Munaron D, Tapie N, B.i H, Andral B and Gonzalez J-L . (2012). Pharmaceuticals, alkylphenols and 
pesticides in Mediterranean coastal waters: Results from a pilot survey using passive samplers. 
Estuarine, Coastal and Shelf Science 114: 82-92. 

NAVFAC 2011. Second Five-Year Review: Jackson Park Housing Complex/ Naval Hospital 
Bremerton.Naval Facilities Engineering Command Northwest. Final Report. 4 January 11. 

Nipper M, Qian Y, Carr RS, Miller K. 2004. Degradation of picric acid and 2,6-DNT in marine 
sediments and water: the role of microbial activity and ultra-violet exposure. Chemosphere 
56:519-530. 

NMFS, 2008. Southeast Region Vessel Strike Avoidance Measures and Reporting for Mariners; 
http://sero.nmfs.noaa.gov/protected_resources/section_7/guidance_docs/documents/copy_of_ves
sel_strike_avoidance_february_2008.pdf. Revised February 2008 

NOAA and Ridolfi. 2006. Final data report for the Vieques Island biota sampling project, Vieques 
Island, Puerto Rico. National Oceanic and Atmospheric Administration (NOAA) Office of 
Response and Restoration and RIDOLFI Inc. Seattle, WA. 

Pait AS, Mason AL, Whitall DR, Christensen JD, Hartwell SI, 2010. Assessment of Chemcial 
Contaminants in Sediments and Corals in Vieques. In: Bauer and Kendall (eds.), An Ecological 
Characterization of the Marine Resources of Vieques, Puerto Rico Part II: Field Studies of 
Habitats, Nutrients, Contaminants, Fish, and Benthic Communities. NOAA Technical 
Memorandum NOS NCCOS 110. Silver Spring, MD. 174 pp. 

Pascoe, G. A., K. Kroeger, D. Leisle, and R. J. Feldpausch. 2010. Munition constituents: Preliminary 
sediment screening criteria for the protection of marine benthic invertebrates. Chemosphere 
81:807-816. 

Petty J, Huckins J, Alvarez D. 2002. Device for sequestration and concentration of polar organic 
chemicals from water. U.S. Patent 6,478,961. U.S. Patent and Trademark Office, Washington, 
DC. 

Porter JW, Barton JV, Torres C, 2011. Ecological, radiological, and toxicological effects of naval 
bombardment on the coral reefs of Isla de Vieques, Puerto Rico. pp 65-122. In Warfare Ecology. 
Netherlands: Springer. 

Poulier, G., Lissalde, S., Charriau, A., Buzier, R., Cleries, K., Delmas, F., Mazzella, N., Guibaud, G., 
2015. Estimates of pesticide concentrations and fluxes in two rivers of an extensive French multi-
agricultural watershed: application of the passive sampling strategy. Environ. Sci. Pollut. Res. 22, 
8044-8057. 

http://sero.nmfs.noaa.gov/protected_resources/section_7/guidance_docs/documents/copy_of_vessel_strike_avoidance_february_2008.pdf.%20Revised%20February%202008
http://sero.nmfs.noaa.gov/protected_resources/section_7/guidance_docs/documents/copy_of_vessel_strike_avoidance_february_2008.pdf.%20Revised%20February%202008


90 

Richardson, PL. 2005. Caribbean Current and eddies as observed by surface drifters. Deep Sea 
Research II 52: 429-463. 

Rosen, G, Wild, B, George, RD, Belden, JB, Lotufo, GR 2016. Optimization and Field 
Demonstration of a Passive Sampling Technology for Monitoring Conventional Munition 
Constituents in Aquatic Environments. Marine Technology Society Journal 50(6):23-32. 

Rosen G, Lotufo GR, 2010. Fate and effects of Composition B in multi-species marine exposures. 
Environ. Toxicol. Chem.29:1330-1337. 

SERDP (Strategic Environmental Research and Development Program) 2010. White Paper, 
Munitions in the Underwater Environment: State of the Science and Knowledge Gaps. June. 

SERDP (Strategic Environmental Research and Development Program) Project #ER-2542 (Belden et 
al.). Optimization of Integrative Passive Sampling Approaches for Use in the Epibenthic 
Environment. 

Terzopoulou, E., Voutsa, D., 2016. Active and passive sampling for the assessment of hydrophilic 
organic contaminants in a river basin-ecotoxicological risk assessment. Environ. Sci. Pollut. Res. 
23, 5577-5591 

Thorne PG, Jenkins TF. 1995. Development of a field method for quantifying ammonium picrate and 
picric acid in soil and water. US Army Corps of Engineers, Special Report 95-20, 21 pp. 

Wang PF, George RD, Wild WJ, Liao Q, 2013. Defining munition constituent (MC) source terms in 
aquatic environments on DoD ranges (ER-1453). Final report. Space and Naval Warfare Systems 
Center (SPAWAR) Technical Report #1999. January 2013. 130 pp. https://www.serdp-
estcp.org/Program-Areas/Environmental-Restoration/Contaminants-on-Ranges/Identifying-and-
Evaluating-Sources/ER-1453/ER-1453/(language)/eng-US. 

https://www.serdp-estcp.org/Program-Areas/Environmental-Restoration/Contaminants-on-Ranges/Identifying-and-Evaluating-Sources/ER-1453/ER-1453/(language)/eng-US
https://www.serdp-estcp.org/Program-Areas/Environmental-Restoration/Contaminants-on-Ranges/Identifying-and-Evaluating-Sources/ER-1453/ER-1453/(language)/eng-US
https://www.serdp-estcp.org/Program-Areas/Environmental-Restoration/Contaminants-on-Ranges/Identifying-and-Evaluating-Sources/ER-1453/ER-1453/(language)/eng-US


A-1 

APPENDIX A 
POINTS OF CONTACT 

Point Of 
Contact 
Name 

Organization 
Name 

Address 

Phone 
Fax 

E-mail 
Role in Project 

Mr. 
Gunther 
Rosen 

SSC Pacific 
53475 Strothe Rd. 
San Diego, CA 92152 

Tel: (619) 553-0886 
Fax: (619) 553-6305 
rosen@spawar.navy.mil 

PI, Project management, 
ecotoxicology, field team 
oversight 

Dr. Robert 
George 

SSC Pacific 
53475 Strothe Rd. 
San Diego, CA 92152 

Tel: (619) 553-2776 
Fax: (619) 553-6305 
george@spawar.navy.mil 

Co-PI, Technical, 
chemistry, field team 

Mr. Bill Wild 
SSC Pacific 
53475 Strothe Rd. 
San Diego, CA 92152 

Tel: (619) 553-2781 
Fax (619) 553-6305 
bill.wild@navy.mil 

Co-PI, Technical, field 
team 

Dr. 
Guilherme 
Lotufo 

USACE Engineer 
Research Development 
Center (ERDC) 
3909 Halls Ferry Rd. 
Vicksburg, MS 39180 

Tel: (601) 634-4103 
Guilherme.Lotufo@usace.army.mil 
 

Co-PI, Technical and 
field work 

Dr. Jason 
Belden 

Oklahoma State 
University 
Dept of Zoology 
501 Life Sciences West 
Stillwater, OK 74078 

Tel: (405) 744-1718 
jbelden@okstate.edu 
 

Co-PI, Analytical 
chemistry 

Dr. David 
Smith 

USACE Engineer 
Research Development 
Center (ERDC) 3909 
Halls Ferry Rd. 
Vicksburg, MS 39180 

Tel: 601 634 4267 
Cell: 601 529 6167 
david.l.smith@usace.army.mil 
 

Co-PI, Research 
Ecologist, Flume study 
oversight 

Mr. Jim 
Biedenbach 

USACE Engineer 
Research Development 
Center (ERDC) 
Vicksburg, MS 

James.M.Biedenbach@usace.army.mil 

Flume study technical 
support/logistical support 

Mr. Daniel 
Waddill 

NAVFAC Atlantic 
Attn: Code EV31 
6506 Hampton 
Boulevard 
Norfolk, VA 23508-1278 

Tel: 757-322-4983 
dan.waddill@navy.mil 

Head of Vieques 
Restoration Section 

Mr. Daniel 
Hood 

Tel: 757-322-4630 
daniel.r.hood@navy.mil 

Remedial Project 
Manager 
Vieques Restoration 
Section 

Mr. Kevin 
Cloe 

Tel: 757-322-4736 
kevin.cloe@navy.mil 

Remedial Project 
Manager 
Vieques Restoration 
Section 

Mr. Mike 
Green 

Tel: 757-322-8108 
mike.green@navy.mil 

Explosive Ordnance 
Detection, Vieques 
Restoration Section 

Ms. 
Madeline 
Rivera 

Navy Field Office 
PO Box 1532 
Vieques, PR 00765 

Tel: 787-741-4792 
madeline.rivera@navy.mil 
 

Vieques Site Manager 
Vieques Restoration 
Section 

 

  

mailto:rosen@spawar.navy.mil
mailto:george@spawar.navy.mil
mailto:bill.wild@navy.mil
mailto:Guilherme.Lotufo@usace.army.mil
mailto:jbelden@okstate.edu
mailto:david.l.smith@usace.army.mil
mailto:James.M.Biedenbach@usace.army.mil
mailto:christopher.penny@navy.mil
mailto:daniel.r.hood@navy.mil
mailto:kevin.cloe@navy.mil
mailto:mike.green@navy.mil
mailto:madeline.rivera@navy.mil


A-2 

Points of contact. (continued) 

Point Of 
Contact 
Name 

Organization 
Name 

Address 

Phone 
Fax 

E-mail 
Role in Project 

Ms. Diane 
Wehner 

NOAA Office of 
Response and 
Restoration 
290 Broadway Rm 2059 
New York, New York 
10007 

Tel: 240-338-3411 
diane.wehner@noaa.gov  

NOAA Office of 
Response and 
Restoration 
 

Mr. Brett 
Doer 

Environmental Services 
Bus Grp 
CH2M Hill 
5701 Cleveland Street, 
Suite 200 
Virginia Beach, VA 
23462 

Tel: 757.671.6219 
Fax: 703.376.5977 
Mobile: 757.348.8409 
brett.doerr@ch2m.com 

Senior Project 
Manager/Hydrogeologist, 
Dive Plan 

Ms. 
Marienne 
Colvin 

SSC Pacific 
53475 Strothe Rd. 
San Diego, CA 92152 

Tel: (619) 553-2788 
Fax: (619) 553-6305 
mcolvin@spawar.navy.mil 

Technical 
support/logistics 

Daniel 
Rodriguez 

U.S. Environmental 
Protection Agency 
Vieques Field Office 
PO Box 1537 
Vieques, Puerto Rico, 
00765 

Tel:787-741-5201 
Rodriguez.Daniel@epamail.epa.gov  

EPA Remedial Project 
Manager 
 

Dr. 
Lisamarie 
Carrubba 
 

NOAA Fisheries 
Caribbean Field Office, 
PRD 
P.O. Box 1310 
Boqueron, PR 00622 

Tel: 787-851-3700 
lisamarie.carrubba@noaa.gov 
 
 

NOAA Fisheries 

Wilmarie 
Rivera 

Puerto Rico 
Environmental Quality 
Board 
P.O. Box 11488 
San Juan, PR 00910 

Tel: 787-767-8181 
wilmarierivera@jca.gobierno.pr 

Federal Facilities 
Coordinator  
 

Sindulfo 
Castillo 

US Army Corps of 
Engineers  
Antilles Office, 
Regulatory Section 
400 Fernández Juncos 
Ave.  
San Juan PR 00901-
3299 

Tel: 787-729-6905 
Sindulfo.Castillo@usace.army.mil 
 

Nationwide Permitting 

Craig 
Lilyestrom 

Department of Natural 
and Environmental 
Resources, P. O. Box 
366147 San Juan, 
Puerto Rico 00936 

Tel: (787) 999-2200 x2615 
craig.lilyestrom@drna.gobierno.pr 

Director, Marine 
Resources; DNER 
Permit for Biota 
Collection 

Nilda 
Jimenez 

Department of Natural 
and Environmental 
Resources, P. O. Box 
366147 San Juan, 
Puerto Rico 00936 

njimenez@drna.gobierno.pr 
 

DNER Permit for Biota 
Collection 

mailto:diane.wehner@noaa.gov
mailto:diane.wehner@noaa.gov
mailto:brett.doerr@ch2m.com
mailto:mcolvin@spawar.navy.mil
mailto:Rodriguez.Daniel@epamail.epa.gov
mailto:lisamarie.carrubba@noaa.gov
mailto:wilmarierivera@jca.gobierno.pr
mailto:Sindulfo.Castillo@usace.army.mil
mailto:craig.lilyestrom@drna.gobierno.pr
mailto:njimenez@drna.gobierno.pr


