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Jacobs2, C. Ricardo Viteri3, Elham Shirazi1, and Kelly G. Pennell1,*

1University of Kentucky, Department of Civil Engineering, Lexington, KY 40506

2Clearwater Group, 229 Tewksbury Avenue, Point Richmond, CA 94801

3Entanglement Technologies, 42 Adrian Court, Burlingame, CA 94010

Abstract

Sewer systems have been recently recognized as potentially important exposure pathways to 

consider during vapor intrusion assessments; however, this pathway has not been well-

characterized and there is need for additional information about the occurrence of volatile organic 

compounds (VOCs) in sewer systems. This paper reports the results of sewer gas sampling 

conducted in a sanitary sewer over the years of 2014–2017. Sewer gas samples were collected and 

analyzed using several different techniques, including TO-15 (grab), TO-17 (passive), Radiello® 

(passive) and a novel continuous monitoring technique, the Autonomous Rugged Optical Multigas 

Analyzer (AROMA). The applicability of each of the different approaches used in this study is 

discussed in the context of investigating sanitary sewers as a vapor intrusion alternative pathway. 

The data confirmed that trichloroethylene (TCE) concentrations in sewer gas were detected 

adjacent to and extending hundreds of feet away from a previously defined vapor intrusion area, 

where TCE was a primary contaminant. TCE concentrations detected in sewer gas ranged from 

non-detect to 1600 µg/m3. Temporal variability was observed in TCE concentrations over 

timescales that ranged from minutes to months to years at discrete sampling locations. Spatial 

variability in sewer gas concentrations was also observed throughout the study area. Temporal and 

spatial variability may be caused by groundwater contamination sources in the study area, as well 

as sewer gas transport mechanisms.
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1. Introduction

Commonly, vapor intrusion (VI) has been conceptualized as the entry of volatile organic 

compound (VOC) vapors into overlying buildings through cracks in foundations and 

basements; however, alternative entry pathways, such as piping systems connected to 

sewers, are being increasingly identified as important pathways for VI (e.g. Riis et al., 2010; 

Pennell et al., 2013; Guo et al., 2015; EPA, 2015a; Jacobs et al., 2015; McHugh et al., 

2017) . VOC transfer into sewer systems can be either intermittent or continuous. VOCs 

present in soil vapors or groundwater can infiltrate sewer systems through cracks and other 

openings. In addition, VOCs can be discharged directly to sewers from a variety of sources, 

such as groundwater remediation system effluents and other legal (or even illegal) discharge 

sources.

Once VOCs have entered sanitary sewer systems, there are many pathways by which they 

can unintentionally enter back into the environment. VOCs in sewers can exit through cracks 

in sewer pipes and contaminate subsurface soil and groundwater. VOCs can also be 

transported through sanitary sewer systems and vapors can migrate through indoor plumbing 

systems that are not properly maintained and sealed, as documented by Riis et al. (2010), 

Pennell et al. (2013) and McHugh et al. (2017).

Theoretically, in buildings with perfectly installed and maintained plumbing systems, the 

sewer gas to indoor air pathway would not be complete. Nevertheless, imperfections in 

plumbing systems could lead to VOC entry into indoor air spaces. Ultimately, exposure risks 

from this pathway would depend on many factors—importantly, building air exchange rates 

and the rate of sewer gas entry into indoor air spaces. Understanding inhalation exposure 

risks due to VOC vapors entering indoor air spaces through sanitary and other plumbing 

systems at VI sites is a growing interest (EPA 2015a). Beyond the United States, the 

Denmark has identified sewer systems as an important alternative VI exposure pathway at 

more than 20% of contaminated drycleaner sites in the Central Denmark Region (Nielsen 

and Hvidberg, 2017).
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VI alternative pathways are important to the national issue of aging infrastructure. In 2017, 

the American Society of Civil Engineers (ASCE) issued an infrastructure report card for the 

