
 

Table 3.4 Spatial resolution defined in m2 of control plane per sampling point   
 

Spatial Resolution Average High Low
Low 21.00 13 26

Medium 7.00 5 7.5
High 4.00 3 4.5

Range

Values in m2 of control plane/sampling point  
 

Costs that account for the specialized aspects of each of the methods will be estimated 

using data from various publications on the flux estimating methods (ESTCP, 2007; Brooks et 

al., 2007; Goltz et al., 2007b).  Prices that are common to site characterization were obtained 

from RS Means (2006; 2007) when available.   

Some equipment costs (e.g., for automated sampling and monitoring) were obtained 

directly from distributors, who provided costs from several manufacturers.  When a range of 

costs was available, average costs were used in the analysis.  Values for labor costs to prepare 

and ship samples were obtained from investigators who have conducted field tests of the 

technologies or from published reports.  

 

3.3.4 Costs for each method 

Each method cost was broken out into the three categories: well installation, deployment, 

and operation and maintenance costs.  Additionally, within each category, each item was 

assigned a unit cost.  The unit cost breakdown will enable the methods to be directly applied to 

the changing conditions of the 16 different site templates 
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3.3.4.1 TM with BDT 

The transect method using the MLS is the conventional measurement method that can be 

used as a standard against which the other innovative methods can be compared for performance 

and for cost (Goltz et al., 2007b).  As described in Chapter 2, the method requires the installation 

of multiple wells for the MLS and BDT test.  The costs associated with well drilling are included 

as a well installation cost (Table 3.3).  Labor hours for the TM/BDT method were obtained from 

ESTCP (2007).  Note, however, that ESTCP (2007) assumed a BDT would be conducted at 

every MLS point.  In the current study, we assume only a single BDT is conducted and the 

results were used to estimate the regional Darcy velocity over the entire template site.   Sample 

costs were assumed to be $100/sample. This includes shipping, analysis, and reporting for each 

sample.  Collection and packaging of the samples are captured in the labor costs. The unit costs 

used in the cost analysis of the TM/BDT method are shown in Table 3.5. 

 

Table 3.5 TM/BDT Deployment and operation costs (after ESTCP, 2007)  
 

Item Cost ($) Unit
1 Operator Training (TM/BDT) $2,000 per person
2 Planning/preparation/equip shipment $640 per episode
3 Equipment $5,000 initial capital

4 Sample cost $100 sample
5 BHD test $200 test
6 Operator costs $80 man-hr
8 Waste handling fee $33 per LF of well
9 consumables $7 per LF of well

Deployment costs

Operation Costs
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The number of wells assumed to be required for a given spatial resolution and control 

plane size is tabulated in Appendix A.  Thus, for a given template site, using Table 3.5 and 

Appendix A, total costs for applying the TM method at the site can be estimated.     

 

3.3.4.2 PFM 

The installation costs of the PFM method are quite similar to the costs to install the TM.  

Differences between the TM and PFM costs are due to differences in the labor requirements of 

the two methods and the need to conduct a separate BDT (or slug or pump tests) to estimate the 

Darcy velocity as a component of the TM.  Recall that the PFM method allows calculation of the 

regional Darcy velocity by analyzing the resident tracer, and no separate test is required.  Note, 

however, that the PFM method does have higher equipment expenses and requires more 

specialized training.   Additionally, expenses associated with the PFM’s sorbent materials 

(categorized as raw materials) are greater than the TM costs.  The unit costs used in the cost 

analysis of the PFM method are shown in Table 3.6. 

 

 

 

 

 

 

 



 

Table 3.6 PFM Deployment and operation costs (after ESTCP, 2007) 
 

Item Cost ($) Unit
1 Operator Training $2,500 per person
2 Planning/preparation/equip shipment $640 per episode
3 Equipment $10,000 per episode

5 Sample cost $100 per sample
6 Operator costs $80 per man-hr
7 Raw materials $17 per- LF of well
8 Waste handling fee $33 per- LF of well
9 Consumables $7 per- LF of well

Deployment costs

Operation Costs

 
 

The number of wells assumed to be required for a given spatial resolution and control 

plane size is tabulated in Appendix A.  The analysis of the PFM is assumed to be $100/sample.  