B-1 

APPENDIX B 
POSITIVE CONTROLLED FIELD STUDY RESULTS 

FIELD VALIDATION OF AN INTEGRATIVE PASSIVE SAMPLER FOR USE AT UNDERWATER 
MUNITIONS SITES 

Gunther Rosen1, Guilherme R. Lotufo2, Robert D George1, Bill Wild1, Lauren K. Rabalais2, 
Jason B. Belden3 

1U.S. Navy Space and Naval Warfare Systems Center Pacific, 53475 Strothe Rd., San Diego, CA 
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2U.S. Army Engineer Research and Development Center, 3909 Halls Ferry Road, Vicksburg, MS 
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3Department of Zoology, Oklahoma State University, Stillwater OK, 74078 

ABSTRACT  

This study examined the viability of Polar Organic Chemical Integrative Samplers (POCIS) for 
detection and quantification of munitions constituents (MC), including trinitrotoluene (TNT), 
aminodinitrotoluenes (ADNTs), diaminonitrotoluenes (DANTs), dinitrotoluene (DNT), and 
trinitrohexahydro-s-triazine (RDX) in a field setting. POCIS were deployed at varying distances from 
fragments (15 g total mass) of the explosive formulation Composition B (39.5% TNT, 59.5% RDX, 
and 1% wax binder) in an embayment of Santa Rosa Sound (Florida, USA). POCIS-derived time-
weighted averaged (TWA) estimated water concentrations from a 13-day deployment ranged from 9-
103 ng/L for TNT and RDX outside the source canister, with concentrations decreasing with 
increasing distance from the source to below quantitation limits (5.4-6.6 ng/L) 5 m away. Moderate 
fouling observed on POCIS membranes after 13-day led to a subsequent experiment to investigate 
the potential effects of biofouling on sampling rate for MC. Following conditioning periods of 0, 7, 
14 or 28 day at the same field site, POCIS were transferred to aquaria spiked with MC for a 7-day 
exposure. No significant differences in sampling rate were observed among the different fouling time 
periods, although mass of fouling organisms on the membranes was statistically greater at 28 day 
field exposure compared to other time points. This study verifies the high sensitivity and integrative 
nature of POCIS for dominant conventional MC in estuarine environments, and suggests that 
application at military munitions sites will be useful for ecological risk assessment purposes.  

Keywords: Munitions, POCIS, TNT, RDX, time-weighted average, passive sampling 
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B1. INTRODUCTION 

As a result of historic military activities, unexploded ordnance (UXO) and discarded military 
munitions (DMM) are present at underwater sites, and may still contain a variety of munitions 
constituents (MC) such as the high explosives, 2,4,6-trinitrotoluene (TNT) and hexahydro-1,3,5-
trinitro-1,3,5-triazine (RDX), and their degradation products. Despite reports of underwater 
munitions and explosives of concern (MEC) corroding, breaching, and leaking MC into the water 
column (Darrach, Chutjian, and Plett, 1998; GMI, 2007; Lewis et al., 2009; Pascoe, Kroeger, Leisle, 
and Feldpausch, 2010; Porter, Barton, and Torres, 2011; Rosen et al., 2016), a number of challenges 
have prevented accurate assessment of environmental exposure using traditional water sampling and 
analysis techniques. These challenges include a high level of effort required to identify leaking 
underwater MEC, and to quantify MC at low concentrations (i.e., low ng/L) at meaningful locations 
from the source and/or over time (Darrach, Chutjian, and Plett, 1998; van Ham et al., 2002; 
Ochsenbein, Zeh, and Berset, 2008; National Defense Center 2010; Rosen et al., 2016).  

Integrative passive sampling techniques, specifically Polar Organic Chemical Integrative Samplers 
(POCIS; Alvarez et al., 2004), have recently been demonstrated in laboratory-based experiments as a 
means of improving the environmental exposure assessment of MC (Belden et al., 2015). POCIS 
offer an advantageous alternative to traditional sampling methods (e.g., collection of discrete grab 
samples) at sites where fluctuation in concentrations or low-level concentrations are expected to 
occur, such as in the vicinity of underwater munitions. The continuous sampling approach of POCIS 
allows detection and identification of polar organics (log Kow < 3) in an integrative manner, providing 
time-weighted average (TWA) concentrations, and semi-quantitative estimates of waterborne 
chemicals at ultra-trace levels (Alvarez et al., 2004; Mazzella, Debenest, and Delmas, 2008). 

Unlike samplers that rapidly achieve equilibrium using high surface area to sorbent volume, 
POCIS typically exhibit negligible loss rates and long times to reach equilibrium, allowing small 
masses of chemical from episodic release events to be retained in the device by the end of the 
deployment period. The POCIS vastly simplifies sampling and the sample preparation by elimination 
of electrical or fuel powering requirements, significantly reducing the numbers of analyses required 
and providing protection of analytes against decomposition during transport and storage (Kot-Wasik 
et al., 2007). POCIS data can subsequently be used to assess MC exposure and associated potential 
for ecological risk based on propensity for uptake and toxicity to biota without having to make such 
measurements.  

The purpose of this study was to validate the use of POCIS for low level MC detection and 
quantification in a marine/estuarine environment. The approach involved permitted placement of a 
known quantity of a common solid military formulation, Composition B (39.5% TNT, 59.5% RDX, 
and 1% wax binder), at a fixed location in Santa Rosa Sound, Florida. Target MC included parent 
compounds and the TNT degradation products aminodinitrotoluenes (ADNTs) and diaminonitrotoluenes 
(DANTs). To our knowledge, this study reports the first field application of POCIS for MC, and 
validates its applicability and advantage for inclusion in exposure assessments at underwater MEC 
sites. Figure B-1 shows the study site on Sabine Island at USEPA’s Gulf Ecology Division (GED). 



B-4 

 
Figure B-1. Study site on Sabine Island at USEPA’s Gulf Ecology Division 
(GED). The study was conducted at the Division’s East Dock, located in 
Santa Rosa Sound, near Pensacola Bay, FL, USA.  

B.2 METHODS AND MATERIALS 

B.2.1 POCIS AND COMPOSITION B  

POCIS samplers and canisters designed for holding three samplers were commercially purchased 
from Environmental Sampling Technologies, Inc. (St. Joseph, MO, USA). Each sampler has two 
stainless steel rings that secure two polyethersulfone (PES) membranes with sorbent inside. The 
exposed membrane surface (41 cm2 surface area on each side) allows contact to water on both sides 
of the sampler (Alvarez, 2010). The POCIS, which uses Oasis hydrophilic–lipophilic balance (HLB) 
sorbent, were deemed appropriate for this study based on recommendations for MC in prior 
laboratory-based experiments (Belden et al., 2015). A total of 15 g Composition B fragments 
(individual fragments weighing approximately 200 mg each) was transported from the Naval Air 
Warfare Center Weapons Center (China Lake, CA, USA) using a commercial carrier, in compliance 
with U.S. Department of Transportation regulations (permit DOT-SP 13133) and in accordance with 
U.S. Health and Safety Plan requirements for conducting research with explosives.  

B.2.2 FIELD STUDY DESIGN 
B.2.2.1 POCIS and Comp B Deployment  

Canisters each containing three POCIS were deployed at 19 locations at distances up to 5 m away, 
both horizontally and vertically forming a concentric circle, from a single “source” canister 
containing 15 g of Composition B distributed in two 500-µm mesh size stainless steel bags, each 
approximately 2.5 cm x 10 cm in size (Figures B-2 and B-3). The source canister also contained one 
POCIS. The POCIS canisters were placed at two different depths, near-bottom (approximately 0.3 m 
above sea floor) and near-surface (approximately 1.5 m above the sea floor), forming concentric 
circles to characterize dissolution and transport of MC in the immediate vicinity of the source. The 
source canister was placed at the center of a 0.6 m x 0.6 m square polyvinyl chloride (PVC) frame, 
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which maintained the source canister and the inner canisters equidistant from one another 
(approximately 0.3 m), and was suspended approximately 0.3 m from the sea floor. The middle circle 
included six canisters at the bottom depth, and four canisters at the surface. The outer circle included 
four canisters at a mid-water depth (~ 1.5 m) position only. The PVC frame assembly, and all other 
POCIS canisters, were suspended from the dock by tying off with nylon cord through cross beams 
supporting the dock below. A single far-field station, approximately 250 m from the source canister 
on the northwest portion of Sabine Island, served as a reference location where MC was unlikely to 
be detected.  

 
Figure B-2. Top-down view of sampler configuration around source Composition B canister 
(yellow). Note, some of the 20 canisters deployed not viewable due to being positioned below 
surface canisters or outside scale (far-field reference canister). 
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Figure B-3. Simplified cross-section view of placement of POCIS canisters (gray) and oysters 
(red) around the Composition B source (yellow canister) for 13-day deployment. Sediment cores 
were removed underneath the canister (green) for interstitial water chemistry. (Note: not all 
samplers are shown). 

B.2.3 DISCRETE WATER SAMPLING 

Discrete (grab) water samples (1-L) were collected in duplicate at three time points (days 1, 6, and 
13) from the inner ring, within 0.3 m of the source canister. Assuming a continuous pulse of MC 
dissolving from the source, the average of multiple grab water sample results were considered 
potentially comparable with estimated TWA concentrations generated using POCIS at the Inner 
sampling location. For quality assurance and control, three additional 1-L grab samples were 
collected during the first time point and spiked with a solution containing TNT, RDX, 4-ADNT, and 
2-ADNT. The mean recoveries were 73, 128, 96, and 95%, respectively. 

B.2.4 OYSTER SAMPLING 

For determining potential uptake and bioconcentration into live organisms, caged oysters 
(Crassostrea virginica) were placed in the vicinity of the POCIS chambers at select locations (Figures 
B-2 and B-3). The 13-day deployment time was sufficient for MC in water to approach steady-state 
in bivalves (Rosen and Lotufo, 2007).  

Oysters (3” shell length) were shipped overnight from the Bay Shellfish Company (Terra Ceia, 
Florida) to the GED Toxicology Laboratory, where they were acclimated to site conditions in raw 
flowing seawater pumped in to the lab from adjacent Santa Rosa Sound (salinity 13 ppt, temperature 
21 °C during holding) for 1 week prior to the study. On the deployment day, 10 oysters were 
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randomly selected for placement into plastic mesh bags (1/2” mesh size), and secured to the nylon 
rope used to suspend POCIS samplers. Oysters were deployed at mid water depth at six stations (one 
Central [0.3 m], four Middle [2 m], and one Far-field [250 m]; Figures B-2 and B-3). Ten non-
deployed oysters for Time 0 analyses were also frozen on the deployment day.  

B.2.5 INTERSTITIAL WATER AND SEDIMENT SAMPLING 

Shallow sediment cores (top 10 cm) were collected by snorkel using 2 ¾” inner diameter core 
liners. Porewater was extracted ex situ shortly after sampling using a syringe method on four intact 
sediment cores (Nipper et al., 2004). The four sediment samples were subsequently composited and 
extracted for MC analysis. 

B.2.6 DEPLOYMENT TERMINATION 

Thirteen days after deployment, final overlying water samples were collected, followed by 
removal of sampler canisters and oysters from the dock. The POCIS were retrieved and rinsed with 
deionized water. The oysters were rinsed and shucked. POCIS and oysters were immediately frozen 
for later analysis. On the recovery day, sediment cores and interstitial water samples were also 
collected. All samples were shipped on ice with attached chain of custody forms. Data loggers were 
recovered and data exported to a personal computer.  

B.2.7 CHEMICAL ANALYSIS 

Analysis of MC in POCIS, water, tissue, and sediment was conducted at Oklahoma State 
University. Solid-phase extraction (SPE) of sampler extracts and grab samples was performed with 
Waters Oasis HLB cartridges (6ml/500mg; Waters Corporation, Milford, NH, USA). Analytical 
standards were obtained from AccuStandard (purity > 99%, New Haven, CT, U.S.A.). 13C- labelled 
TNT was used as an internal standard (Cambridge Isotope Laboratories, Tewksbury, MA, USA). All 
solvents and reagents were acquired as ultra-pure or pesticide grade and tested negative for 
interferences or background contamination of MCs.  