United States (US), assigning a D+ grade for wastewater in part due to many of the 

challenges aging sewer lines pose for modern cities (ASCE, 2017). Over 800,000 miles of 

sewer mains exist in the US, with an additional 500,000 miles of sewer laterals (i.e. pipes 

that connect buildings to the mains). The sanitary sewer pipe system investigated in this 

research study serves a neighborhood in the South San Francisco Bay area and is an example 

of the aging infrastructure issue. The sanitary sewer system is constructed of vitrified clay 

pipe (VCP), which is known to crack and leak over time, and was installed in the 1950s 

(with upgrades in the 1960s). The sewer system historically received concentrated hazardous 

chemicals discharged as part of the semiconductor and electronics manufacturing industry.

Extensive groundwater contamination exists near the study area, including a large TCE 

groundwater plume (>5 µg/L) (EPA, 1989; EPA, 2010). A portion (see pink shading) of the 

1.5-mile (north-south) chlorinated solvent groundwater plume is shown on Fig. 1a. In the 

mid-2000s, subsurface contamination was discovered outside the well-delineated TCE 

groundwater plume; and, the historic release of TCE to the sewer system was identified as 

by EPA as the source of TCE “hot spots” throughout the neighborhood to the west (CPEO, 

2013; CPEO, 2014; EPA 2015b; Bureau Veritas, 2013; Cornerstone Earth Group, 2017). As 

shown on Fig. 1a, the Environmental Protection Agency’s (EPA) VI study area was 

expanded beyond the extent of the TCE groundwater plume to include the portion of the 

neighborhood where TCE “hot spots” had been identified (EPA, 2015b). This research study 

included sampling in the residential area within the expanded VI study area (see blue 

shading).

Fig. 1a and Fig. 1b provide a preliminary site conceptual model for TCE contaminated 

groundwater infiltrating into the sewer system. Fig. 1b shows, conceptually, a range of 

historic groundwater fluctuations relative to the sewers along Street A and Street B. While 

VOC vapors in soil gas can potentially enter the sewer through diffusive and/or convective 

transport, groundwater entry is assumed to be a more significant source of VOCs in the 

sewer system. Once groundwater enters the sewer system, VOC vapors can be transported 

by convective and diffusive processes within the sewer system. Sewer gas can leave through 

sewer ventilation processes, which act to dilute the VOC concentrations in the sewer gas. As 

shown on Fig. 1b, Street B has more potential for groundwater infiltration than Street A 

based on groundwater and sewer main elevations; however, it is important to note that the 

groundwater near MH-12, MH-13, MH-14, and MH-15 also likely intersects the sewer 

system, which has important implications for this site.

Through the Freedom of Information Act (FOIA), EPA recently made sewer videos publicly 

available. These videos indicate multiple cracks exist throughout the sewer system and 

infiltration/exfiltration is possible into/from the sewer system (FOIA, 2017). Importantly, 

cracks exist west of MH-21 within the TCE plume, as shown on Fig. 1a. These cracks allow 

contamination to leak into and out of the sewer system. Videos also confirm groundwater 

infiltration east and west of MH-15 near an identified TCE groundwater “hot spot.” Cracks 

were also observed in other locations throughout the sewer system, but for simplification 

purposes are not explicitly shown on Fig. 1a.
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This research study developed the preliminary conceptual model shown in Fig. 1a and 1b to 

evaluate VOC concentrations in the sanitary sewer system collected using different methods 

for sewer gas sampling (e.g. passive, grab and continuous). In addition, this study 

specifically addresses the lack of information about how often alternative VI pathways exist, 

and provides one of the few attempts to document the occurrence and variability of VOCs in 

sanitary sewer gas. The data herein also provides critical information about temporal and 

spatial variability of sewer gas concentrations. This information is needed to ultimately 

inform about developing appropriate sampling strategies, which are still emerging.

