
Most decisions at groundwater contamination sites are driven by measurements of contaminant 
t ti h t f t i t t ti th t t b l ti l t blconcentration – snapshots of contaminant concentrations that may appear to be relatively stable or 

show notable changes over time. Decisions can be improved by considering mass flux and mass 
discharge. Mass flux and mass discharge quantify the source or plume strength at a given time and 
location resulting in better-informed management decisions regarding site prioritization or remedial 
design as well as lead to significant improvements in remediation efficiency and faster cleanup times. 
The use of mass flux and mass discharge is increasing and will accelerate as field methods improve 
and practitioners and regulators become familiar with its application, advantages, and limitations. 
The decision to collect and evaluate mass flux data is site-specific. It should consider the reliability of 
other available data, the uncertainty associated with mass flux measurements, the specific 
applications of the mass flux data, and the cost-benefit of collecting mass measurements. 

The ITRC technology overview, Use and Measurement of Mass Flux and Mass Discharge 
(MASSFLUX-1, 2010), and associated Internet-based training provide a description of the underlying 
concepts, potential applications, description of methods for measuring and calculating, and case 
studies of the uses of mass flux and mass discharge. This Technology Overview, and associated 
Internet-based training are intended to foster the appropriate understanding and application of mass 
flux and mass discharge estimates and provide examples of use and analysis The document andflux and mass discharge estimates, and provide examples of use and analysis. The document and 
training assumes the participant has a general understanding of hydrogeology, the movement of 
chemicals in porous media, remediation technologies, and the overall remedial process. 
Practitioners, regulators, and others working on groundwater sites should attend this training course 
to learn more about various methods and potential use of mass flux and mass discharge information. 

ITRC (Interstate Technology and Regulatory Council) www.itrcweb.org

Training Co-Sponsored by: US EPA Technology Innovation and Field Services Division (TIFSD) 
(www.clu-in.org) 
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ITRC Training Program: training@itrcweb.org; Phone: 402-201-2419



Although I’m sure that some of you are familiar with these rules from previous CLU-IN events, let’s 
th h th i kl f ti i trun through them quickly for our new participants. 

We have started the seminar with all phone lines muted to prevent background noise. Please keep 
your phone lines muted during the seminar to minimize disruption and background noise. During the 
question and answer break, press *6 to unmute your lines to ask a question (note: *6 to mute again). 
Also, please do NOT put this call on hold as this may bring unwanted background music over the 
lines and interrupt the seminar.

You should note that throughout the seminar, we will ask for your feedback. You do not need to wait 
for Q&A breaks to ask questions or provide comments using the ? icon. To submit 
comments/questions and report technical problems, please use the ? icon at the top of your screen. 
You can move forward/backward in the slides by using the single arrow buttons (left moves back 1 
slide, right moves advances 1 slide). The double arrowed buttons will take you to 1st and last slides 
respectively. You may also advance to any slide using the numbered links that appear on the left side 
of your screen. The button with a house icon will take you back to main seminar page which displays o you sc ee e butto t a ouse co ta e you bac to a se a page c d sp ays
our presentation overview, instructor bios, links to the slides and additional resources. Lastly, the 
button with a computer disc can be used to download and save today’s presentation slides.
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The Interstate Technology and Regulatory Council (ITRC) is a state-led coalition of 
l t i d t t iti t k h ld d i d f d l t th t kregulators, industry experts, citizen stakeholders, academia and federal partners that work 

to achieve regulatory acceptance of environmental technologies and innovative approaches. 
ITRC consists of all 50 states (and Puerto Rico and the District of Columbia) that work to 
break down barriers and reduce compliance costs, making it easier to use new technologies 
and helping states maximize resources. ITRC brings together a diverse mix of 
environmental experts and stakeholders from both the public and private sectors to broaden 
and deepen technical knowledge and advance the regulatory acceptance of environmental 
technologies. Together, we’re building the environmental community’s ability to expedite 
quality decision making while protecting human health and the environment.  With our 
network of organizations and individuals throughout the environmental community, ITRC is a 
unique catalyst for dialogue between regulators and the regulated community.