Sediment samples (5g) were extracted three times with 20-ml acetonitrile using robust vortexing 
for 2 min followed by 5 min in a sonication bath. The combined extract was reduced to a final 
volume of 1 ml. Water samples (0.5 L) were extracted by solid-phase extraction (SPE) on Oasis HLB 
SPE columns, eluted with ethyl acetate, and brought to a final volume of 0.5 ml using procedures 
previously described (Belden et al., 2015). POCIS were extracted with ethyl acetate. Tissues were 
extracted using QuEChERS techniques derived for pesticides, and optimized for TNT, ADNT, and 
RDX (Anastassiades, and Lehotay, 2003). 

The QuEChERS technique involves extraction by acetonitrile followed by cleanup to remove 
lipids. The initial extraction used is identical to EPA 8330. During the cleanup, a pre-packaged mix 
of salts was added to the acetonitrile extract to separate water from the solvent. Next, a portion of the 
solvent was added to a pre-packaged vial containing a mix of sorbents that selectively remove lipids. 
The extract was then evaporated to 0.1 ml and analyzed.  

Extracts were analyzed by GC/MS using GC methods described and optimized by Zhang et al. 
(2007) and EPA Method 8095 (USEPA, 2007). All extracts were analyzed using an Agilent 6850 GC 
coupled with a 5975C mass selective detector (MSD) using negative chemical ionization. Negative 
chemical ionization, which reduces the potential for interferences in field-collected samples, was 
incorporated by Belden et al. (2015). The following GC/MS configuration was used: GC inlet 190 °C 
with ultra-inert liners; column- HP-5MS, 15 meters long, 0.25 mm diameter, and 0.25µm film 
thickness; carrier- 1.2 ml/minute flow helium; 150 °C MS quad; 200 °C MS source; and methane gas 
as the chemical ionization agent. Internal calibration was performed using 13C-labelled TNT as the 
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internal standard for all analytes. The quantitation limits for all matrices is shown in Table B-1. 
Sampling rates and MC mass in the samplers were converted to TWA aqueous concentrations (see 
Equation 1).  

Table B-1. Quantitation limits (QL) for MC in each matrix. Instrumental 
detection was similar for all matrices. Difference in QL is due to different levels 
of sample enrichment. *Indicates data are semi-quantiative, as only estimated 
sampling rates were available, or spiked recoveries were lower suggesting the 
results are qualitative. 

 TNT RDX ADNTs DANTs 

3 POCIS (ng) 25 60 25 60 

Water column by SPE (ng/L) 50 120 50 120 

Water column, 3 POCIS,  
13-day (ng/L) 6.1 5.4 6.2-6.6 45* 

Tissue (ng/kg) 25000 60000 25000 60000* 

Sediment (ng/kg) 10000 24000 10000 24000 

 

B.2.8  WATER QUALITY MEASUREMENTS 

Standard water quality parameters including dissolved oxygen, pH, temperature, and salinity were 
collected using hand-held meters while on site. Onset® HOBO® data loggers (Onset Computer 
Corporation, Bourne, MA, USA) were deployed at the site for continuous measurement of 
temperature, conductivity, salinity, and dissolved oxygen in the water column.  

B.3 BIOFOULING STUDY 

B.3.1 FIELD CONDITIONING OF SAMPLERS 

The potential for biofouling of POCIS membranes to affect MC sampling rate was examined in a 
subsequent deployment at the Santa Rosa Sound site followed by a 7-day laboratory exposure of the 
fouled POCIS to MC spiked seawater. POCIS canisters were deployed at a water depth of ~ 1m at 
the mid-section of the research dock for periods of 7, 14, and 28 dau during July 7–August 4, 2015, 
approximately one year following the MC study. A second 14-day field exposed canister containing 
three POCIS was immediately frozen for analysis to verify ambient water concentrations at the dock 
during the fouling study. Timing of deployment was such that all canisters were recovered on the 
same day (August 4, 2015), followed by immediate transport to the ecotoxicology laboratory at the 
U.S. Army Corps of Engineers Engineer Research and Development Center in Vicksburg, MS, and 
initiation of the laboratory experiment on the same day, to minimize degradation of the fouling 
community. Water quality characteristics of the laboratory study were designed to closely match 
those observed at the field site (i.e., temperature 22 °C, salinity 23 ppt, pH 8.1, dissolved oxygen 
>7.0 mg/L). 

B.3.2 LABORATORY APPROACH  

After careful removal of extraneous fouling on the stainless steel rings to maintain water quality, 
one of each of the three POCIS for each field exposure period was placed on a wire dish rack in  
20 gallon aquaria filled with MC spiked synthetic seawater (reverse osmosis water and Crystal Sea 
Marinemix™ Bioassay Formula) made to the site salinity and temperature. The MC spike targeted a 
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1-µg/L water concentration of TNT, RDX, and 2,4-dinitrotoluene (2,4-DNT). Water was renewed 
three times (days 0, 2, and 4) during the experiment by transferring POCIS to identical freshly spiked 
tanks. Water samples were collected for chemical analysis on all fresh spiked solutions and on the 
pre-renewal water for verification of exposure concentrations, for a total of six samples per tank. A 
set of three unexposed POCIS were analyzed as field blanks. Sampling and chemical analysis of 
POCIS and water were conducted as described above for the Comp B source study.  

B.3.3 MEMBRANE MASS AS ESTIMATE OF RELATIVE FOULING  

Following the laboratory study 7-day, the membranes were cut from the stainless steel POCIS 
rings using a solvent rinsed scalpel. The HLB media was recovered by rinsing into an empty SPE 
cartridge using deionized water for residue analysis. Membranes were placed in pre-weighed 
aluminum pans and baked over night at 45 °C to achieve a consistent moisture content. Samples were 
allowed to cool to room temperature before taking final dry weight measurements of the two 
membranes associated with each sampler. 

B.4 DATA ANALYSIS 

POCIS-derived time-averaged water concentrations (Cw) for the field site were calculated using 
Equation (1):  

𝐶𝐶𝑤𝑤 =  
𝑁𝑁
𝑅𝑅𝑠𝑠𝑡𝑡

  , (1) 

where N is the amount of the chemical accumulated by the sampler (ng), Rs is the sampling rate 
(L/d), and t is the exposure time (d). Sampling rates were calculated for MC in laboratory calibration 
experiments for ADNTs and DANTs (Belden et al., 2015), while TNT, 2,4-DNT, and RDX sampling 
rates were selected from Rosen et al., (2017,Guidance Doc) for <7 or 9 cm/s flow conditions, 
respectively. Although flow was not measured continuously during this study, prior flow conditions 
were previously documented to average 2.8 cm/s under the east dock, and where available, it is 
advised that flow corrected sampling rates be used, as flow related artifacts can account for as much 
as a two-fold error in the calculation of water sampling rate by POCIS (Harman et al., 2012, Lotufo 
et al., in prep). Sampling rates selected, therefore, were 105, 63, 284, 63, 104, 97, and 34 ml/d, for 
TNT, 2,4-DNT, RDX, 4ADNT, 2ADNT, and DANTs, respectively. Where appropriate, means, 
standard deviations, and coefficient of variation were calculated for comparison of variability 
between or among treatments. 

B.5 RESULTS AND DISCUSSION 

B.5.1 POCIS-DERIVED MC CONCENTRATIONS IN WATER 

Estimated TWA water concentrations for TNT and RDX decreased with increasing distance from 
the source canister (Table B-1, Figure B-4). The POCIS-derived TWA concentrations for TNT and 
RDX in the inner ring bottom plane (0.3 m from the source canister) ranged from 46–103 ng/L; 
Table B-1, Figure B-4). RDX concentrations were lower than those for TNT, even though 
Composition B is 59.5% RDX/39.5% TNT/1% wax (Lynch et al., 2002). At the middle ring (2 m 
away from source), POCIS-derived water concentrations from bottom samplers were lower than the 
inner ring, ranging from 17 to 63 ng/L (Table B-1). All samplers at the outer stations (5 m from 
source) were below the quantitation limits for POCIS (Table B-2). The concentrations of the primary 
TNT breakdown products, 2-ADNT and 4-ADNT, were below quantitation limits in the POCIS for 
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all non-source compartment sampling locations and, therefore, TWA concentrations for those 
compounds were below QLs. 

The POCIS TWA concentrations measured following a 13-day deployment was sufficient to verify 
that the samplers can reliably detect TNT and RDX at ultra-trace (< 50 ng/L) levels in a field aquatic 
environment.  

B.5.2 SOURCE CANISTER WATER CONCENTRATION 

MC concentrations inside the source canister were two orders of magnitude greater than those 
measured in the Inner Ring, 0.3 m outside of the source canister (Table B-2). In addition to TNT and 
RDX measured both inside and outside the canister, TWA concentrations were quantified for 
ADNTs inside the source canister volume only, while DANTs were not detected in any case (outside 
or inside, regardless of distance). Both 2-ADNT and 4-ADNT, common degradation products of 
TNT, were two orders of magnitude lower than the parent TNT compound, and likely formed during 
rapid microbial degradation that is well documented for TNT (e.g., Elovitz and Weber, 1999; Rosen 
and Lotufo, 2005; Lotufo et al., 2017). In our estimation, the source canister served as a surrogate for 
the inside cavity of a munition, where MC potentially present at high concentrations inside the cavity 
is released through one or more breaches. Once released into the environment, the MC are subject to 
fate processes, such as phase partitioning, microbially driven biodegradation, and transport (e.g., 
advection, diffusion) processes that exchange the materials between the water column and the 
resuspended sediment bed. In open water environments, MC dissolve and are released to the 
overlying water to be carried away from the source by currents, readily diluted, and subjected to 
similar transformative processes in the water column. Overall, MC persistence in the environment is 
a key determinant of exposure (Lotufo et al., 2017).  

B.5.3 GRAB WATER, TISSUE, AND SEDIMENT MC CONCENTRATIONS 
B.5.3.1 Grab Water Samples  

Grab water samples collected adjacent to the Composition B source canister resulted in non-
detectable concentrations for all analytes (Table B-1). This finding demonstrates one line of evidence 
of the higher value of POCIS over traditional means of water sampling (e.g., grab sampling) for trace 
level contaminants. 
B.5.3.2 Oysters  

Oyster survival was high, averaging 95 ±5% across all stations. Tissue concentrations were below 
the associated QL (< 25–60 µg/kg; Table B-1) in all samples, including both far-field (reference) and 
samplers deployed near the source. These findings are corroborated based on the low water 
concentrations, and low bioconcentration factors (BCF) for other bivalves previously reported for 
these compounds (Rosen, and Lotufo, 2007; Lotufo et al., 2013, and references therein). The BCF 
values (1.61 for TNT and 0.87 for RDX) for the Mediterranean mussel (Mytilus galloprovincialis) 
predicted predicted tissue concentrations are 166 and 84 ng/kg, which are 151 and 712 times lower 
than the QL for tissues, respectively. Put differently, the concentration in the water would need to be 
above 16 and 69 µg/L for TNT and RDX for the method to detect MC in the oysters, well below that 
capable of passive samplers. Figure B-4 shows the estimated MC water concentrations from the three 
distance groupings from the Composition B source canister. 
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Table B-2. POCIS-derived estimated MC water concentrations at locations up to 5 m from 
Composition B source. 
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Figure B-4. Estimated MC water concentrations from the three distance groupings from the 
Composition B source canister. Error bars represent one standard deviation from mean, with N = 3 
for 0.3 m Bottom, 1 for 0.3 m Surface, 6 for 2.0 m Bottom, 2 for 0.3 m Surface, and 4 for 5.0 m. 

B.5.3.3 Porewater 

A single porewater sample was created by compositing water collected using a syringe and air 
stone (Nipper, Qian, Carr, and Miller, 2004) from four sediment cores (top 10 cm) collected as 
closely beneath the source canister as possible, representing a worst case exposure scenario. 
Porewater concentrations for TNT, 2-ADNT, and 4-ADNT ranged from 790 to 950 ng/L, and was 
2,100 ng/L for RDX. The presence of ADNTs in sediments contaminated with Composition B is 
commonly associated with microbial transformation of TNT (Elovitz and Weber 1999; Rosen and 
Lotufo, 2005). The relatively high RDX concentration may be due to the fact that TNT and its 
degradation products have a higher affinity for sediment, and may not be less likely to be present in 
the water phase.  
B.5.3.4 Composition B loss  

Of the 15 g Comp B that was deployed, dried fragments weighing a total of 13.465 g (representing 
a loss of 1.535 g) were recovered following the 13-day deployment. The 11.4% mass loss over the 
13-day period was similar to the 16% mass lost over a 34-day mesocosm exposure using 
Composition B fragments placed on the sediment surface (Rosen and Lotufo, 2010).  
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B.5.3.5 Water Quality  

Discrete water quality measurements were made with hand-held calibrated instruments during 
deployment and recovery. Salinity at the surface (< 1 m depth) and bottom (2.5 m) averaged 5.7 ±1.5 
(SD) and 6.8 ±1.9 ‰ during the 13-day deployment. Dissolved oxygen averaged 7.4 ±0.6 mg/L at 
both the surface and bottom. Temperature averaged 23.9 ±1.8 and 24.2 ±1.9 °C at the surface and 
bottom, respectively.  