2. Methods and materials

2.1 Field sampling manholes and cleanouts

A total of nineteen (19) manholes and twenty (20) cleanouts were sampled as part of this 

study. Cleanouts were located along sewer laterals and manholes were located in the street 

along sewer mains (Fig. 2). Passive, grab and continuous sampling methods were utilized at 

both cleanouts and manholes. Manhole covers were left in place throughout all sampling 

activities. The vent holes in the manhole covers (approximately 1 inch in diameter) served as 

access points for sampling and data collection.

In general, passive and grab samples were collected at shallow depths (point A) in the 

manhole (Fig. 3) for this research study (2014–2017). In 2016 and 2017, additional depths at 

MH-15, MH-17 and MH-18 were investigated (points B and C) and passive samplers were 

nested, as shown. Most of the continuous monitoring data (AROMA sensor) were collected 

at the deep location (point C). Exact depths and details are given in the “Results and 

Discussion” section.

Several different sampling approaches were required for cleanouts due to variability in size 

and pipe condition. Cleanout covers were inconsistent and, in some cases, non-existent. For 

grab sampling, it was difficult to obtain an airtight seal for some of the cleanouts. Therefore, 

in select cases the data may be subject to negative bias due to atmospheric dilution. For 

passive sampling, most cleanout covers were replaced with expandable well caps and 

passive sampler tubes were connected to the well caps with approximately 6 inches of wire 

during the sampling event. The expandable well caps provided an airtight seal on these 

cleanouts. In other cases, when expandable well caps could not be tightly fitted to the 

cleanout pipe, openings in cleanout pipes were covered; however, airtight seals on non-round 

pipe were not possible.

2.2 Passive sampling

Passive sewer gas sampling methods utilize adsorbent samplers to capture organic 

compounds from air without forcing the flow rate of gas. Two types of passive samplers 

were utilized in this study: stainless steel tubes packed with Carbopack X (TO-17) analyzed 

by Beacon Environmental Services, Inc. (Beacon); and Radiello® samplers, analyzed by 

EPA Region 9 Lab.

2.2.1. Carbopack X (TO-17)—Thermally-conditioned, stainless steel tubes packed with 

Carbopack X adsorbent material, provided by Beacon, were suspended in the targeted 
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manholes and cleanouts using wire. Following sewer air exposure, these adsorbent tubes 

were sealed and returned to Beacon’s lab for analysis by Method TO-17. Thermal 

desorption-gas chromatography/mass spectrometry (TD-GC/MS) instrumentation targeted a 

custom set of chlorinated compounds. ISO 16017-2 procedure was used to convert the 

adsorbed mass on each sampler to a gas concentration.

These passive samplers (TO-17) were deployed for different durations. During the 2015 

sampling event, they were installed at all sampling locations for a period of seven days. 

During the 2016 event, passive samplers were installed in MH-17 and MH-18 for 12 hours 

and 24 hours. Sample depths ranged from 1–3 ft below the manhole lid for most sampling 

locations, except when explicitly noted in the text. Background samples of atmospheric air 

were also collected during each event at various locations throughout the study area. 

Analyzed results of the atmospheric air samples were below detection limits for all events.

2.2.2. Radiello® samplers—Radiello® 130 samplers, which contain stainless steel net 

cylinders packed with activated charcoal, were deployed in MH-15 and MH-17 using wire 

during the 2016 and 2017 sampling events for several days. EPA Region 9 Laboratory in 

Richmond, California conducted analyses of selected VOCs by GC/MS. Analyses were 

compliant with the laboratory’s standard operating procedures that define requirements for 

calibration and acceptable results for QC parameters.

2.3 Grab samples (TO-15)

Sewer air grab samples were collected inside selected manholes and cleanouts for a 

sampling time of approximately <5 minutes. Manhole samples were collected at a depth of 

approximately 3 ft below the manhole lid. Sample depths from cleanouts varied depending 

on cleanout geometry. Samples were collected using 1/4” o.d. Teflon tubing. Sample 

collection by evacuated stainless steel canisters (1L and 400mL) was controlled by flow 

restrictors. Before field sampling, canisters were certified “clean” and flow controllers were 

verified by the laboratory.