However, at the current time, the only facilities capable of performing the analysis are at the 

University of Florida and Purdue University.  Considering this, the cost associated with analysis 

of the sorbent may depend greatly on where the analysis can be accomplished, what contaminant 

and resident tracer is being tested, and what special expertise may be required to perform the 

analysis.  
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3.3.4.3 MIPT 

The unit costs used in the cost analysis of the MIPT method are shown in Table 3.7.  

 

Table 3.7 MIPT Deployment and operation costs 
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3

.6
.25
.25

Cost ($)

1 $1,000
2 $1,280
3 $1,537
4 $1,172
5 $

6 9
7 1
8 1
9 4

10 $200
11 $264
12 $100 per sample

 per lf well

UnitItem

hr /day
hr/well/5xday

per episode
per m3

Sampling analysis-contaminants / tracers 

Sample pack/ship
Consumables, supplies
Waste handling—contaminated water disposal 

Labor-flow monitoring
hr/well/5xday

hr/well

Operator Training (MIPT) per person
Planning/preparation/ Equip shipment per episode
Equipment (Automated Monitoring) per well

Tubing 
per well

Site setup labor
Labor-Sampling  

Equipment (Pumping/sampling)

Operation Costs

Deployment Costs

 
 

An increase in the number of pumping wells will allow for better horizontal (though not 

vertical) resolution.  In addition, depending on aquifer conductivity, more wells may be needed 

to ensure plume capture.  Of course, the greater the number of wells, the greater the capital costs 

to install the MIPT method.  The number of wells assumed to be required for a given spatial 

resolution and control plane size is tabulated in Appendix A.   

To determine the volume of extracted water, two methods were used.  The first method 

involves calculating the pump rate and duration required to capture the entire plume width. This 

was dependent on the number of wells used, the spacing of the wells, and the hydrologic 

properties of the aquifer.  Assuming the duration of the test would be five days, pump rates can 

be determined from the hydrologic properties specified by the site templates.  Results of this 
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method were within 1% of the results calculated using the second method.  The second method 

determined the volume extracted for a typical MIPT method application; pumping for 24 hours at 

each of five predetermined rates.  Extracted water disposal costs vary depending on proximity to 

a treatment facility, permit requirements if any, and the particular contaminant.  For the purpose 

of this study, it will be assumed that the cost of contaminated water disposal is $1/gal or 

$264/m3.  This cost includes the cost for onsite storage, transportation, treatment, and disposal.  

The value of $1/gal is a conservative estimate, encompassing costs for treating and disposing of 

most non-radioactive materials.  USEPA (2008) reports that they will fund up to $0.72/gal for 

disposal, but this cost does not take into account the costs for on-site storage.  

 

3.3.4.4 TCW 

 The TCW method is similar to the MIPT method in that it is a method that obtains a 

volume-averaged measurement.  The key advantage of the TCW method over the MIPT method 

is that the TCW method does not require extraction of contaminated water from the subsurface, 

thereby avoiding treatment, transport, and disposal costs.  The costs for the TCW in Table 3.8 

were largely obtained from a report that included a cost estimate for use of TCWs to treat 

contaminated groundwater (AFRL, 1998).  The unit costs used in the cost analysis of the TCW 

method are shown in Table 3.8. 

 

 
 
 
 

 



Table 3.8 TCW Deployment and operation costs 
 

Item Cost Unit
1 Operator Training (TCW)  $        1,000 per person
2 Planning/preparation/ Equip shipment  $        1,280 per episode/well set
3 Flow sensors and controllers 3,750$        per episode
4 Static Mixers 1,446$        per episode
5 Pumps and ancillary Equipment 13,439$      per episode
6 Tubing and connectors 2,404$        per episode
7 Valves and fittings 1,165$        per episode

6 Site setup labor 9.6 hr/well
7 Labor-Sampling  1.25 hr/well/5xday
8 Labor-flow monitoring 1.25 hr/well/5xday
9 Sample pack/ship 4 hr /day

10 Consumables, supplies $200 per episode
11 Sampling analysis-contaminants  $100 per sample
12 Sampling analysis- tracers $85 per sample

Deployment Costs

 Operation Costs

 
 