Salinity was lower than anticipated at the site based on historical information provided from the 
GED (Peggy Harris, personal communication), but unprecedented high rainfall (including 20” of rain 
April 29–30, 2014) during the deployment period, and relatively low circulation at the site likely 
contributed to the sustained low levels during the exposure period. 

B.6 BIOFOULING IMPACTS ON MC UPTAKE BY POCIS  

B.6.1 BIFOULING  

Biofouling from the 0–28 day conditioning period at the Santa Rosa Sound site prior to laboratory 
exposure in spiked aquaria was evaluated visually (qualitatively) and quantified as total fouling mass 
on the membranes. A visual comparison of representative membranes indicates light fouling through 
day 14, followed by heavier fouling by day 28 (Figure B-5). Significantly greater mass of fouling 
organisms was observed for the 28–day samplers only, in comparison to unexposed (0 day) samplers 
(one-way ANOVA with pairwise comparisons, p = 0.014). 

B.6.2 MC IN THE EXPOSURE WATER  

A total of six water samples were collected from each of the three study tanks for chemical 
analysis during the 7-day exposure; three measurements associated with the fresh spikes (days 0, 2, 
and 4) and three measurements associated with the aged/exposed time points (days 2, 4, and 7). For 
freshly spiked water, the measured concentrations were on average, 107, 106, and 138% of the target 
concentration for 2,4-DNT, TNT, and RDX, respectively (Table B-3). Prior to renewals, 
concentrations were, on average, 78, 40, and 147% of the target concentration, respectively  
(Table B-3). Lower concentrations following 2–3 days post-spike for TNT and 2,4-DNT, are likely 
associated with the rapid transformation of those nitroaromatic compounds to daughter products in 
presence of biota associated with the fouling in each tank, as observed previously in bioassay 
exposure water, especially with the presence of supplemental food (Lotufo, Blackburn, and Gibson, 
2010), and removal by the POCIS. RDX tends to be more resistant to biotic degradation in the 
presence of bioassay organisms (Lotufo et al., 2010). Figure B-6 shows the Mean (± s.d.) membrane 
dry weight (mg) from POCIS samplers (N = 3) following 0 to 28 days of exposure at Gulf Breeze 
east dock. Figure B-7 shows an example laboratory tank showing one replicate from each field 
exposed time point. 
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Figure B-5. Representative pictures of POCIS membranes upon initiation of 7-day MC spike 
laboratory experiment following deployment at Gulf Breeze East Dock (from left to right), for 0, 7, 
14, and 28 days during July 7–August 4, 2015.  

 

 
Figure B-6. Mean (± s.d.) membrane dry weight (mg) from POCIS samplers (N = 3) following 0 to 28 
days of exposure at Gulf Breeze east dock (July 7-August 4, 2015), following the 7-day spiked MC 
study with samplers in the laboratory. Different letters indicate significant differences from pairwise 
comparisons with Tukey-Kramer test (α = 0.05). Membrane weights for all samplers (top) and in 
comparison to non-field exposed sampler (bottom). 
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Figure B-7. Example laboratory tank showing one replicate from each field exposed time point 
(0 to 28 day) for POCIS prior to placement in lab exposure with nominal 1 µg/L 2,4-DNT, 2,4,6-
TNT, and RDX in reconstituted seawater.  

Table B-3. Measured spiked MC concentrations in tanks for biofouling study, including 
those before and after water renewal.  

 

B.6.3 MC UPTAKE IN FOULED POCIS 

Mass of MC in POCIS for each of the fouling conditions following a 7-day spiked exposure are 
shown in Figure B-8. Mean uptake of 2,4-DNT was about a factor of two less than TNT, and an 
order of magnitude lower compared to RDX. Mass per POCIS for 2,4-DNT, TNT, and RDX were 
roughly in line with their sampling rates under relatively static conditions (63, 105, and 284 ml/d, 
respectively; ESTCP ER-201433 Guidance Document). For TNT and RDX, there was no statistical 
difference between non-field exposed (day 0) and any fouled POCIS, including 28-day field exposed 
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samplers. For 2,4-DNT, all fouled samplers resulted in statistically lower uptake than the non-field 
exposed POCIS. However, there was no increase in the uptake with increasing fouling (i.e., among  
7, 14, and 28-day pre-exposed samplers), with means differing by less than 10%, and the 28-day 
fouled samplers only lower than non-field exposed samplers by 26%. Table B-4 shows Mass (means 
and standard deviations) of MC accumulated on POCIS samplers in 7-day spiked laboratory 
exposures following field deployment of samplers at Santa Rosa Sound, FL, for 0 to 28 days.  

 
Figure B-8. Mass (means and standard deviations) of MC accumulated on POCIS 
samplers in 7-day spiked laboratory exposures following field deployment of samplers at 
Santa Rosa Sound, FL, for 0 to 28 days. 

Table B-4. Mass (means and standard deviations) of MC accumulated 
on POCIS samplers in 7-day spiked laboratory exposures following 
field deployment of samplers at Santa Rosa Sound, FL, for 0 to 28 
days. 
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B.7 CONCLUSIONS 

This field study demonstrates the utility of using HLB POCIS as a cost-effective, sensitive, and 
relatively simple means of quantifying munitions constituents (MC) exposure concentrations in 
underwater environments in a time-integrative approach. Our results expand upon previous 
laboratory-based experiments that demonstrated POCIS-derived TWA concentrations are in good 
agreement between time-averaged MC concentrations from repeated sampling of water and those 
generated using POCIS deployment in laboratory experiments (Belden et al., 2015). The use here of 
Composition B in a POCIS canister simulates release of explosive fill material inside a breached 
shell to the water column or sediment-water interface. The low (~ 100 ng/L or less) average water 
concentrations measured within 0.3 m of the source were expected considering the mass (15 g) of 
explosive used and slow dissolution rate of constituents within Composition B exposed to water 
(Lynch et al., 2002), which resulted on the release of only 1.5 g sum mass of TNT and RDX . The 
concentration varied over both horizontal and vertical distances from the source, due to dilution, with 
highest TNT and RDX concentrations less than 0.3 m from the source, and rapid reduction to non-
detectable levels at the 5-m sampling locations. The highest concentrations measured 0.3 m away 
from the source canister are several orders of magnitude lower than those that are known to be toxic 
to environmental receptors (Nipper, Carr, and Lotuufo, 2009; Lotufo, Rosen, Wild, and Carton, 
2013). Further, the lack of quantitative identification of MC in sediment, tissue, and grab water 
samples suggests that POCIS was the most sensitive and informative measure of exposure. 
Therefore, we believe that POCIS can increase certainty with respect to environmental exposure and 
assist with environmental management decisions at underwater military munitions sites. 
Furthermore, POCIS can be used to cost-effectively identify individual munitions within sites that 
might be point sources of MC contamination to the environment. 
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ABSTRACT  

Munitions constituents (MC) are present in aquatic environments throughout the world. Potential 
for fluctuating release with low residence times may cause concentrations of MC to be vary widely 
over time at contaminated sites. Recently, polar organic chemical integrative samplers (POCIS), have 
been demonstrated to be valuable tools for the environmental exposure assessment of MC in water. 
Flow rate (Rs) is known to influence sampling by POCIS. Because POCIS Rs for MC have only been 
determined under quasi-static conditions, the present study evaluated the uptake of 2,4,6-
trinitrotoluene (TNT) and hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) and of 2,4- and 2,6-
dinitrotoluenes (DNT) by POCIS in a controlled water flume at 7, 15, and 30 cm/s in 10-day 
experiments using samplers both within and without protective canisters. Rs increased linearly with 
flow rate for all MC investigated, but flow rate had the strongest impact on TNT and the weakest 
impact on RDX. For uncaged POCIS, sampling rates at 30 cm/s exceeded those at 7 cm by 2.7, 1.9, 
1.9 and 1.3 fold for TNT, 2,4-DNT, 2,6-DNT and RDX, respectively. For all MC except RDX, Rs for 
caged POCIS at 7 cm/s were significantly lower than for uncaged samplers and similar to those 
measured at quasi-static condition, but no caging effect was measured at 30 cm/s, indicating that 
protective canisters mitigate the impact of flow on MC uptake at low flow. Linear regressions were 
developed for the selection of the most accurate Rs when determining TWA concentrations generated 
by POCIS deployed at sites contaminated with MC when flow rates are known. 

Keywords Passive sampling, POCIS, laboratory calibration, flume, TNT, RDX 
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C.1 INTRODUCTION 

Manufacturing of munitions constituents (MC), their loading, assembling and packing into 
munitions, and their use in testing, training, and combat has resulted in their release into terrestrial 
and aquatic systems (Monteil-Rivera et al., 2009; Juhasz and Naidu, 2007; Amaral et al., 2016). In 
addition, until 1970, it was accepted practice to dispose of wastes, including excess, obsolete and 
unserviceable munitions, in deepwater areas (Carton and Jagusiewicz, 2009). As a result, thousands 
of sites in the USA and throughout the world are potentially contaminated with MC in soil, sediment, 
groundwater and surface water of inland and coastal habitats (Talmage et al., 1999; Sunahara, 
Lotufo, Kuperman, and Hawari, 2009; USEPA, 2014a, 2014b). Many active and former military 
installations have ranges and training areas that include aquatic environments, such as ponds, lakes, 
rivers, estuaries and coastal ocean areas.  

A number of challenges prevent accurate assessment of environmental exposure to MC using 
traditional sampling approaches (Rosen et al., 2016). Due to the short-half life, and potential for 
fluctuating release with low residence times, concentrations of MC are likely to be variable at 
contaminated sites. Standard environmental sampling, such as grab sampling of surface water or 
collection of sediment, may inadequately capture pulsed concentrations that may occur, thereby not 
providing an environmentally relevant measure of dose. Similarly, passive sampling devices using an 
equilibrium approach will likely inaccurately describe a pulse of material as the system is not in 
equilibrium. For example, if the sample is collected during low environmental concentrations, 
estimated water concentrations would be biased low. In contrast, integrative passive sampling 
provides an opportunity to sample MC and obtain time-weighted water concentrations and very low 
detection limits in water (Belden et al., 2015; Rosen et al., 2016). Commercially available POCIS 
have effectively linear uptake for at least 28 days for many MC and are highly integrative (Belden et 
al., 2015).  

Integrative samplers predict in situ time-weighted water concentrations using sampling rates 
determined by deploying samplers for a prescribed period of time to known concentrations in the 
water, as recommended in Morin, Miege, Randon, and Coquery (2012) and Harman, Allan, and 
Vermeirssen (2012). Sampling rates are typically empirically derived during laboratory studies 
employing a closed system in which the contaminants are spiked only at the beginning of the 
experiment or at constant time intervals (e.g., Mazzella, Dubernet, and Delmas, 2007; Arditsoglou, 
and Voutsa, 2008). Sampling rates have also been determined in in the field (Jacquet et al., 2012; 
Mazzella et al., 2010), but it is costly and time consuming. Because environmental conditions such as 
flow rate, orientation of the POCIS relative to flow, salinity, temperature, and biofouling have 
potential to cause variations in the sampling rate (Söderström, Lindberg, and Fick, 2009; Harman, 
Allan, and Vermeirssen, 2012; Lissalde, Mazzella, and Mazellier, 2014), sampling rates should be 
derived under conditions that reasonably match those for the site of deployment. The potential bias 
for temperature and salinity is typically low as long as calibration studies are conducted under 
conditions similar to expected field conditions, and previous work (Harman, Boyum, Tomas, and 
Grung, 2009; Lissalde, Mazzella, and Mazellier, 2014) has demonstrated little effect of biofouling on 
sampling rate.  