Samples were analyzed by different labs for each of the distinct sampling events. Samples 

from the January and July 2014 and the 2015–2017 events were analyzed using Method 

TO-15 by EPA Region 9 Laboratory in Richmond, California. Samples from the February 

and March 2014 events were analyzed using Method TO-15 by Eurofins Air Toxics, Folsom, 

California. Prior to sampling, all canisters were certified “clean” and flow controllers were 

verified by the laboratory. All data from canisters are from canisters with acceptable 

vacuums upon receipt at the laboratory. Analyses were compliant with each laboratory’s 

standard operating procedures that define requirements for calibration and acceptable results 

for QC parameters.

2.4 AROMA Continuous Gas Monitor

To assess temporal variability, sewer gas samples were collected at MH-17 and MH-18 by 

AROMA. AROMA is a direct sampling vapor analyzer that determines analyte 

concentrations through a combination of Cavity Ring-Down Spectroscopy and a surface 

interaction-based chemical separation. Sewer vapor samples were automatically drawn into 
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the instrument using onboard mass flow control. Sampling protocol was based on recently 

established sewer sampling methodology (McHugh et al., 2017). Sample inlet tubing 

consisted of 12 ft of 3 mm Nylaflow® tubing extended with 10 ft of 1/8” PTFE tubing with 

a total sample train volume of approximately 15 cm3. For each measurement, a purge 

volume of 100 cm3 (at standard conditions for temperature and pressure (STP), defined as 

0°C and 1 atm) was extracted prior to sampling. A sample volume of 200 cm3 (STP) was 

drawn into the instrument over a 1-minute sampling time for analysis. For all measurements 

(excepting vertical profile measurements) the sample inlet was maintained at approximately 

1 ft above the floor of the manhole shaft. Sample analysis was performed immediately after 

sampling and results were automatically logged. Analyses were completed using 

Entanglement Technologies’ standard operating procedures, and daily calibration check 

values (CCVs) were recorded. Total sampling plus analysis time was approximately 15 

minutes. In the 200 cm3 (STP) sample configuration, the TCE limit of detection of the 

AROMA instrument was 1.5 µg/m3.

2.5. Sewer liquid analysis

Sewer liquid was collected from MH-17 and MH-18 during the 2016 sampling event 

(September 28, 2016). The depth to sewer liquid from ground surface was measured 

immediately prior to sampling. All measurements were collected through the manhole vents, 

so the manhole covers could be left in place during all sampling activities. The height of the 

sewer liquid (above the bottom of sewer pipe) fluctuated between 0.65 ft (measured at 8:44 

am) and 0.38 ft (measured at 10:36 pm). Sewer liquid samples were collected with 

disposable bailers through sewer vent holes. Samples were transferred to 40 mL Volatile 

Organic Analysis (VOA) vials and delivered on ice to EPA Region 9 Laboratory, Richmond, 

California for analysis of select VOCs (TCE, PCE, chloroform, cis-1,2-dichloroethylene) 

using EPA Method 524.2. VOA vials were pre-conditioned to maintain a pH below 2 

(pursuant to EPA, 1995).

2.6. Other site sampling

A photoionization detector (PID) (MiniRAE 3000) was used as a portable VOC monitor to 

screen locations with high total VOC concentrations. This PID has a detection range 

between 0.1 and 15,000 ppm and detects VOCs within three seconds. A Trimble 

GeoExplorer® 3000 series was used to record GPS information of all sampled manholes and 

cleanouts.