For a state to be a member of ITRC their environmental agency must designate a State 
Point of Contact. To find out who your State POC is check out the “contacts” section at 
www.itrcweb.org. Also, click on “membership” to learn how you can become a member of an 
ITRC Technical Team.

Disclaimer: This material was prepared as an account of work sponsored by an agency of 
the United States Government. Neither the United States Government nor any agency 
thereof, nor any of their employees, makes any warranty, express or implied, or assumes 
any legal liability or responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or otherwise does not 
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necessarily constitute or imply its endorsement, recommendation, or favoring by the United 
States Government or any agency thereof. The views and opinions of authors expressed 
herein do not necessarily state or reflect those of the United States Government or any 
agency thereof and no official endorsement should be inferred.

The information provided in documents, training curricula, and other print or electronic 
materials created by the Interstate Technology and Regulatory Council (“ITRC” and such 
materials are referred to as “ITRC Materials”) is intended as a general reference to help 
regulators and others develop a consistent approach to their evaluation regulatory approval



Alex MacDonald is a senior engineer in the technical support section of the Cleanup Unit at the Central Valley Regional Water Quality Control Board in 
Rancho Cordova, California. He has worked at the Water Quality Control Board since 1984. He primarily works on cleanup of the Aerojet site in Rancho 
Cordova, California and other nearby sites such as McClellan Air Force Base. Alex has also worked on cleanup at underground and above ground 
t t k it itti d i ti f l dfill d t di l t l d it l ti li ti f bi lid it l ti NPDESstorage tanks sites; permitting and inspection of landfill and waste disposal to land sites; regulating application of biosolids sites; regulating NPDES 

sites that include wastewater treatment plants, power plants, industrial facilities, and groundwater treatment facilities; and permitting and inspecting 
dredging projects. Alex was a member of the ITRC Perchlorate team. Alex earned a bachelor's degree in Civil/Environmental Engineering from Stanford 
University in Palo Alto , California in 1977 and a master's degree in Civil/Environmental Engineering from Sacramento State University in Sacramento, 
California in 1987. 

Ryan A. Wymore, P.E., rejoined CDM Smith in Denver, CO in 2015. He serves as a national resource for evaluation, selection, and implementation of
remediation strategies and solutions. Ryan has specialized in innovative groundwater remediation technologies, particularly bioremediation, monitored 
natural attenuation and chemical oxidation. Previously, he work at Geosyntec Consultants in 2014-2015, CDM Smith from 2005-2013, at North Wind 
Inc. from 2001-2005, and at the Idaho National Laboratory from 1998-2001. He has given over eighty presentations at various local, regional, national, 
and international symposia and meetings. Since 2002, he has worked with various ITRC teams that addressed DNAPLs, bioremediation, enhanced 

tt ti d E i t l M l l Di ti H i t t th ITRC I t t b d t i i DNAPL P fattenuation, and Environmental Molecular Diagnostics. He was an instructor on the ITRC Internet-based training courses: DNAPL Performance 
Assessment, Bioremediation of DNAPLs, and Integrated DNAPL Site Strategy. Ryan earned a bachelor's degree in Biological Systems Engineering 
from the University of Nebraska-Lincoln in 1997 and a master's degree in Civil/Environmental Engineering from the University of Idaho in Moscow, 
Idaho in 2003. He is a registered Professional Engineer in the state of Idaho and Colorado in the environmental discipline. 