The potential for flow rate to influence sampling has been previously investigated (Li, 
Vermeirssen, Helm, and Metcalf, 2010; Charlestra et al., 2012; Di Carro, Bono, and Magi, 2013; 
reviewed in Harman et al., 2012) and generally indicated that increasing flow rate cause increases in 
sampling rate by less than two-fold. Although most studies indicate that the use of sampling rates 
derived from simple calibration studies are generally adequate for obtaining a fairly accurate estimate 
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of TWA concentrations of contaminants using POCIS, uncertainty remains regarding the influence of 
flow rate on the uptake of MC by POCIS because sampling rates for MC have only been determined 
under quasi-static conditions (Belden et al., 2015).  

The primary objective of this study was to evaluate MC uptake by POCIS in a controlled water 
flume with known varied current velocities. In addition to investigating the influence of flow rate on 
sampling rate, we also investigated the influence of location in the flume, orientation of the POCIS 
relative to the flow and of the presence of the protective canister on sampling rate. We expected this 
effort to allow for more accurate quantitation of trace level energetics in the vicinity of potentially 
leaking underwater munitions at UWMM sites.  

C.2 MATERIAL AND METHODS 

C.2.1 PASSIVE SAMPLERS AND CHEMICALS 

POCIS filled with Oasis® hydrophilic–lipophilic balance (HLB) sorbent and stainless steel POCIS 
holders and protective canisters (Alvarez et al., 2004) were obtained from Environmental Sampling 
Technologies (St. Joseph, MO, U.S.A.). The dinitrotoluene isomers (2,4-DNT and 2,6-DNT) were 
purchased from ChemService (West Chester, PA). The aminodinitrotoluene isomers (2-ADNT and 4-
ADNT) were purchased from Stanford Research Institute (Menlo Park, CA). Military-grade TNT 
(contains ≤ 1% other TNT isomers and DNTs) and RDX (contains ≤ 10% HMX) flakes were 
obtained from the Holston Army Ammunition Plant (Kingsport, TN, USA).  

C.2.2 FLUME 

Experiments were conducted in the Cognitive Ecology and Ecohydraulics Flume (CEERF) located 
at the Engineer Research and Development Center in Vicksburg (MS, USA). The CEERF is an 
annular recirculation flume with two functional domains, each 2.4 m wide, 1.2 m deep (water depth), 
12.2 m long (Figure C-1). The flume has repeatable and stable velocities from near 0 to greater than 
30 cm/s. The flume has a rectilinear flow field with minimal turbulence and secondary circulation. 
Mechanically, chemically and electrically isolated with optional mechanical, carbon and ultraviolet 
filtration.  

C.2.3 DETERMINATION OF SAMPLING RATES UNDER VARYING FLOW RATES 

The effects of flow rate on the sampling rate (Rs) of MC were evaluated in three separate 
experiments each using a different flow rate, namely 7, 15, and 30 cm/s, using a large flume (Figure 
C-1). POCIS were placed in triplicate at eight locations on one side of the flume, four downstream 
from the spiking point, and four upstream from it (Figure C-2). Each POCIS was mounted on a 
custom made base (Figure C-1). All POCIS were oriented parallel to flow, except for three POCIS at 
location 2 upstream from the spiking point, which were oriented normal to flow (Figure C-2). To 
compare the effect of caging on Rs, POCIS placed in three protective metal canisters (or cages) 
(Figure C-1), with three samplers per canister, were placed on the side of the flume opposite to the 
spiking point. After all samplers were in place, the flume was filled with approximately 62,000 L of 
dechlorinated and filtered tap water. The target temperature was 25 °C.  

After the target temperature and flow rate were achieved, flume water was spiked with TNT, 2,4-
DNT, 2,6-DNT and RDX targeting 1 µg/L each. Spiking stocks were created by adding the 
appropriate mass of the above chemicals to 20 mL of acetone. The acetone stock was mixed with 3 L 
of flume water in an Erlenmeyer flask and that dosing solution was delivered to the flume at a rate of 
approximately 6 mL/min via rubber tubbing using a peristaltic pump over a period of approximately 
8 hours.  



 

C-5 

Flume water (1 L) was collected on days 1, 3, 7, and 10 in duplicate for chemical analysis. 
Approximately 10 days after initiation of spiking and deployment to spiked water under constant 
flow, POCIS were removed from the partially drained flume, POCIS were stored on dry ice, or 
frozen (-30 °C) until analysis. 

a b c d 

 
Figure C- 1. From left to right: (a) partial view of the 113,000 L flume; b) POCIS in multiple locations 
and orientations; (c and d) POCIS deployed inside protective canisters. 

 
Figure C- 2. Schematic showing the locations of the spiking point and of groups of three POCIS 
mounted on custom-made bases. POCIS placed inside protective canisters were deployed in 
triplicate canisters in the opposite side of the flume.  

C.2.4 CHEMICAL ANALYSIS  

Analysis of MC in POCIS and in water was performed for flow rate calibration. Water samples (1 
L) collected on days 1, 3, 7, and 10 were extracted by solid-phase extraction (SPE) on Oasis® HLB 
SPE cartridges (6 ml/500 mg; Waters Corporation, Milford, NH), eluted with ethyl acetate, and 
brought to a final volume of 0.5 ml using procedures optimized by Belden et al. (2015).  

POCIS were disassembled and the sorbent was rinsed into empty SPE tubes. Sorbent from 
triplicate samplers from each of the eight locations and from each of the three canisters were 
composited to maximize detection. MC were eluted with ethyl acetate and brought to a final volume 
of 0.5 ml. Extracts were analyzed using an Agilent® 6850 GC coupled with a 5975C mass selective 
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detector (MSD) using negative chemical ionization using 3 ion select ion monitoring for each 
analyte. Internal calibration was performed using 13C-TNT (Belden et al., 2015). 

C.2.5 CALCULATION OF SAMPLING RATES AND OTHER STATISTICS  

For compounds in which accumulation was linear over at least part of the 28-day study (Belden et 
al., 2015), sampling rates (RS) were calculated for each POCIS based on Equation 1 (Alvarez et al., 
2004), rearranged to estimate RS from known Cw.  

𝐶𝐶𝑤𝑤 =  
𝑁𝑁
𝑅𝑅𝑠𝑠𝑡𝑡

   (1) 

where RS is the sampling rate (L/POCIS/day), N is the mass of the chemical accumulated by the 
sampler (ng), Cw is the mean measured water concentration (ng/L) and t is the exposure time (days). 

The following were evaluated using analysis of variance (ANOVA): (1) the concentration of MC 
in the water over time, (2) the effect of protective canister on RS at each flow rate, and (3) the effect 
of flow rate on RS for caged and uncaged POCIS. Each MC was analyzed independently. Unless 
otherwise noted, data are expressed as means ± standard deviations. All statistical calculations were 
performed using SPSS Software (IBM, New York, NY) and significance was determined at α = 0.05. 
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C.3 RESULTS AND DISCUSSION 

C.3.1 CHEMICAL ANALYSIS 

Determination of sampling rates were successfully conducted using a closed system in-lab static 
calibration in which MC were spiked only at the beginning of the experiment (Mazzella, Dubernet, 
and Delmas, 2007), according to Morin et al. (2012), the most used approach for POCIS calibration. 
The concentration of MC remained relatively constant between day 1 and termination (Figure C-3), 
with concentration decreases higher than 20% between sampling times only observed for TNT in the 
30 cm/s experiment (between days 3 and 7) and for 2,6-DNT (between days 7 and 10) in the 7 cm/s 
experiment. Only the 2,6-DNT decrease between days 7 and 10 was statistically significant. The low 
concentration of 2,6-DNT at day 1 of the 7 cm/s experiment remains unexplained.  

 
Figure C- 3. Mean concentrations of MC in flume water (collected as grab samples) at each 
sampling episode during 10 days at 7 cm/s (A), 15 cm/s (B), and 30 cm/s (C). Error bars represent 
±1 standard deviation. Black = TNT, blue = 2,4-DNT, green = 2.6-DNT, and red = RDX. 
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C.3.2  INFLUENCE OF LOCATION, ORIENTATION, AND PROTECTIVE CANISTER ON UPTAKE 

For POCIS oriented parallel to flow, differences in sampling rates were typically less than 10% 
and only exceeded 30% for 9 pairwise comparisons out of 504, suggesting that no substantial effect 
of POCIS position on the flume. However, orientation of uncaged POCIS relative to flow appeared to 
have had some influence on sampling rate. Sampling rate for location two POCIS, oriented normal to 
flow, were consistently lower than for adjacent location one POCIS by an average of 30, 26, 24, and 
9% for TNT, 2,4-DNT, 2,6-DNT, and RDX, respectively (Figure C-4). No effect of orientation 
(parallel and perpendicular to the flow) was previously reported for pesticides uptake by POCIS in 
natural streams under approximate flow velocity of 4–5 cm/s (Lissalde, Mazzella, and Mazellier, 
2014).  

 

 
Figure C- 4. Comparison of sampling rates at different locations in 
the flume. All POCIS were oriented parallel to flow, except for 
those at location 2, which were oriented normal to flow. To 
simplify comparisons, sampling rates for location 1 were 
arbitrarily assigned the value of 1. Error bars represents standard 
1 deviation based upon variability across experiments. Black = 
TNT, blue = 2,4-DNT, green = 2.6-DNT, and red = RDX. 
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The influence of protective canister on sampling rate (Figure C-5 and Table C-1) was assessed 
using the eight uncaged POCIS locations three POCIS composite samplers per location) and the three 
adjacent canisters three POCIS composite samplers per canister) as replicates. At 7 cm/s, sampling 
rate was significantly lower for POCIS within canisters for all MC except RDX. The decrease in 
sampling rate with caging observed for most MC evaluated was as expected, according to Cernoch et 
al. (2011), protective canisters mitigate the impact of flow on chemical uptake. The sampling rate of 
TNT at 7 cm/s for caged POCIS (0.12 L/d) was similar to that observed under quasi-static conditions 
(0.09 L/d) for TNT by Belden et al. (2015). However, the caging did not decrease the sampling rate 
of RDX at 7 cm/s, which were substantially higher than the sampling rate (0.13 L/d) reported by 
Belden et al. (2015). The effect of caging was overall less dramatic at 15 cm/s, for which only the 
sampling rate of 2,6-DNT and RDX were significantly decreased. At the highest flow rate studied 
(30 cm/s), caging did not decrease the sampling rate of any MC investigated, indicating that the 
mitigating effect of caging on flow decreases with increasing flow rate. 

 
Figure C- 5. Comparison of sampling rates for different flow velocities. 
Solid and hatched bars represent uncaged and caged POCIS, 
respectively. Black = TNT, blue = 2,4-DNT, green = 2.6-DNT and red = 
RDX. Error bars represents one standard deviation. * represent 
significantly difference between uncaged and caged POCIS, and letters 
(uppercase and lower case characters are used for uncaged and caged 
POCIS, respectively), indicate significant differences based on pairwise 
comparisons (Tukey’s test, α = 0.05) following one-way ANOVA. 
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Table C- 1. Sampling rates for uncaged and caged POCIS measured at different flow 
velocities and caging configurations. * represent significantly difference.  

MC 

Sampling rate (L/d) 

7 cm/s 15 cm/s 30 cm/s 

Uncaged Caged Uncaged Caged Uncaged Caged 

TNT 0.20 0.12* 0.28 0.14* 0.52 0.52 

2,4-DNT 0.08 0.04* 0.09 0.07 0.14 0.14 

2,6-DNT 0.09 0.05* 0.11 0.09* 0.16 0.14 

RDX 0.34 0.37 0.40 0.31* 0.46 0.52 
 

C.3.3  INFLUENCE OF FLOW RATE ON SAMPLING RATE 

Flow rate had a significant effect (p < 0.01) on sampling rate for every MC for both uncaged and 
caged POCIS. Sampling rates at 30 cm/s were significantly higher than at 7 cm/s for every MC, for 
both uncaged and caged POCIS (Figure C-6). For uncaged POCIS, sampling rates at 30 cm/s 
exceeded those at 7 cm by 2.7, 1.9, 1.9 and 1.3 fold for TNT, 2,4-DNT, 2,6-DNT and RDX, 
respectively, and differences between 15 cm/s and 30 cm/s and between 7 cm/s and 15 cm/s were 1.5 
fold or less, except for TNT between 15 cm/s and 30 cm/s (1.9 fold) (Figure C-6). For caged POCIS, 
sampling rates at 30 cm/s exceeded those at 7 cm by 4.1, 3.4, 3.0 and 1.4 fold for TNT, 2,4-DNT, 
2,6-DNT and RDX, respectively, and differences between 15 cm/s and 30 cm/s and between 7 cm/s 
and 15 cm/s were 2.0 fold or less, except for TNT between 15 cm/s and 30 cm/s (3.6 fold) (Figure  
C-6).  