3. Results and discussion

Sewer gas samples were collected from the sanitary sewer located to the west of a well-

defined TCE groundwater plume and the 2012 VI Study Area shown on Fig. 1a. Section 3.1 

summarizes the results from 2014 sampling efforts (TO-15) that show temporal variation on 

a monthly (and biweekly) basis. Follow-up sampling in 2015 compared TO-17 passive 

sampling with TO-15 grab sampling (Section 3.2). These results, which are consistent with 

the data from 2014, confirm spatial variability in sewer gas concentrations (particularly 

TCE) throughout the sewer system, regardless of sampling method (grab vs. passive). 

Continuous monitoring using the AROMA sensor, combined with passive sampling, showed 
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AROMA results suggest relatively high temporal variability of sewer gas TCE 

concentrations in both manholes. Higher TCE concentrations were observed during noon 

and afternoon sampling events compared to early morning. For MH-17, TCE concentrations 

fluctuated between 138 µg/m3 and 684 µg/m3, with an average of 394 µg/m3. For MH-18, 

TCE concentrations fluctuated between 165 µg/m3 and 624 µg/m3, with an average of 462 

µg/m3. In addition, some significant variations occurred over short timescales; for example, 

the TCE vapor concentration more than doubled in the 15 minutes between AROMA 

samples at MH-17 during the noon sampling event. Overall, MH-17 (located outside of the 

2012 VI Study Area) appeared to exhibit greater temporal variation than MH-18 (located 

inside the 2012 VI Study Area). Sewer videos indicate cracks upstream of both manholes 

(FOIA, 2017); however, it is not known whether infiltration was occurring during the time of 

this field study.

For the TO-17 results, TCE concentrations were higher in the day time than night time in 

both manholes. The night time TCE concentration was approximately 60% of the day time 

concentration for both manholes. The entire day sample for MH-17 was approximately 90% 

of the day time sample, whereas the entire day sample for MH-18 was approximately 80% 

of the day time sample. The TCE concentrations detected by AROMA and TO-17 highlight 

that even on a short-term (hourly to daily) basis, MH-17 and MH-18 exhibit variations in 

TCE sewer gas concentrations.

TCE concentrations in sewer liquid also exhibited temporal variations, as shown on Fig. 7a 

and Fig. 7b and summarized in Table 1. During the 2016 sampling event, sewer liquid 

samples were collected periodically during the 24 hour sampling period in MH-17 and 

MH-18. For comparison purposes, 2014 sewer liquid data is shown in Table 1 for manholes 

MH-20 and 21. Although MH-20 and MH-21 were not sampled as part of this research 

study, they are located to the east of MH-17 and MH-18, within the 2012 VI Study Area. 

Sewer videos indicate groundwater infiltration into the sewer may be occurring near those 

locations (FOIA, 2017). The sewer liquid data for these manholes (in 2014) show that 

fluctuations in concentrations varied based on sampling date and time (see Table 1). As 

shown on Fig. 1a, these manholes are important in terms of the conceptual model for the 

site.

Sewer headspace TCE concentrations were calculated assuming that liquid- and gas-phase 

concentrations are in static equilibrium. At equilibrium, the gas-phase VOC concentration, 

Cg, is given by the following equation:

(1)

Cl is the sewer liquid VOC concentration, and Hc is the dimensionless Henry’s Law constant 

that varies with temperature. Wastewater temperatures normally range between 10°C and 

20°C (WEF, 2007). C_g values reported on Fig. 7b were determined using H_c at 20°C; 

however, it is worth noting that at 10°C, H_c is approximately 60% of the H_c value at 

20°C.
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In addition to sewer liquid VOC concentrations, sewer gas VOC concentrations are also a 

function of several other factors (Corsi and Birkett, 1995; Olson et al., 1998). Groundwater 

VOC concentrations, groundwater depth, sewer liquid temperature, soil properties, and 

slopes and elevations of sewer lines could influence liquid- and gas-phase VOC 

concentrations within the sewer system. Turbulence induced by a drop structure within a 

manhole can increase VOC stripping to the gas phase; however this alone does not appear to 

provide an explanation for the variability observed in the TCE sewer gas concentrations at 

the site. Sewer video logs can record this potential turbulence inside the sewer line. Sewer 

headspace velocity can have an important effect on VOC concentrations in the headspace 

and also on the VOC evaporation rates from sewer liquid to the gas phase. Several 

parameters control sewer headspace velocity, including sewer liquid flow rate, ambient air 

temperature and wind speed, and humidity and pressure gradient inside the sewer system. 