To apply this technique under the conditions at the template sites, it is necessary to 

determine the maximum pumping rate (Qmax) that can be sustained for the specified hydraulic 

conductivity (K) and aquifer thickness (B) at the site.  Qmax was calculated using equation 3.1 

(Bear, 1979): 

max
2

ln

w

w

KBSQ
R
r

π
=

⎛ ⎞
⎜ ⎟
⎝ ⎠

  (3.1) 

where rw is the radius of the TCW, R is the radius of influence, and Sw is the maximum allowable 

drawdown (Mandalas et al, 1998). For this study, the rw is assumed to be 0.1 m (for an 8 inch 

well), Sw is 1/3 of the aquifer thickness, and R is set equal to 3000*Sw*K0.5 (R in meters and K in 

m/sec) (Bear, 1979). For the specified aquifer conductivity and thickness, pumping at a rate Qmax 

or less ensures that the maximum allowable drawdown will not be exceeded.  Equation 3.1 only 
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accounts for extraction at the TCW, not injection.  Thus, the calculation is conservative, as the 

injection serves to minimize drawdown.    Equation 3.2 makes use of the Qmax calculated in 

equation 3.1 to determine the minimum numbers of well pairs. 

max

( )(1
2
N KBi PW f

Q
)+

=   (3.2) 

where N/2 is the number of well pairs for single extraction and injection wells, PW is the capture 

zone width, Qmax is the max allowable pump rate, and f is the fraction of recycle between wells.  

From the Qmax calculated for the conditions in the different templates, it was determined that only 

a single pair of wells is required to meet the template capture zone widths. 

To calculate the duration of run time for the TCW test, equation 3.3 is used to calculate 

the minimum time for a tracer to move from one TCW to the other (Kim, 2005; Cunningham et 

al., 2004):  

2

min
4
3

ea Hnt
Q

π=   (3.3) 

where a, H, ne, and Q represent the half distance between the injection/extraction wells, length of 

screened section of wells, aquifer porosity, and the well pumping rates, respectively.  To 

determine the time required to reach steady-state, tmin will be multiplied by 20.  This 

approximates the time for the tracers to reach steady-state at the extraction screens (Kim, 2005).   

For this study the variables a and H were held to 16.5% of the plume width and 12%  of the 

aquifer thickness, respectively, across multiple site templates.  This is consistent with Kim’s 

(2005) experiment design.  In addition, the well pumping rate, Q, was held constant at ½Qmax.    
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3.4 Decision tree development  

We want to develop a decision tree that will serve as a “user-friendly” tool that can be 

used to facilitate information transfer to potential technology users.  Development of a chart that 

requires only initial site investigation data and management objective criteria to determine one or 

two preferred flux measurement methods will greatly facilitate the decision making process.  The 

decision tree will be formatted as a flow chart.  With an input of management objectives and 

initial site estimates of control plane size, required spatial resolution of the measurements, and 

hydraulic conductivity, the decision tree will output the two most economical methods of flux 

measurement for application at the site.  The user can then chose one of the two most economical 

methods based on other subjective factors that have been discussed in this study (e.g., regulatory 

acceptability, implementability).  
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IV. Results and Discussion 

 

4.1 Introduction 

 In section 4.2, we will use data obtained from the literature review on the performance, 

advantages, and limitations of the various flux measurement methods to present findings on 

performance and ease of implementation.  The costs associated with measuring mass flux using 

the different methods at the various template sites will be presented in section 4.3.  In Section 

4.4, we will develop a decision tree and discuss the results obtained from application of the 

decision tree methodology.   

 

4.2 Published Data  

4.2.1 Performance  

To various degrees, all the innovative measurement methods have been tested and 

evaluated.   From the review in sections 2.3 and 2.4, we may conclude that all the methods have 

the potential to effectively measure contaminant mass flux and are viable candidates for 

commercial application.   Table 4.1 displays comparable information on laboratory and field test 

data.  