For the range of flow rates here examined, sampling rate increased linearly for all MC 
investigated, for both uncaged and caged POCIS, with a strong fit (r2 ≥ 0.79) for TNT and DNTs, but 
with a weaker fit (r2 0.46 and 0.53) for RDX (Figure C-6 and Table C-2). Based on linear relations, 
flow rate had the strongest impact on TNT (steepest slope) and the weakest impact on RDX. Flow 
rates presented in Table C-1 and equations presented in Table C-2 should be used to select the most 
appropriate sampling rate use in Equation 1 when determining TWA concentrations generated by 
POCIS deployment at site contaminated with MC when flow rates are known.  

The influence of flow rate to influence sampling has been previously reported (reviewed in 
Harman, Allen, and Vermeirseen, 2012). Only a few studies adequately characterized the influence 
of properly measured flow rate and sampling rate. Li et al. (2010) found that the POCIS uptake of 
pharmaceutical, personal care products and endocrine-disrupting compounds varied by less than two-
fold for flow rates ranging from 2.6 and 37 cm/s, with sampling rates increasing slightly with flow 
rates. Charlestra et al. (2012) demonstrated that mixing, either by flowing water or by stirring, 
increases pesticide uptake by the POCIS, generally by less than two-fold. Using flow rates ranging 
from 2 to 15.3 cm/s, Di Carro, Bono, and Magi (2013) reported no noticeable influence of flow rates 
on the sampling rates of contaminants from different chemical classes. Carpinteiro et al. (2016) 
reported that an increase of water velocity from 2 to 50 cm/s results in an increase of the amount of 
pharmaceuticals accumulated in the POCIS by factors ranging from 1.4 to 2.3. 
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Figure C- 6. Relation between sampling rate and flow rate for 
uncaged (solid circles) and caged (open circles) POCIS. Lines 
represent the prediction from linear regression for uncaged (solid line) 
and caged (dashed line) POCIS. Black = TNT, blue = 2,4-DNT, green 
= 2.6-DNT, and red = RDX. 

Table C- 2. Regression equations (and r2) for each of four MC for both 
uncaged and caged POCIS. 

MC 
POCIS protection 

Uncaged Caged 
TNT 0.081fr + 0.014 (0.93) 0.018fr - 0.05 (0.89) 

2,4-DNT 0.003fr + 0.052 (0.82) 0.004fr + 0.08 (0.98) 

2,6-DNT 0.003fr + 0.065 (0.79) 0.004fr + 0.007 (0.98) 

RDX 0.005fr + 0.314 (0.46) 0.008fr + 0.27 (0.53) 
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C.4 CONCLUSIONS 

Because of potential for fluctuating concentrations at contaminated sites, POCIS are 
considered valuable tools for the environmental exposure assessment of MC in water. The 
present study demonstrated that the sampling rate of TNT, 2,4- and 2,6-DNT, and RDX 
increased linearly with flow rate, with the strongest impact on TNT and the weakest impact on 
RDX. Results indicated that protective canisters mitigate the impact of flow on MC uptake at 
low flow but not at high flow. Linear regressions describing the change in sampling rate with 
flow rate should be used for the selection of the most accurate sampling when determining TWA 
concentrations generated by POCIS deployed at sites contaminated with MC when flow rates are 
known. 
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ABSTRACT  

As a result of military training, weapons testing, combat, and historic dumping, underwater 
military munitions (UWMM) are present in aquatic environments throughout the world. UWMM 
may corrode, breach, and therefore, may release munitions constituents (MC) into the surrounding 
aquatic environments. Experiments were conducted in a large flume with a controlled flow set at  
15 cm, using realistic exposure scenarios, the first (S1) representing the release of MC from fully 
exposed Comp B munitions fill and the second (S2) representing the release of MC from Comp B 
through a small hole, simulating a breached munition object. To evaluate the ability of the polar 
organic chemical integrative sampler (POCIS) to integrate a slowly increasing MC concentration to 
accurately estimate time-weighted average (TWA) concentrations, MC in the water was quantified 
using frequent grab sampling and POCIS, both within and without protective canisters. Overall, the 
concentrations of RDX (hexahydro-1,3,5-trinitro-1,3,5-triazine) and TNT (2,4,6-trinitrotoluene) in 
the water increased linearly during the deployment time (10 or 13 days). The uptake of RDX and 
TNT into uncaged and caged POCIS were not significantly different. For TNT, the POCIS estimated 
TWA concentrations were 1.2 and 1.4 times higher than those derived from grab samples for S1 and 
S2, respectively, while for RDX differences were 6% or less, demonstrating that POCIS provide 
reliable temporal integration of changing environmental concentrations. The release of MC into the 
flume was also estimated in the context of a numerical model that provides estimations of MC 
introduced into the surrounding water from an uncovered single breached munition. The predicted 
and measured TNT release under S2 were within the same order of magnitude, with predicted values 
exceeding measured values by approximate 3-4 fold over the course of the 13-day experiment.  

Key words: Underwater munitions, TNT, RDX, passive sampling, POCIS, flume 
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D.1 INTRODUCTION

Underwater sites around the world are known to contain underwater military munitions (UWMM) 
as a result of military activities or historic dumping events. UWMM have the potential to corrode, 
breach, and therefore, release munitions constituents (MC), including TNT, RDX, and their major 
degradation products, into the surrounding aquatic environments (Li et al., 2016; Lewis et al., 2009; 
Pascoe et al., 2010; Rosen and Lotufo 2010, Wang et al., 2011). Release may also occur from 
fragments of explosives formulations that become exposed following low-order (incomplete) 
detonations (LOD).  

Release of MC from UWMM from the surrounding environment is expected to be influenced by 
shell integrity, and concentrations in the surrounding environment are expected to fluctuate over time 
because of changes in hydrodynamic conditions and the influence of physico-chemical factors, such 
as sorption to suspended particles or photo-transformation, on the fate of MC at UWMM sites. 
Standard environmental sampling, such as grab sampling of surface water, that only generate 
information for the time of sample collection, may inadequately capture substantial changes in 
concentrations that may occur, thereby not providing an environmentally relevant measure of 
exposure. For example, if the sample is collected during low environmental concentrations, estimated 
water concentrations would be biased low. In contrast, integrative passive sampling provides an 
opportunity to sample MC and obtain time-weighted water concentrations and very low detection 
limits in water (Belden et al., 2015; Rosen et al., 2016). Commercially available POCIS been proven 
effective for sampling MC in the water column, including at UWMM sites (Belden et al., 2015; 
Rosen et al., 2016).  

To more fully validate POCIS as an effective tool for characterizing MC contamination in the 
water column at UWMM sites, more extensive testing using realistic release scenarios that generate 
fluctuating yet well characterized water concentrations is necessary. Laboratory experiments have 
demonstrated that POCIS effectively integrate water concentrations of MC under widely fluctuating 
environmental concentrations and under exposure scenarios simulating MC leaking from a munition 
through a pinhole (Belden et al., 2015). In the latter study, a Composition B (Comp B) fragment was 
placed at the bottom of glass aquaria, either fully exposed to represent a LOD exposure scenario or 
partially encased in a Petri dish perforated on the top with a 0.3 cm hole to represent a small breach 
exposure scenario in which UWMM are minimally breached or corroded, exposing the explosive fill 
material within through dissolution and other processes. Those experiments were performed under 
quasi-static conditions. To further evaluate the ability of POCIS to integrate slowly increasing MC 
concentrations to accurately estimate time-weighted average concentrations, experiments were 
conducted in a large flume using two realistic exposure scenarios, one representing the release of MC 
from fully exposed Comp B munitions fill simulating a LOD and the other representing the release of 
MC from Comp B through a small hole, simulating a breached munition object. In the current study, 
the release of MC into the flume water quantified using POCIS was compared to that quantified 
using frequent grab sampling. The two methods were compared. The release of MC under the 
scenarios described above was also estimated in the context of a numerical model for MC release 
from a breached shell with a hole (hereafter Shell Model) (Wang et al., 2011), which provides 
estimations of MC introduced into the surrounding aquatic environment from the case of an 
uncovered single breached round. 
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D.2 EXPERIMENTAL 

D.2.1 PASSIVE SAMPLERS AND CHEMICALS  

POCIS containing Oasis® hydrophilic–lipophilic balance (HLB) sorbent and stainless steel POCIS 
holders and protective canisters (cages) (Alvarez et al., 2004) were obtained from Environmental 
Sampling Technologies (St. Joseph, MO, U.S.A.). Comp B, a common military explosive 
formulation that consists of 39.5% TNT, 59.5% RDX, and 1% paraffin wax binder by mass, were 
obtained from the Holston Army Ammunition Plant (Kingsport, TN, USA). Octahydro-1,3,5,7-
tetranitro-1,3,5,7-tetrazocine (HMX) is an impurity associated with the manufacture of the military-
grade RDX used in Comp B, and has been detected in water samples at ~ 10% by mass, of the RDX 
concentration in related studies (e.g., Rosen and Lotufo, 2010). Because of poor extraction efficiency 
from water using SPE and high quantitation limits of the GC technique (Belden et al., 2015), this 
compound was not measured in the present study. 

D.2.2  FLUME EVALUATION OF TNT AND RDX RELEASE FROM COMP B 

The release of MC from munitions was simulated in experiments conducted in a large flume 
(Figure D-1). Fragments of Comp B were used as the source of MC to the water column. Two 
separate experiments simulating the two scenarios (1 and 2) were performed using a surrogate 
munition (155-mm replica of rubber composition, acquired from Inert Products, LLC, Scranton, PA) 
that had been cut down the centerline longitudinally, resulting in two ½ munitions with a flat 
underside that when placed on the floor of the flume would simulate a buried munition with half of 
its cylindrical projectile surface protruding above the sediment (Figure D-1 and Figure D-
supplemental 1). For each ½ surrogate munition, a recessed hole was machined into it for Comp B 
placement.  

Scenario 1 represented the release of MC from fully exposed Comp B munitions fill simulating a 
LOD. MC release was determined for fully exposed Comp B, without dependence on a breach 
hole. The dissolution rates for TNT and RDX from a Comp B source matrix into water 
empirically determined by Lynch et al. (2002) were used. For Scenario 1, the 2-cm hole was 
machined to a depth of 0.5 cm from the upper cylindrical side of the ½ munition to provide a 
shallow recessed volume in which Comp B could be placed and fully exposed to the water 
column and flow velocity in the flume, thus representing a LOD (Figure D-1).  

Scenario 2 represented the release of MC from Comp B from a breached munitions for which a 
small hole simulated the breach hole through which Comp B could be released to the water 
column as a function of the parameters described by the MC release function (not computer code) 
developed and validated numerically and empirically by Wang et al. (2013; SERDP ER-1453), 
hereafter referred to as the Shell Model. The MC release is dependent upon breach hole size, 
cavity radius, flow velocity in the flume, mass of Comp B in the cavity, and dissolution rate of 
MC) (Figure D-supplemental 3). The Shell Model is not computer code, but provides a means 
whereby the release function can be calculated deterministically for scenarios in which these 
parameters are known (Wang et al., 2011; Wang et al., 2013). For Scenario 2, a 2-cm hole was 
machined from the flat side of the ½ munition to provide a recessed volume for Comp B, and 
then a small 1-cm diameter hole was drilled from the bottom of this 2-cm hole completely 
through the outer cylindrical surface of the ½ munition (Figure D-1). The Shell Model was used 
to provide an estimation of the mass of TNT and RDX released into the flume water from the 
surrogate munition under a prescribed flow velocity.  

A known amount of Comp B fragments served as the source of MC to the water column. For the 
Scenario 1 experiment, 13 g of Comp B fragments were fully exposed inside of a shallow cavity on 
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the upper side of a surrogate shell designed to simulate a partially buried munition (Figure D-1). For 
Scenario 2 experiment, 8 g of Comp B fragments were placed inside a cylindrical chamber and 
partially exposed to the overlying water through a 1-cm circular opening to simulate a small breach 
hole on a surrogate shell designed to simulate a partially buried munition (Figure D-1) for detection 
of MC in the flume volume.  