These considerations are outside the scope of this current research study; however, they are 

important in highlighting that sewer gas transport is a convective and diffusive process. 

Ongoing and future research related to these topics would be useful in better understanding 

which factors influence spatial and temporal variations of VOC concentrations in sewer gas.

The data collected from the AROMA sensor show temporal variability through the day time 

sampling period. No AROMA night time samples were collected. The passive samplers 

show day time concentrations were higher than night time concentrations. Together, these 

results indicate that the time of sample collection on any given day could influence the TCE 

concentration detected. Sewer liquid concentrations also showed fluctuations, which did not 

precisely map to the TCE concentration fluctuations measured in the associated sewer gas.

3.4. Implications for sample depth and temporal evaluation of results from 2014–2017

Beginning in 2014, most of the sewer gas samples included in this research study were 

collected at shallow depths (≤3 ft bgs). In general, it is useful for the sampling depth to be 

consistent throughout the sampling study for comparison purposes. While higher sewer gas 

concentrations are intuitively expected near the liquid-gas interface, it is of interest how 

various sample depths compare. To investigate the effect of sample depth, the results of 

sewer gas samples collected at different depths are summarized below. Fig. 8, Fig. 9 and Fig. 

10 compare sampling depths and sewer gas concentrations for MH-15, MH-17 and MH-18, 

respectively. In addition, the data are combined with the data collected during all sampling 

events from 2014 through 2017. The data are shown on log scales so that the spread in the 

data can be shown across several orders of magnitude.

3.4.1 Manhole MH-15—Fig. 8 illustrates that regardless of depth or sampling type, TCE 

concentrations detected in MH-15 during 2016 sampling events were 1–2 orders of 

magnitude higher than detected in 2015 and 2017. MH-15 is located a considerable distance 

from the 2012 VI Study Area known (Fig. 1a). During the 2015 sampling, MH-15 (Fig. 5b 

and Fig. 8) showed elevated TCE sewer gas concentrations detected by TO-17. Ongoing 

subsurface investigations in the vicinity of this manhole confirm elevated TCE groundwater 

concentrations in its vicinity (Compliance and Closure, 2013; Stratus Environmental, 2010; 

Bureau Veritas, 2013; Cornerstone Earth Group, 2017). Groundwater infiltration into the 
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sewer system can be intermittent and is a complicating factor when interpreting TCE sewer 

gas concentrations in this manhole.

Over the duration of this study, the TCE concentration detected in sewer gas in MH-15 

fluctuated considerably. In August 2015, the TCE concentration detected by TO-15 was 20 

µg/m3. And, during the same sampling event, TO-17 (1 week passive sample) detected the 

TCE concentration at 166 µg/m3. The maximum TCE concentration (1092 µg/m3) was 

detected in September 2016 by the AROMA sensor. Several other methods also confirmed 

elevated TCE concentrations during this time period. Many months later the TCE 

concentrations in MH-15 had decreased 1–2 orders of magnitude.

The exact reason for the observed temporal variations in TCE sewer gas concentrations is 

not known. Groundwater elevations relative to the bottom of the sewer elevation may have 

resulted in intermittent groundwater infiltration into the sewer system. In addition, the 

contribution of sewer ventilation as compared to mass transfer of TCE from sewer liquid to 

the gas phase during specific sampling dates could have played a role in the observed 

variablity. Additional research is needed to gain an understanding of the factors that are most 

important in temporal variability.