 

Table 4.1 Summary of field and laboratory evaluations of accuracy for the different flux 
measurement methods 

Known 
flux

Transect 
method

TM Boxed aquifers CFB Borden X 11-40%** ESTCP, 2007
TM Meso- scale New Zealand lab X (-33) to 50% Kim, 2005
PFM Boxed aquifers CFB Borden X 9-32%** ESTCP, 2007
PFM CFB Borden X 13-18% Annable et al., 2005
PFM Hill AFB X 2-17%** Brooks et al., 2007
PFM Ft Lewis X 16-300%* Brooks et al., 2007
PFM NASA’s LC-34 X 17-190%* ESTCP, 2007
MIPT Hill AFB X 3-81%** Brooks et al., 2007
MIPT Meso- scale New Zealand lab X 36-60%** Yoon, 2006
MIPT Ft Lewis X 13-17%** Brooks et al., 2007
TCW-T Meso- scale New Zealand lab X 15-44%* Goltz et al., 2007a
TCW-MD Meso- scale New Zealand lab X < 2%** Goltz et al., 2007a
* indicates method being evaluated overestimates known or TM-measured flux  
** indicates method being evaluated underestimates known or TM-measured flux  

Reference
Method

Laboratory 
tests Field test locations

Compared to Result 
difference

 
 

In table 4.1, where the various methods were used to measure a known flux, we see that the 

PFM, MIPT and TCW methods have accuracies comparable to the TM.  As the TM is generally 

considered to provide “acceptable” results, from a regulatory point of view, it may be argued that 

the accuracy of the other more innovative methods should also be acceptable.  We also see from 

the literature review that each method has its own distinct characteristics that may be 

advantageous (or not) to the stakeholder under particular circumstances.   

 

4.2.2 Advantages and limitations  

From section 2.3, the advantages and limitations of the different methods can be consolidated 

into the following list.  We will later use these characteristics to develop the decision tree that 

will guide selection of a measurement method for given management objectives and 

hydrogeologic conditions. 
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Transect Method  

• Advantages 
o Able to provide high resolution definition of contaminant plume in vertical and horizontal 

directions 
o Low costs under homogeneous conditions where high resolution is not required  
o Ease of use, simplicity of calculations, and short duration  
o Flexibility--additional wells can be added to locate “hot spots”  
o Minimal waste disposal 

• Limitations 
o Requires additional tests to estimate flux (BDT to estimate q0 or pump/slug test to 

estimate hydraulic conductivity along with piezometer soundings to estimate hydraulic 
gradient)  

o High costs under heterogeneous conditions that require high resolution 
o Point sampling in time which can’t account for temporal hydrologic changes (e.g. rain 

events, seasonal variation) 
o Potential to miss “hot spots” if sampling resolution is insufficient  

Borehole Dilution Test (BDT) 

• Advantages 
o Time-averaged measurement of q0 at a point in space 
o Low costs under homogeneous conditions where high resolution is not required  
o The test is of relatively short duration and can be applied under a variety of soil 

conditions from unconsolidated to fractured consolidated material 
• Limitations 

o Very sensitive to divergence and convergence factor (α), which is difficult to quantify  
o In the cases where low permeability and high porosity media are present, diffusion can 

dominate and must be accounted for 
o Requires the use of tracers which may raise some regulatory concerns 
o Must be done in conjunction with another test (typically the transect method) to measure 

concentration 
 

Passive Flux Meter 
• Advantages 

o Time averages both concentration and q0  
o Able to provide high resolution definition of contaminant plume in vertical and horizontal 

directions 
o Can also provide the direction of groundwater flow in addition to groundwater flux 

magnitude 
o Doesn’t require electrical power on site, even for deep aquifers; attractive for austere 

conditions 
• Limitations 
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o Very sensitive to divergence and convergence factor (α), which is difficult to quantify  
o Sensitive to biological activity which can degrade resident tracers (may be especially 

problematic if engineered bioremediation is being used as a cleanup remedy) 
o Requires special knowledge to deploy method and interpret results 
o Deployment of method requires weeks 
o Requires the use of tracers which may raise some regulatory concerns 

 
 
 