For both the Scenario 1 and Scenario 2 experiments, POCIS were placed in triplicate at six 
locations on one side of the flume (Figure D-2 and Figure D-supplemental 2). Four POCIS were 
located downstream from the Comp B source point (surrogate munition), and two upstream from it 
(Figure D-2). All samplers were oriented parallel to flow. In addition, three protective metal canisters 
(cages), with three POCIS per cage, were placed on the side of the flume opposite to the source point 
(surrogate munition containing Comp B fragments). The target flow velocity was 15 cm/s and the 
temperature was 25 °C. After all samplers were in place, the flume was filled with approximately 
61,000 L of dechlorinated and filtered tap water. Once the target temperature and flow velocity were 
achieved, the surrogate munition containing Comp B fragments was placed at the designated location 
(Figure D-2) oriented with nose pointed upstream into the flow direction (Figure D-1c). Flume water 
(1 L) was collected in duplicate after 0.3, 1.0, 2.3, 3.8, 5.8, 6.9, 8.2, 9.2, and 9.8 d after deployment 
of the source for the Scenario 1 experiment, and after 3, 5, 7, 9, and 13 days for the Scenario 2 
experiment. POCIS were removed from the partially drained flume at termination of the exposure 
period and stored on dry ice or frozen (-30 °C) until analysis. Exposure duration was approximately 
10 and 13 day for the Scenario 1 and 2 experiments, respectively, after deployment to Comp B under 
constant flow. Following drainage of the flume, Comp B fragments were removed from the surrogate 
munition, rinsed and placed into a petri dish, allowed to dry at room temperature for approximately 
one hour, and weighed to the nearest 0.001 g for the calculation of the mass lost to the flume water. 

Figure D-1. Half munition surrogate produced from intact full surrogate 155-mm replica loaded with 
Com B fragments as used in (a) Scenario 1 and (b) Scenario 2 (right) experiments; (c) partial view of 
the flume showing the surrogate munition containing Comp B fragments as used in Scenario 1 
experiment; the yellow arrow indicates the direction of flow.  
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Figure D-2. Schematic showing the locations of the placement of the source point (surrogate 
munition containing Comp B fragments) and groups of three POCIS mounted on custom-made 
bases. POCIS placed inside protective canisters were deployed in triplicate canisters in the opposite 
side of the flume.  

D.2.3 RELEASE SCENARIOS 

Scenario 1 represented the release of MC from fully exposed Comp B munitions fill simulating a 
LOD. MC release was determined for fully exposed Comp B, without dependence on a breach hole. 
The dissolution rates for TNT and RDX from a Comp B source matrix into saltwater empirically 
determined by Lynch et al. (2002) were used.  

Scenario 2 represented the release of MC from Comp B through a small hole, simulating a 
breached munition. The Shell Model (Wang et al., 2011) was used to provide an estimation of the 
mass of TNT and RDX that would be released from a small hole under a prescribed flume flow 
velocity to simulate a breached shell releasing MC into the water column.  

D.2.4 EXTRACTION OF WATER AND POCIS AND ANALYSIS BY GAS CHROMATOGRAPHY 
COUPLED WITH MASS SPECTROMETRY 

POCIS and in water samples were analyzed for RDX, TNT, and for the TNT degradation products 
2- and 4-aminodinitrotoluenes (2- and 4-ADNT). Water samples (1 L) were extracted by solid-phase 
extraction (SPE) on Oasis® HLB solid phase extraction (SPE) cartridges (6 ml/500 mg; Waters 
Corporation, Milford, NH), eluted with ethyl acetate, and brought to a final volume of 0.5 ml using 
procedures optimized by Belden et al. (2015).  

POCIS were disassembled and the sorbent was rinsed into empty SPE tubes. Sorbent from 
triplicate from each of the eight locations and from each of the three canisters were composited to 
maximize detection. MCs were eluted with ethyl acetate and brought to a final volume of 0.5 ml. 
Extracts were analyzed using an Agilent® 6850 GC coupled with a 5975C mass selective detector 
(MSD) using negative chemical ionization using 3 ion select ion monitoring for each analyte. Internal 
calibration was performed using 13C-TNT (Belden et al., 2015). The quantitation limits (QL) for 
RDX and TNT in grab samples were 7.6 and 6.9 ng/L, respectively, and their method detection limits 
(MDL) were 2.5 and 2.3 ng/L, respectively. For POCIS-derived water concentrations, the QL for 
RDX and TNT in grab samples were 24 and 25 ng/L, respectively, and their MDL were 18 and 8.4 
ng/L, respectively.  
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D.2.5 CALCULATION OF TIME-AVERAGED CONCENTRATION AND OTHER STATISTICS 

The POCIS-derived TWA water concentration was calculated using Equation (1) (Alvarez et al., 
2004): 

 𝐶𝐶𝑊𝑊 = 𝑁𝑁
𝑅𝑅𝑆𝑆𝑡𝑡

  (1) 

where, Cw is the TWA water concentration (ng/L), N is the mass of amount of the chemical 
accumulated by the sampler (ng), Rs is the sampling rate (L/day), and t is the exposure time (days). 
The sampling rate (Rs) derived for TNT and RDX for uncaged POCIS derived from a flume 
calibration experiment conducted using a flow rate of 15 cm/s (Lotufo et al., 2017) were used to 
derive Cw.  

The effect of protective canister on MC uptake was evaluated for each scenario using t-tests. Each 
analyte was analyzed independently. Unless otherwise noted, data are expressed as means ± standard 
deviations. All statistical calculations were performed using Sigma Stat (v.3.5, SYSTAT Software 
Inc, San Jose, CA) and significance was determined at α = 0.05.  

D.2.6 PREDICTION OF MC RELEASE USING SHELL MODEL 

The Shell Model Equation 1 describes the release function for a breach in a munition casing can be 
determined by the following five key parameters: (1) the breach hole size (radius of the hole), (2) the 
radius of the cavity formed due to loss of mass released from inside the shell, (3) the chemical 
property (dissolution rate) from solid to aqueous phases of the MC inside the shell casing), (4) the 
outside ambient current to which the casing hole is exposed, and (5) mass of MC remaining inside. 
For Scenario 1 (LOD), only parameters 3 (dissolution), 4 (ambient current), and 5 (mass remaining), 
need to be considered as an extreme case where a breach is infinite in size. F is the mass release rate 
function, which, as depicted in Equation 2, is a closed-form solution with the five variables, 
including hydrodynamic diffusivity coefficient (D), current (U), hole size (b), cavity radius (R) and 
dissolution speed of MC from solid to aqueous phase (m). The model parameter a, was defined as a 
geometry factor (Equation 8-1) in Wang et al., 2011) and is typically set to 1: 
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D.3 RESULTS AND DISCUSSION 

D.3.1 MC CONCENTRATIONS IN FLUME WATER OVER TIME 

The concentrations of RDX, TNT, and 2- and 4-ADNT resulting from dissolution into the flume 
water over time are shown in Figure D-1. For Scenario 1, the concentration of MC in flume water 
was within detectable range starting at 7 hours following deployment of the source. Between 2.3 days 
and the termination of the experiment, the concentration of RDX and TNT in the water increased 
linearly with time (Figure D-3). The maximum average concentration of TNT and RDX, 12.5 and 
17.8 µg/L, respectively, was measured at 6.9 days. Between 6.9 days and the last sampling point at 
9.8 days, the concentration of MC in the water remained relatively constant (Figure D-3). A similar 
linear increase followed by a plateau was observed when Comp B fragments (0.4 g) were placed on a 
sand substrate in 18 L of water in glass aquaria under static conditions (Rosen and Lotufo 2010). The 
ratio of explosive compound mass in the fragments and water volume in the flume would allow a 
maximum dissolved concentration of approximately 126 µg/L for RDX and 84 µg/L for TNT. 
However, maximum RDX and TNT concentrations in the flume water were lower than these highest 
attainable levels, consistent with the observation of low loss of Comp B mass at experiment 
termination (see below). The concentrations of 2- and 4-ADNT were below the method detection 
limit in all grab samples. 

For Scenario 2, the concentration of TNT and RDX increased linearly from the first sampling time 
(day 3) through the last (day 13) (Figure D-3). The maximum average concentration of TNT and 
RDX, 1.27 and 1.40 µg/L, respectively, was measured at day 13. The concentrations of 2- and 4-
ADNT were substantially lower than those for TNT, contributing to the sum concentration of TNT 
and ADNTs by ≤ 6%. Linear regressions describing the increase in concentration of TNT and RDX 
over time are presented in Table D-1.  

 
Figure D-3. Individual replicate concentration of RDX (blue) and TNT 
(red) in flume water (collected as grab samples) over time for the 
Scenario 1 (top) and Scenario 2 (bottom) experiments. Lines 
represent the prediction from linear regression. 
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Table D-1. Regression equations (and r2) for predicting TNT and RDX concentration (C, 
µg/L) in the flume water over time for Scenario 1 and Scenario 2 experiments. 

MC Scenario 1 Scenario 2 

RDX C = 1.8 * time (days) + 2.3 
(r2 = 0.76) 

C = 0.074 * time (days) + 0.47 
(r2 = 0.90) 

TNT C = 1.2 * time (days) + 2.5 
(r2 = 0.77) 

C = 0.094 * time (days) + 0.008 
(r2 = 0.99) 

 

D.3.2 INFLUENCE OF POSITION AND PROTECTIVE CANISTER 

For the Scenario 1 experiment, the uptake of RDX and TNT into POCIS was similar across 
locations in the flume, differing by less than 15% among each other, except for position 4, for which 
uptake for RDX and TNT were 0.75 and 0.61 that for position 1, respectively (Figure D-5). Position 
4 POCIS were situated downstream from the source, which could explain their lower rate of uptake. 
However, position 3 POCIS, situated on the immediate opposite side of the flume as position 4 
POCIS (Figure D-2), had similar uptake as position 1 POCIS. For Scenario 2, differences in uptake 
between positions were less than 30% for RDX, but higher differences were observed for TNT, 
notably between positions 1 and 2 and positions 5 and 6, with higher uptake in positions 2 and 6 
POCIS (Figure D-4), which were situated at left side of the flume relative to flow direction (Figure 
D-2).  



 

D-9 

 
Figure D-4. Comparison of the uptake of RDX (blue) and TNT (red) 
by POCIS placed at different locations in the flume for the Scenario 
1 (top) and Scenario 2 (bottom) experiments. All POCIS were 
oriented parallel to flow. To simplify comparisons, mass of MC per 
POCIS for location 1 was arbitrarily assigned the value of 1. Error 
bars represents standard 1 deviation based upon variability across 
experiments.  

When considering POCIS from positions 1 through 6 as replicates for the uncaged treatment, and 
POCIS in each of three cages as replicates for the caged treatment, uptake of RDX and TNT into 
uncaged POCIS and caged POCIS were not significantly different for both Scenarios 1 and 2 (p > 
0.2) (Figure D-5). This contrasts with the significant decrease in RDX and TNT uptake observed for 
caged POCIS at 15 cm/s in the spiked MC flume experiment (Lotufo et al., 2017).  
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Figure D-5. Comparison of MC uptake in uncaged and caged POCIS 
for exposure Scenarios 1 (top) and 2 (bottom). Error bars represents 
1 standard deviation. 

D.3.3 COMPARISON OF GRAB SAMPLING AND POCIS FOR DETERMINING TIME-WEIGHTED 
AVERAGE CONCENTRATIONS  

For grab samples, time-weighted average (TWA) concentrations of RDX and TNT in the flume 
water were calculated using linear regressions presented in Figure D-4 and Table D-1 as the area 
under the curve divided by the experiment duration. For Scenario 2, RDX and TNT concentrations 
between deployment of the source and day 3 were considered zero. For POCIS, TWA concentrations 
were determined using Equation 1. For TNT, the POCIS estimated TWA concentrations 1.19 and 
1.44 time higher than those derived from grab samples for Scenario 1 and 2, respectively (Figure D-
7). For RDX, POCIS estimated TWA concentrations were 6% or less higher than those derived from 
grab samples for Scenario 1 and 2, respectively (Figure D-7). The overall good agreement in 
estimating water concentration from POCIS and with measured concentrations in water samples was 
also previously reported from experiments where Comp B was deployed as an open source or 
encased with only a 0.125-inch hole allowing diffusion (Belden et al., 2015), further confirming the 
expected accuracy of using POCIS for determining TWA concentrations of MC released to the 
surrounding water from UWMM. Results from the present study corroborate those from previous 
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investigations (Terzopoulou and Voutsa 2016; Poulier et al., 2015; Coes et al., 2014) that 
demonstrated that POCIS provide reliable temporal integration of changing environmental 
concentrations that would require frequent grab sampling events potentially requiring large volumes 
of water to obtain comparable temporal integration. In addition, POCIS and POCIS-style samplers 
sequester residues from episodic events that may not always be detected with grab sampling 
(Morrison and Belden 2016; Bueno et al., 2016). 