It is difficult to interpret the depth effect in the presence of the temporal changes in sewer 

gas concentrations. The most useful information in evaluating depth implications in this 

manhole is the passive sample results from September 2016, which showed that over the 4-

day duration of Radiello® sampling, there was little difference between the TCE 

concentration detected in sewer gas at 5 feet and 10 feet. Overall, the results shown on Fig. 8 

suggest that temporal variability may have played a more important role than sample depth 

in the observed TCE concentrations.

3.4.2 Manhole MH-17—In MH-17 (Fig. 9), measured sewer gas TCE concentrations also 

exhibited temporal variability and did not show a strong dependence on sampling depth. The 

highest (1600 µg/m3) and lowest (9 µg/m3) sewer gas TCE concentrations were detected in 

2014 by grab sampling (TO-15). In June 2017, a fairly high concentration (1200 µg/m3) was 

detected by passive sampling (Radiello®), which suggests elevated TCE sewer gas 

concentrations were sustained over the four days of sampling.

During the September 2016 “day time” event, a TO-17 sampler was installed at 1.5 ft in 

MH-17 and the AROMA sensor measured concentrations at a depth at 16 ft. The “average” 

AROMA concentration was 320 µg/m3, which compares closely to the TO-17 result of 310 

µg/m3. These results suggest that the depth of sampling did not considerably affect the 

measured TCE concentrations. The TCE concentration measured by the AROMA sensor for 

the 6/6/2017 sampling event (979 µg/m3) at depth of 16 ft is slightly higher compared to the 

TCE concentration detected by TO-15 measured at a depth of 3 ft (800 µg/m3). These 

samples were collected at different times—12:54 pm and 6:11 pm for AROMA and TO-15, 

respectively. Although the sewer gas concentrations cannot be directly compared since they 

were not collected at the exact same time, the results are quite similar and do not suggest a 

strong dependence on sample depth.
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3.4.3 Manhole MH-18—For MH-18 (Fig. 10), depth appeared to play a limited role in the 

measured sewer gas concentrations. In this manhole, two “night time” TO-17 samplers were 

deployed at two different depths during the same sampling event (10.6 ft and 1.5 ft) and the 

results showed that the deeper sample was 1.6 times higher than the shallow sample. 

Similarly, the AROMA sensor consistently measured higher “average” day time 

concentrations (464 µg/m3, placed at 16 ft) when compared to the TO-17 day time sampler 

(345 µg/m3, placed at 1.5ft). Although depth appeared to play a limited role in this manhole, 

short-term temporal variability was observed to have a more substantial effect (Fig. 7b). 

Given the temporal variations shown by AROMA measurements (nearly a factor of 4), it is 

not easy to determine the importance of the depth effect on measured TCE sewer gas 

concentrations in the presence of other factors.

4. Conclusions

This research study highlights the variable nature of VOC concentrations (especially TCE) 

in a sanitary sewer system with multiple sampling techniques. Temporal variations in TCE 

concentrations are shown to exist in this sewer system over short-term (hourly) and longer-

term (monthly) bases. The data, collected by three different methods, show considerable 

spatial variations also exist. It is plausible that the spatial and temporal variability of VOC 

concentrations in sewer gas observed in this study may also exist in sanitary sewer systems 

at (and near) other shallow VOC groundwater contaminated sites.

Sampling approaches to assess sewer gas concentrations need to account for the variability 

which were observed in this research study. Single short-term approaches (i.e. TO-15 grab 

sampling) may not be adequate for assessing long-term exposure risks associated with this 

pathway. Passive sampling provides an approach for assessing time-averaged sewer gas 

concentrations; however, there is difficulty in defining appropriate time over which to deploy 

a passive sampler, as well as the number of sampling events, given the high level of temporal 

variability reported in this study. Subsequent sampling events may be required to capture 

longer-term temporal variations (see Fig. 4a and Fig. 4b, Fig. 8 and Fig. 9). This research 

demonstrates that incorporating passive samplers with continuous monitoring devices can 

provide insight about temporal and spatial variations.