Tandem Circulating Wells 
• Advantages (Tracer ) 

o Volume averages both concentration and hydraulic conductivity measurements  
o Avoids the need to extract and treat contaminated groundwater   
o Can be conducted for a long time period, allowing for both temporal and spatial 

averaging  
o Can interrogate deep plumes (does not require pumping to surface)  
o For high hydraulic conductivity systems, small number of wells can interrogate wide 

plumes 
• Limitations (Tracer) 

o May require a relatively long and expensive tracer test (days-weeks) 
o Does not provide the spatial resolution of the point methods, which may be required for 

site characterization 
o Calculations for determining the flux can be rather complex 
o Has not been field tested  
o Requires the use of tracers which may raise some regulatory concerns 
o If  contaminant is primarily in the upper or lower region of the aquifer, groundwater 

circulation has the potential to spread contamination  
• Advantages (Multi- dipole) 

o Potential for very short test durations 
o Volume averages both concentration and hydraulic conductivity measurements  
o Avoids the need to extract and treat contaminated groundwater   
o Can be conducted for a long time period, allowing for both temporal and spatial 

averaging  
o Can interrogate deep plumes (does not require pumping to surface)  
o For high hydraulic conductivity systems, small number of wells can interrogate wide 

plumes 
• Limitations (Multi-dipole) 

o Small head differences may be difficult to measure 
o Does not provide the spatial resolution of the point methods, which may be required for 

site characterization 
o If  contaminant is primarily in the upper or lower region of the aquifer, circulation pattern 

has the potential to spread the contamination  
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Modified Integral Pump Test 

• Advantages 
o Volume averages concentration and q0 measurements  
o Variable pumping rates allow flexibility in accommodating seasonal flow events as the 

wells within the transect can be pumped at varying rates to accommodate changing 
conditions 

o Flexible in that additional wells can be placed without incurring large costs 
o Duration of test is relatively short (about a week) 
o Easy calculations 

• Limitations 
o Extracts groundwater and therefore requires the treatment of contaminated water  
o May be difficult to measure small head differences 
o Does not provide the spatial resolution of the point methods, which may be required for 

site characterization, although emplacement of additional wells will allow for increased 
resolution horizontally 

 

4.3 Cost Comparison  

4.3.1 Cost versus size of control plane 

Holding the hydraulic conductivity, depth of aquifer, and spatial resolution constant, a 

cost versus transect width plot shows how cost increases with increasing control plane width 

(Figure 4.1).  This analysis was conducted for all three spatial resolutions (low, medium, and 

high).  In addition, the analysis was conducted for different aquifer thicknesses.   As would be 

expected, costs generally increased with an increase in the width of the control plane or aquifer 

thickness.   

Cost increased for the point methods as width increased, as these methods require more 

wells and sampling points for a given spatial resolution (Figure 4.1).    This is not surprising, as 

we assume that to obtain the same spatial resolution, these two point methods require the same 

number of wells and the same number of samples.  However, there are cost differences between 

the two methods, though these differences lead to similar cost increases as transect width 



increases.  At increased transect width, the TM incurs a relatively small additional cost for 

adding sampling points, but the increased labor costs associated with additional sampling are 

significant.  Conversely, the PFM incurs relatively small labor costs, but significant costs for 

materials, when the transverse width increases.   

Figure 4.1 Cost comparisons of methods with varying transect width for 21.3m thick 
aquifer at low resolution 
 

 

From figure 4.1 we see that nearly all method increase in cost as the transect width increases.  

Only the TCW-MD remains unaffected by the increase in control plane size.  This is a result of 

the TCW-MD technique is conducted for a predetermined duration and therefore no additional 

costs for labor or testing. 

The MIPT costs also showed an increase with increasing transect width.  The increase in 

MIPT costs were a direct result of the costs associated with treating and disposing of the 

extracted groundwater.  This assumes that any increase in transect width or aquifer depth will 
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increase the control plane cross-sectional area and therefore increase the total discharge that must 

be captured.  The cost for treatment and disposal of the contaminated water was estimated at 

$1/gal or $264/m3.  An increase or decrease in this treatment and disposal cost will directly affect 

the slope of the MIPT cost versus transect width plot.  Results showing MIPT cost versus 

transect width for medium spatial resolution can be seen in figures 4.6 and 4.7.  Costs for low 

and high spatial resolutions are reported in appendix A 

For the TCW method, assuming one well pair is sufficient to implement the method, an 

increase in transect width has only a minimal increase in costs.  The small cost increase is 

directly associated with the increased labor needed to conduct a longer duration tracer test, as a 

result of the greater distance between the wells.  If an additional set of wells must be installed, 

costs will increase based on the additional costs associated with installing and operating the 

additional wells.  For the 16 template sites considered in this study, only a single set of wells was 

required.  Results showing TCW cost versus transect width for medium spatial resolution can be 

seen in figures 4.6 and 4.7.  Costs for low and high spatial resolutions are reported in appendix 

A. 