Alec Naugle, P.G. is a Senior Engineering Geologist in the Groundwater Protection Division at the California Regional Water Quality Control Board, 
San Francisco Bay Region where he has worked since 1999. Alec leads a unit that oversees solvent and petroleum hydrocarbon cleanups at 
Department of Energy laboratories and closed military bases, many of which are undergoing conversion for civilian use. He is also co-chair of the 
Region's technical groundwater committee, which supports the Board's planning activities related to groundwater quality and beneficial use. Prior to 
joining the Board, Alec worked as a consultant on various military and private sites in California and the Northeast and as a regulator in the UST 
program. Alec has been a member of ITRC since 2000 participating in the Permeable Reactive Barriers, Enhanced Attenuation: Chlorinated Organics, p g p p g , g ,
and Integrated DNAPL Site Strategy teams. Alec earned a bachelor’s degree in chemistry and geology from Marietta College in Marietta, Ohio in 1986 
and a master’s degree in groundwater hydrology from the University of California at Davis in 2001. Alec is a Registered Professional Geologist in 
California. 

Grant Carey, Ph.D., M.Eng., P.Eng., is President of Porewater Solutions in Ottawa, Ontario, Canada, and has worked for Porewater Solutions since 
2006. Grant has worked on over 300 sites across North America in the past 20 years, and is expert in site characterization and remediation, 
environmental forensics, and mathematical modeling. Grant has developed industry-leading software used for modeling and visualization of 
biogeochemical reactions in groundwater, and has published over 60 technical papers and short courses. Grant is currently participating on the ITRC 
Integrated DNAPL Source Strategy Team, and previously participated on the ITRC Enhanced Attenuation of Chlorinated Organics (EACO) Team. 
Grant earned a bachelors degree in Civil Engineering from Waterloo University in Ontario, Canada in 1993 and a masters degree in Civil Engineering 
from Carleton University in Ontario, Canada in 2001 and a Ph.D. in Civil Engineering at the University of Guelph in Ontario, Canada in 2014. Grant is a 
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Professional Engineer in Ontario, Canada. 
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I NPDES permits you are required to report concentration and mass measurements
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Near the end of today's presentation we have several case studies that show how mass flux 
h b li d t l it th t t h l di t it ffi i tlhas been applied at several sites across the country to help remediate sites more efficiently. 
Pay attention to the presentation between now and then so you can see how to apply mass 
flux concepts that helped this site at Reese Air Force Base significantly address its 
groundwater contamination as shown by the shrinking plumes depicted here.



This section discusses the fundamental concepts of mass flux and discharge: the definitions, 
h th t i t t ti d t h fl d di h b ti t dhow these metrics compare to concentration data, how flux and discharge can be estimated, 
how flux and discharge change over time as sources and plumes evolve, and how flux and 
discharge can be valuable for site management.  
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No associated notes.



Fundamental principles of contaminant hydrogeology.  Terms are often confused – in particular, 
“ fl ” i ft d f b th t M th t t l f t i t th l t“mass flux” is often used for both concepts.  Measures the total mass of contaminant, or other solute, 
in motion.  Measuring mass flux identifies the variations in the mass and flow velocity across a 
plume.
Excellent fundamental descriptions are given in: 
R. B. Bird, W. E. Stewart, and E. N. Lightfoot. Transport Phenomena.  Revised 2nd ed., 2007.  John 
Wiley & Sons, Inc.
C.W. Fetter. Contaminant Hydrogeology. 2nd ed., 1999. Waveland Press, Inc. 
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Transitioning into mass discharge—

Mass discharge is equivalent to source or plume strength.  Looking down on a plume, a 
transect immediately down gradient of the source measures the mass loading to the plume, 
which changes with time, and transects further downgradient measure the mass in motion.  
The difference in mass discharge with distance is the natural attenuation rate, in a plume 
that is stable. 
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Both concentrations and groundwater velocity can vary dramatically over short distances.  
B th l ti ll d l ti f Th ti l i tiBoth can also vary over time, seasonally and over longer time frames.  The spatial variation 
in 3 dimensions is generally far more complex than typical representations of contaminant 
plumes suggest, and it can be important to understand these variations.



Illustrative example of an aquifer with identical concentrations and gradients in three sandy layers. 
B t fl i b t 30 f ld b t l b th h d li d ti it i th tBut mass flux varies about 30-fold between layers, because the hydraulic conductivity varies, so that 
85% of the flux is through only one layer. Even in unconsolidated aquifers, 80-90% of the mass flux 
may be through only 10-20% of the total plume volume.