Sewer manholes and cleanouts are often easily accessible sampling locations for sewer 

pathway investigations. While manholes provide information about the sewer system itself, 

cleanouts can potentially provide information close to the point of exposure (e.g. inside 

buildings). Even while additional information is emerging about VI alternative pathways, 

multiple lines of evidence, such as VOC concentrations in and around the sewer system, 

nearby groundwater level measurements to evaluate sewer level elevations relative to 

groundwater table fluctuations, modeling, tracer studies to evaluate sewer gas transport, 

sewer videos, sewer as-built drawings etc. can be useful in conceptualizing field 

observations and making decisions about how and when to mitigate exposure risks.

When considering the spatial and temporal variations in VOC concentrations detected in the 

sewer system in this research study, there are several key observations that emerge. 

Manholes near the 2012 VI Study Area (e.g. MH-17 and MH-18) are likely being (or 
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historically have been) impacted by groundwater infiltration from that general area and 

sewer videos are useful in providing evidence of sewer cracks. However, in MH-15, which is 

some distance from the 2012 VI Study Area, local groundwater infiltration/exfiltration in the 

area of MH-15 is likely occurring. Sewer videos (FOIA, 2017) provide evidence that 

infiltration could occur near MH-15 and historic subsurface sampling has indicated elevated 

TCE concentrations in the vicinity of MH-15 (Compliance and Closure, 2013; Stratus 

Environmental, 2010; FOIA 2017; Bureau Veritas, 2013; Cornerstone Earth Group, 2017). 

The temporal variation observed in this location is difficult to fully explain, especially in 

light of the subsurface contamination in the area. Other nearby manholes—MH-12, MH-13, 

and MH-14—also warrant additional evaluation; however, it is expected that sewer gas 

concentrations in those manholes would also exhibit a fairly high level of temporal 

variability.

Collectively, the data presented in this multi-year, multi-sampler research study 

demonstrates that VI alternative pathways may require investigation along sewer lines that 

are hundreds of feet away from well-defined groundwater contamination plumes. This is 

especially true for aging sewer lines that may have received chemical wastes discharges as 

part of historic operations. Interpreting sewer gas concentrations is complex due to spatial 

and temporal variations. Other lines of evidence are critical to fully understanding the fate 

and transport of VOCs in sewer systems and to assess the resulting inhalation exposure risks 

that may exist in buildings that are connected to the sewer systems.

While research emerges with improved methods for characterizing VI alternative pathways, 

exposure risks to sewer gas could be reduced by various mitigation techniques, including 

proper plumbing maintenance, sewer venting, and controlling VOC entry into sewers 

through sewer maintenance that addresses aging infrastructure issues. Perhaps one of the 

most prudent and time-sensitive approaches to risk reduction might include monitoring and 

ensuring proper operation of indoor plumbing fixtures, as well as investing in upgrading 

aging infrastructure in areas where shallow groundwater with known VOC contamination 

exists.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

▪ Spatial variation of TCE sewer gas concentrations was observed throughout 

the study area.

▪ Temporal variation of TCE sewer gas concentrations was observed on short-

term (hourly) and longer-term (month/year) bases.

▪ Single short-term grab samples did not reflect TCE sewer gas concentrations 

in manholes during subsequent sampling events.

▪ Locations of groundwater infiltration and past VOC exfiltration are important 

for sewer gas investigations.

▪ Incorporating passive samplers with continuous monitoring devices can 

provide insight when attempting to interpret sewer gas concentrations.
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Fig. 1. 
a. Research Study Map with Sanitary Sewer System and Manhole Locations

b. Conceptual Model for Sewer and Groundwater Table Elevations along Street A and Street 

B
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Fig. 10. 
MH-18 Sewer Gas TCE Concentrations (µg/m3) Collected September 28, 2016
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