 

4.3.2 Cost versus required spatial resolution 

Application of each method was evaluated at the 16 template sites for each of the three 

required spatial resolutions: low, medium, and high.   Costs associated with the PFM and transect 

methods for the template sites are shown in appendix A.  As noted earlier, both of the two point 

methods have essentially the same costs at low and the medium resolutions, though at high 

resolution, the PFM is more economical (see Figure 4.2). 



 

 
Figure 4.2 Point method costs for 21.3m thick aquifer of varying transect length  
 

  

The difference in costs between the two methods at high resolution can be attributed to 

the increased labor costs associated with the sampling requirements of the TM.  While both 

methods require increased sample analysis at high resolution, the labor costs of collecting 

samples are much greater for the TM than for the PFM method.  Overall, the cost for 

implementing the TM using the BDT (at low and medium resolution) is nearly identical to the 

PFM for the same transect widths.  Only at high resolution does one become more economical 

than the other.   

The volume-averaging methods offer only limited ability to increase spatial resolution.  

For the template sites, doubling the resolution through the installation of an additional set of 

TCW wells could add an additional 40-90% to total cost.  However, the MIPT offers the 

flexibility to add more wells to the transect with limited additional cost.  Spacing extraction wells 

more closely along the transect will incur more capital and installation costs, but these added 
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costs will be reduced by cost savings in disposal.  The more pumps along the transect, the less 

volume of water needs to be extracted to capture the plume.  The reduction in disposal cost for 

the 16 different site templates for the addition of a single well ranged from 5-10% with 

efficiency effects decreasing with increase of total number of wells.    The addition of more wells 

along the transect will permit greater horizontal resolution.   Vertical spatial resolution would not 

be increased for fully screened wells, such as are used in the MIPT method.  Figure 4.3 shows 

the influence on cost of adding wells to a control plane for the MIPT.   

 

Figure 4.3 Effect of additional MIPT wells on cost of treating and disposing extracted 
water (a) K = 0.002 cm/s and (b) K = 0.095 cm/s (note different y-axis scales) 
 
   a      b 

  
 

Where well installation to depths of 12 and 26 meters is roughly $4,000 and $9,000 per 

well, respectively,  it seems from Figure 4.3 that only at higher hydraulic conductivities and 

larger control plane areas is the costs savings obtained by lower water treatment and disposal 

costs great enough to compensate for the cost of installing additional wells.  At lower hydraulic 
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conductivities and smaller control plane areas, stakeholders will have to balance the benefit of 

increasing horizontal resolution with the costs incurred from installing additional wells. 

 

 

4.3.3 Cost versus hydraulic conductivity 

The hydraulic conductivity values used at the template sites range from 0.002 and 0.095 

cm/s.  The site hydraulic conductivity has little to no effect on the point methods other than the 

length of time needed when applying the BDT and the PFM time-averaging methods.  Note that 

for the PFM method, no additional costs are incurred at lower conductivities, since there are no 

labor costs associated with leaving the PFMs in the ground longer.  There are labor costs 

associated with running longer BDTs at low conductivity sites, but these costs are relatively 

small (0.05-0.4% of total costs).   

The influence of hydraulic conductivity on the costs of applying the two volume-

averaging methods is significant.  For the MIPT method, the cost for conducting flux 

measurements increases with the increase in conductivity.  This is because at a higher 

conductivity, more water needs to be extracted (and treated) for plume capture.  Figure 4.4 shows 

an example of the increased costs required to conduct an MIPT that result from an increase of 

hydraulic conductivity. 