Note that the groundwater and mass discharge are based on the Darcy velocity (Q=Ki) and not the 
seepage velocity (Vs=Ki/p), where p = porosity. The seepage velocity, which is the average fluid 
velocity within the pores, is faster than the Darcy velocity, which refers to the rate of movement of 
water through the entire area of a plane across the flow direction.
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In the early phases, most of the mass is in the transmissive zones.
L t diff i t th l bilitLater, mass diffuses into the lower-permeability zones.
Finally, plumes are sustained by back-diffusion, with relatively little flux in higher-K zones.
Mass flux distribution indicates where to treat most mass and whether back-diffusion is a likely 
problem.
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EPA, 2002 reference: EPA 542-R-02-008a-u, November 2002, Pilot Project to Optimize 
S f d fi d P d T t S t S R t d L L dSuperfund-financed Pump and Treat Systems: Summary Report and Lessons Learned. 
More information available at 
http://www.epa.gov/tio/download/remed/rse/phase_ii_report.pdf 
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•Based on review of case studies we identified five categories of mass flux and mass 
di h “ ”discharge “uses”:

•Some categories, like “site characterization” and “remediation” are fairly broad and 
encompass several sub-categories

•And it should be noted that some sub-categories of “site characterization” may occur after a 
remedy has been selected, but there is reason to suspect things are working as planned due 
to incomplete site characterization, so the site characterization uses don’t necessarily 
happen in the beginning.

1.Site Characterization

2.Potential Impact Assessment

3.Remediation

4.Compliance Monitoring

5.Site Prioritization



No associated notes.



The use of Mass Flux and Mass Discharge is increasing, as the chart shows

Includes all “use” categories:

1. Site Characterization

2. Potential Impact Assessment

3. Remediation

4. Compliance Monitoring

5. Site Prioritization



No associated notes.
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This figure illustrates why using mass flux and mass discharge can improve remedy selection, 
design and performance monitoringdesign, and performance monitoring.

In this case, there are 3 sandy layers each with identical gradients (.003). But conductivity varies 
among them 33-fold, from 1 m/day in the fine sand layer at the top to 33 m/day in the gravelly sand, 
and the concentrations vary by two orders of magnitude from 50 ug/L in the gravelly sand to 5,000 
ug/L in the fine sand top layer. In this figure, the highest concentration is in the least permeable layer.

As a result, the mass flux is highest in the fine sand at 15 mg/day/m2 and lowest in the gravelly sand 
at 5 mg/day/m2.
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I NPDES permits you are required to report concentration and mass measurements
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So far we’ve heard very useful information about how mass flux and mass discharge can be 
d t t it h t i ti d di ti d t f th i t tiused to support site characterization and remediation, and amount some of the interesting 

methods for estimating mass flux and mass discharge.

Even though the use of these mass data isn’t new, the frequency of use of mass data has 
grown rapidly in the past few years. To gain some insights on how these data are being 
used across the industry, we conducted a detailed review of about 65 case studies where 
mass flux or discharge were estimated. 

The results of this detailed review are included in tables in an appendix at the back of the 
Overview document, including a summary of site-specific mass discharge estimates with 
different methods, value added to the site through the use of mass, numbers and spaces 
between wells when used with the transect method, etc.

What we’re going to do now is review several case studies that demonstrate how estimating 
f fmass flux and discharge can add value at some of your own sites.
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This table lists the frequency that various methods were used to estimate mass flux and 
di h i th bli h d t didischarge in the published case studies.

We can see from this table that the most common method for estimating mass discharge is 
the use of transects with the collection of groundwater samples. This method is probably the 
most common because it’s relatively simple to apply in the field.

From the published case studies, we have seen more recent use of integral pump tests to p g p p
estimate mass discharge at transects, as well as passive flux meters.