 
Figure D-6. Comparison of time-weighted average (TWA) 
concentrations of RDX and TNT in the flume water calculated 
using Scenarios 1 (top) and 2 (bottom). Error bars represents  
1 standard deviation. For grab samples, TWA concentrations 
were calculated as the area under the curve divided by the 
experiment duration using linear regressions in Table D-1, hence 
no error bars. 

D.3.4 MC RELEASE  

The mass of RDX and time in the flume water at any given time estimated using measured 
concentration in grab water is presented in Figure D-7. For Scenario 1, a linear increase in mass 
occurred for RDX and TNT between days 3 and 8, with the mass remaining relatively constant 
between days 8 and 10 (experiment termination). For Scenario 2, a linear increase in mass occurred 
for RDX and TNT between days 3 and 13 (experiment termination). The mass of RDX and TNT and 
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their combined mass in the flume water was calculated using average concentrations measured at day 
8 for Scenario 1 and at day 13 for Scenario 2 (Table D-2). The mass of RDX and TNT corresponded 
to 59 and 41% of the total mass in the water, respectively, for Scenario 1, and 52 and 48% for 
Scenario 2. The fraction of the total mass in the flume water attributed to RDX corresponded to the 
fraction of RDX in Comp B for Scenario 1, but was lower than the mass fraction of RDX in Comp B 
for Scenario 2. Higher fraction of TNT in the flume water was expected considering that the reported 
dissolution rates of TNT from Comp B was fivefold higher than that of RDX (Lynch, Brannon, and 
Delfino, 2002). RDX and TNT in Comp B do not dissolve independently, as RDX, which 
independently dissolves at a relatively much lower rate than TNT, controls the dissolution of the 
fragment as a whole by limiting the exposed area of TNT (Lever et al., 2005).  

The sum mass of RDX and TNT released to the water column from Comp B was also estimated 
based on the difference in Comp B mass between deployment and recovery (Table D-2). The sum 
mass of RDX and TNT in the flume water estimated using measured concentration was 80% of the 
mass estimated from Comp B mass loss, suggesting that losses following dissolution were small. 
Based on actual mass loss, the relative mass of Comp B released to the flume water during the 
deployment period was much higher for Scenario 1 (16.5%) than for Scenario 2 (2.0%). The percent 
loss of Comp B mass during aquaria experiments (Rosen and Lotufo, 2010) where fragments were 
exposed to water were similar to that observed for Scenario 1. Similarly, the loss reported by Rosen 
and Lotufo (2010) for buried fragments was similar to that observed for Scenario 2, with sediment 
and hole size reducing exposure to the overlying water, respectively. 

 
Figure D-7. Mass of RDX (blue) and TNT (red) in flume water over 
time for the Scenario 1 (top) and Scenario 2 (bottom) experiments 
estimated using individual replicate concentrations in grab 
samples. Lines represent the prediction from linear regression. 
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Table D-2. Estimated mass of RDX and TNT (and their sum) released to the 
flume water during Scenario 1 and Scenario 2 experiments. Estimates were 
based on measured concentration in the water or on actual mass loss of 
Comp B. 

Estimated mass released (mg) 

Scenario 1 Scenario 2 

RDX TNT Total RDX TNT Total 

Based on concentration in the water 

1016 708 1724 85 77 163 

Based on Comp B mass loss 

NA NA 2150 NA NA 160 

 

D.3.5 SHELL MODEL PREDICTION OF MC CONCENTRATION IN THE WATER  

Scenario 1 represents a low order detonation or situation in which munition/MC fill is fully 
exposed to water. For this scenario, the MC release is equivalent to the munition breach hole being 
infinite in size, and the Shell Model MC release function is thus equal to the dissolution rate, which 
was described above.  

For Scenario 2, the Shell Model MC release function (Equation 2 ) was used to ascertain what 
combination of breach hole size (radius) and internal cavity radius (simulating already dissolved MC) 
would provide a measurable concentration of TNT in the fixed flume volume, with remaining 
functional parameters dictated by the test conditions in the flume during MC release. All results for 
Scenario 2 are based on known values for functional parameters, thus the Shell Model release 
function was used as a spreadsheet model in a deterministic manner, vice probabilistically using 
distributions for functional parameters. The results of TNT release calculations are shown below in 
Table D-3 for various breach sizes (Scenarios 2a-g), showing the behavior as a function of increasing 
the breach size from sub-µm to the size of the cavity.  

Table D-3. Shell Model TNT release function results for various breach sizes for the surrogate 
munition shown in Figure D-2 for Scenario 2 flume conditions. 
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Subsequent calculations are shown in Table D-4 for estimating the daily MC increase over the 
course of the Scenario 2 flume experiment using the experimental breach/cavity combination 
(Scenario 2f, orange) described in section 2.2 above. The daily concentration increase was used to 
estimate the expected concentration throughout the course of the flume experiment, at approximate 
concentrations of TNT that were reasonably high enough to detect analytically, thus providing a 
degree of confidence that the experimental breach hole size was sufficiently large for observable 
release into the flume volume.  

Table D-4. Calculations of daily TNT increase in the flume for the surrogate munition described in 
Table D-3 for Scenario 2 flume conditions. 

 
 

Finally, a comparison of predicted TNT concentration by the Shell Model release function to the 
measured total TNT compounds (TNT + 2-ADNT + 4-ADNT) concentration in the flume for 
Scenario 2f is shown in Figure D-8. Not only was the predicted TNT release within the same order of 
magnitude, but also showed good agreement, with only an approximate threefold to fourfold 
difference observed over the course of the 13-day experiment. It is clear that there are other factors, 
perhaps related to the surface area of the Comp B source used in the experiment, contributing to the 
experimental release that the model does not capture adequately, but fortunately the predicted values 
are slightly over-predicted, i.e., conservative compared to experimental.  

 
Figure D-8. Comparison of measured TNT concentration vs. predicted TNT concentration using the 
Shell Model release function under flume conditions for Scenario 2f, which is a three to four time 
difference. 
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SUPPLEMENTAL FIGURES 

 
Figure D-supplemental 1. One-half of munition surrogate 
produced from intact 155-mm replica. 

(a) (b) (c) 

 
Figure D-supplemental 2. From left to right: (a) partial view of 113,000-L flume, (b) POCIS at one 
location in the flume, (c) POCIS deployed inside protective canisters. 
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Figure D-supplemental 3. Conceptual model for MC release from a breached shell with 
a hole (from Wang et al., 2013). 
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APPENDIX E 
ADDITIONAL ANALYTICAL METHOD AND  

QUALITY CONTROL DETAIL 

E.1.1 ANALYSIS OF MUNITIONS CONSTITUENTS FROM POCIS, WATER, TISSUE, AND 
SEDIMENTS 

E.1.1.1  Solvent Elution of POCIS  

Following deployment and freezing upon receipt at the analytical laboratory, POCIS assemblies 
were thawed, disassembled, and HLB resin carefully rinsed into an empty SPE cartridge containing a 
filtration frit using water. Vacuum was applied to drain all water from the cartridge using a vacuum 
manifold. A glass test tube was then placed under each cartridge in the vacuum manifold and 15-ml 
of ethyl acetate was slowly eluted through the HLB resin into the test tube carrying the analytes. The 
resulting extract was evaporated to 0.5 ml under a gentle stream of nitrogen gas at 30 °C. Final 
extracts were maintained at -30 °C until analysis. To test for extraction efficiency, across the course 
of the studies 12 replicate HLB samples were spiked with 1000 ng of each analyte. Average 
recoveries for each analyte were 92–120% and RSDs ranged from 4–12%. Laboratory blanks, which 
consist of only reagents, and trip blanks consisting of POCIS that were not deployed but were 
handled in the field, were also analyzed (n = 10) and no analytes were above quantitation limits.  

E.1.1.2 SPE Extraction of water  

SPE cartridges (Oasis® HLB cartridges 6 ml/500 mg; Waters Corporation, Milford, NH, USA.) 
were conditioned by passing 2-ml ethyl acetate, followed by 2-ml methanol, and 10-ml reagent grade 
water. Collected grab water samples, 1000 ml, were loaded onto a cartridge and passed at a rate of 
10–15 ml/min. After the entire sample had passed through the cartridge, air was allowed to pass 
through for 10 min to dry the cartridge. Cartridges were immediately frozen until shipment and until 
further analysis could occur. Next, thawed cartridges were centrifuged to remove remaining water, 
and analytes eluted from the SPE using 10-ml ethyl acetate. The solvent extract was evaporated to 
0.5 ml under a gentle stream of nitrogen at 30 °C. Final extracts were frozen until analysis. Several 
accuracy and precision studies conducted with a total of 16 spiked water samples were used to 
measure mean extraction efficiency ± standard deviation. Average recovery for analytes ranged from 
79–101 with RSD ranging from 4.4–20%. Laboratory blanks and trip blanks were also analyzed (n = 
10) and no analytes were detected above quantitation limits.  

E.1.1.3 Sediment Extraction 

Sediment samples (5 g) from Vieques were extracted three times with 20 ml of acetonitrile using 
robust vortexing for 2 min and 5 min in a sonicating bath. The combined extract was reduced to a 
final volume of 1 ml for analysis by GC/MS. Average recoveries for spiked sand for each analyte 
were 73–87% and RSDs ranged from 1.8–4% (n = 4). Laboratory blanks, which consist of only 
reagents were also analyzed (n = 2) and no analytes were above quantitation limits.  
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E.1.1.4 Tissue Extraction 

Tissues from the Gulf Breeze positive control field study were extracted using QuEChERS as 
described by Anastassiades (2003) for pesticides, and optimized for TNT, ADNT, and RDX in Dr. 
Belden’s laboratory as a complementary effort conducted in parallel with the NESDI work (Project 
#465). The QuEChERS technique involves extraction by acetonitrile followed by cleanup to remove 
lipids. The initial extraction used was identical to EPA 8330. Sample cleanup was conducted using 
QuEChERS dispersive kits (Step 2, Aginlent Technologies). Average recoveries for spiked tissue for 
each analyte were 70–100% and RSDs ranged from 5–12% (n = 4). Laboratory blanks, which 
consisted of clean oyster tissue were also analyzed (n = 2) and no analytes were above quantitation 
limits.  

E.1.1.5 Analysis by GC-MS 

Extracts were analyzed by gas chromatography coupled with mass spectrometry (GC/MS) using 
GC methods described and optimized by Zhang et al. (2007) and EPA Method 8095 (USEPA, 2007). 
All extracts were analyzed using an Agilent® 6850 GC coupled with a 5975C MSD detector using 
negative chemical electron ionization (NCI). The GC inlet was 190 °C with ultra-inert liners 
(Agilent, Palo Alto, CA), injection volume was 2 µl, and the column was a HP-5MS, 15 m long, 0.25 
mm diameter, and 0.25 µm film thickness using a carrier of 1.2 ml/minute helium. The MS was set to 
have a 150 °C MS quad and a 230 °C MS source. Internal calibration was performed using 13C-
labelled TNT as the internal standard.   

Calibration curves included five calibration levels and were based on select ion monitoring for 
each analyte using 3-ions. Instrument quantitation limits were set at 3x the method detection limit 
calculated based on variability found in seven replicate low level spikes using SPE extracts as 
background (MDL=student T(n-1, 0.99) X SD). Due to sample enrichment, quantitation limits are much 
lower for SPE and POCIS samples and lower for oyster and sediment samples. 

Calibration of the GC/MS was performed prior to each run and checked every 10 samples. 
Precision and accuracy of all laboratory analytical data were monitored throughout the analytical 
process. Instrument precision and accuracy was assured by conducting initial calibration curves (r2 > 
0.98), and continuing calibration verification at a frequency of 10%. Continuing calibration did not 
exceed 20% of expected value prior and post the sample run for data to be valid. Calibration and 
maintenance of the MS is conducted prior to every analytical run including checking the accuracy of 
the tune and checking for leaks. 

E.1.1.6 Picric Acid by HPLC 

Picric acid analysis was conducted by a HPLC-UV analysis (modified EPA 8330b) as described by 
Thorne and Jenkins (1995). POCIS extracts were diluted 1:1 with mobile phase (60:40 (v/v) aqueous 
buffer:methanol. The buffer was 0.05 M KH2P04 adjusted to pH 3.5 with acetic acid). Analysis was 
conducted by UV at 365 nm for picrate.  
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APPENDIX F 
PERMITS AND SENSITIVE SPECIES CONSIDERATIONS 
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APPENDIX G 
PHOTO-DOCUMENTATION OF POCIS AT VIEQUES 
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APPENDIX H 
TECHNOLOGY USER’S MANUAL 
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