 

Figure 4.4 Total cost for measuring contaminant flux for a 21.3m thick aquifer at different 
values of hydraulic conductivity 

 
 
 

Interestingly, TCW tracer technique costs decrease with increasing conductivity.  This is 

because a significant fraction of the cost of implementing the TCW method is the labor and 

analytical costs associated with conducting the tracer test.  The increase in conductivity will 

result in a shorter tracer test (see Equations 3.1 and 3.2).  With labor at $80/hour and duration 

ranging from days to weeks, the cost savings for the TCW tracer technique at a high conductivity 

site can be considerable.  For the TCW multi-dipole technique, cost will generally not change 

with changing hydraulic conductivity.  However, high hydraulic conductivity will result in 

smaller head differences which may produce inaccuracies.  Figure 4.5 compares costs of 

applying the TCW tracer technique at high and low conductivity sites for two aquifer 

thicknesses.     
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Figure 4.6 Costs for all measurement methods versus transect width at low spatial 
resolution (7.6m thick aquifer) 

 

Figure 4.7 Costs for all measurement methods versus transect width at low spatial 
resolution (21.3m thick aquifer) 
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At low resolution, the point methods are generally less expensive than the other methods, 

except for the MIPT at low hydraulic conductivities.  The TCW tracer technique at high 

hydraulic conductivity and TCW multi-dipole technique become relatively more cost efficient 

when applied in the thicker aquifer (see Figure 4.7).  

 Figures 4.8 and 4.9 compare costs for all methods at a medium resolution for aquifer 

thicknesses of 7.6 and 21.3 meters, respectively. 

 
Figure 4.8 Costs for all measurement methods versus transect width at medium spatial 
resolution (7.6m thick aquifer) 
 
 

 

82 

 



Figure 4.9 Costs for all measurement methods versus transect width at medium spatial 
resolution (21.3m thick aquifer) 

 

 

As expected, the graphs in Figures 4.8 and 4.9 reflect a considerable cost increase in the 

point methods, and to a lesser extent the MIPT method, when compared to costs calculated for 

low resolution measurements (see Section 4.3.2).  However, the MIPT will only provide limited 

horizontal resolution whereas the point methods will provide both vertical and horizontal 

resolution.  Figures 4.10 and 4.11 compare costs at the high spatial resolution.   
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Figure 4.10 Costs for all measurement methods versus transect width at high spatial 
resolution (7.6m thick aquifer) 

 
Figure 4.11 Costs for all measurement methods versus transect width at high spatial 
resolution (21.3m thick aquifer) 

 

  

As would be expected, costs at high spatial resolution increase for the point methods due 

to the increase in the number of wells and the number of sampling points. The cost savings of 
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using the PFM method as opposed to the TM/BDT become much greater at this sampling 

resolution.  The MIPT also has increased costs with the addition of more wells.   In Figures 4.6 

through 4.11, it is apparent that the slopes of the cost versus transect width curves for the 

different methods are quite different.  Looking at these figures, it is unclear how point and 

pumping method costs might compare, as hydraulic conductivity varies.  In particular, since 

conductivity greatly affects pumping method costs (Figures 4.4 and 4.5), the question should be 

asked, is there a conducitvity value at which the point method and pumping method costs are 

approximately equal?  To answer this, we developed Figure 4.12, which shows the hydraulic 

conductivity value at which the TCW-T and MIPT will incur simular costs at the PFM and TM.   

 
Figure 4.12 Graph of methods applied to 7.6m thick aquifer with different hydraulic 
conductivities  

 
Figure 4.12 shows that the MIPT method applied at medium resolution in an aquifer with 

a hydraulic conductivity of  0.032 cm/s has costs that are similar to the point methods.  Thus, 

since costs of the MIPT method decrease as conductivity decreases (Figure 4.4), we can 
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conclude that at conductivites lower than 0.032 cm/s, the MIPT method appears more 

economical than the point methods (at medium resolution).  Likewise it can be surmised that the 

TCW tracer method will be more economical than the medium spatial resolution point methods 

when hydraulic conductivity is greater than 0.004 cm/s.   

For the thicker aquifers, Figure 4.13 shows the hydraulic conductivities where the MIPT 

and the TCW tracer technique become more economical then the point methods at medium 

resolution. 