Many of these reported case studies were specifically intended to compare methods for 
mass flux estimation or performance of an in-situ treatment technology. 
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The data for this site were published in a class mass flux paper written in 2001 by Einarson 
d M K d bli h d i E i t l S i & T h land MacKay and published in Environmental Science & Technology.

This contour map shows the distribution of concentrations of cis-1,2-DCE in a transect that 
is approximately 30 meters in length. 

These data show the same trend that we have seen in other sites where high resolution 
monitoring has been conducted. g

And more than 80% of the mass is situated in less than 7% of the transect. 

Over 99% of the mass is situated in less than 30% of the transect cross-sectional area. 

Identifying the core of the plume mass such as was done at this site can help to focus 
remediation and monitoring efforts which may result in substantial cost and time savings.
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Next we’ll talk about the Well 12A Superfund Site in Washington where mass discharge was 
ti t d i t i di l lnegotiated as an interim remedial goal.

As part of the Focused Feasibility Study, groundwater modeling determined that a reduction 
in source strength of 90%, which represents an order of magnitude decrease, would be 
sufficient for compliance to be achieved through MNA.

So here’s an example of a site where mass flux and mass discharge are being used not only p g g y
as a performance metric to evaluate treatment efficiency, but also as a decision guide for 
when to transition from active treatment to MNA.
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Our third example is a regional basin with a commingled PCE plume that was created as a 
lt f lti l it th h t th b iresult of multiple source sites throughout the basin.

The red symbols indicate locations of potential sources contributing to the commingled PCE 
plume in the basin.

The yellow zone represents the capture zone for the regional supply wells shown here in 
blue.

The purpose of mass discharge monitoring was to evaluate which sites required further 
investigation and remediation, and which sites required no further action.

In the basin, multiple transects of pumping were installed downgradient of specific sites. The 
southern transect had a negligible mass discharge, so it was decided that these potential 
source sites in the south were not a priority for further investigationsource sites in the south were not a priority for further investigation.

This example where sources at multiple sites are prioritized, is analogous to what we see at 
larger sites where multiple source zones exist. At these large sites, we can use a similar 
approach to prioritize which source zones need immediate treatment, and which can either 
be designated as a lower priority or requiring no further action.
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The fourth example, Reese AFB, is really interesting. This example was provided by Fred 
P t A diPayne at Arcadis.

Here’s a site that back in 2004 had a 3-mile long TCE plume. Response to remediation had 
stagnated.

When Arcadis became involved, they recognized that more characterization of the source 
zone was needed to define how the mass was distributed. 

This enhanced characterization of mass flux in the source zone resulted in the decision to 
focus active bioremediation where mass was highest in the source zone. 

The enhanced mass flux characterization was also used to optimize the use of groundwater 
extraction wells to accelerate mass removal from the source zone.

This is an example of what Fred appropriately calls “Flux-informed decision-making”, where 
the mass flux distribution was used to improve the efficiency of the remediation effort.

Through this effort the mass in the plume has been reduced by a factor of ten and is still 
decreasing today.
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Links to additional resources: 

http://www.clu-in.org/conf/itrc/ummfmd/resource.cfm

Your feedback is important – please fill out the form at: 

http://www.clu-in.org/conf/itrc/ummfmd/feedback.cfm

The benefits that ITRC offers to state regulators and technology developers, vendors, 
and consultants include:

Helping regulators build their knowledge base and raise their confidence about new 
environmental technologies

Helping regulators save time and money when evaluating environmental technologies

Guiding technology developers in the collection of performance data to satisfy the 
requirements of multiple states

Helping technology vendors avoid the time and expense of conducting duplicative and 
costly demonstrations

Providing a reliable network among members of the environmental community to focus on 
innovative environmental technologies

How you can get involved with ITRC:

Join an ITRC Team – with just 10% of your time you can have a positive impact on the 
regulatory process and acceptance of innovative technologies and approaches

Sponsor ITRC’s technical team and other activities
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Use ITRC products and attend training courses

Submit proposals for new technical teams and projects