 

 
Figure 4.13 Graph of methods applied to 21.3 m thick aquifer with different hydraulic 
conductivities   

 

From Figure 4.13, it can be seen that at medium spatial resolution in a thick aquifer, the 

MIPT becomes more economical than the point methods when the hydraulic conductivity is less 

than 0.032 cm/s.   The TCW-T technique will be most economical for determining contaminant 
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mass flux at the full range of hydraulic conductivities.  This is true for both the MIPT and the 

TCW methods for the two aquifer thicknesses used in the template sites.    

Having reviewed the factors that influence cost, we now develop a decision tree that can 

be used by site managers to help them incorporate all factors relevant to the question of which 

flux measurement technology to use at a site, with given management objectives and site 

conditions.   

 

4.4 Decision Tree 

The decision tree is built with the assumption that basic information on site conditions 

and management objectives is available (see figure 4.14).  Initial investigation of the site should 

provide the stakeholder with estimates of hydraulic conductivity, aquifer thickness and 

contaminant plume width, hydraulic gradient, and mean flow direction.  From these estimates, a 

series of decision points will guide the stakeholder to the appropriate and most cost effective 

approach to measuring contaminant mass flux. 

The decision tree, in figure 4.14, is limited to the range of the variables used in the 16 

template sites (e.g., hydraulic conductivities between 0.0019 and 0.095cm/s) and the assumptions 

made in Chapter 3 (e.g., the cost for treating extracted groundwater is $1/gal).   

Referring to section 1.2, the objective of the flux measurement may be to either: (1) 

assess risk in order to develop cleanup priorities or evaluate remediation effectiveness or (2) 

characterize the site to design a remediation technology.   The management objective will drive 

the required spatial resolution.  For assessing risk or evaluating remediation methods, high 

spatial resolution will typically not be required; however, high resolution may be necessary for 

site characterization to support a remedial design.     
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In addition to the objective of the measurement, a second factor that affects the required 

measurement resolution is the heterogeneity of the site and contaminant distribution.  Another 

factor that affects the decision is the scope of the measurement, as quantified by the control plane 

area.  The control plane area is calculated as the product of the plume width and the aquifer 

saturated thickness.  The control planes at the template sites range in area from 60m2 to nearly 

1,000m2.   Based on this range, we have chosen 300m2 as a convenient point to delineate large 

and small control planes.  

The last factor used in the decision tree is hydraulic conductivity.  The hydraulic 

conductivities at the template sites range from 0.002 to 0.095 cm/s.  Based on this range, we 

have chosen 0.032 cm/s as a convenient point to delineate low and high conductivities.  Note that 

this also happens to be the conductivity at which the MIPT becomes more economical than the 

PFM and transect method. 

The decision tree outputs the two most cost-effective measurement methods for the given 

management objectives, spatial resolution, control plane size, and hydraulic conductivity.  With 

these two suggested methods in mind, the technology user must then consider additional factors 

to ensure the method that is ultimately selected satisfies other requirements.  These other factors 

include regulatory considerations, whether or not the technology is readily available, and 

complexity of method application and analysis. 
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Figure 4.14 Decision tree 
(See note 8) 
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4.4.1 Notes for decision tree 

This decision tree is a qualitative method of accounting for site conditions and 

management objectives to help a technology user decide on what flux measurement 

technology might be most suitable.  If site conditions are well known and the required 

spatial resolution defined, the cost comparison figures (Figures 4.6 through 4.13) might 

be more useful in selecting the most cost-effective technology.   

 

1. Preliminary site investigations should provide estimates of hydraulic conductivity, 

aquifer depth, hydraulic gradient, plume size, and heterogeneity.  

2. Management objects should provide direction on the type of mass flux 

investigation to be conducted.  Site characterization to support a remedial design, 

particularly in support of a source zone cleanup, may require considerable spatial 

detail while a risk assessment in a relatively homogeneous aquifer could be 

accomplished with low resolution sampling.   

3. Spatial resolution is driven by the management objective and level of 

heterogeneity.  Detail on the definition of low, medium, and high spatial 

resolution can be found in Section 3.3.3.   

4. For this decision tree to apply, the size of the control plane should be between 60 

and 1000 m2.  300 m2 was chosen as the dividing area between large and small 

control planes.  This point is large enough to encompass both aquifer depth 

templates yet small enough to allow for the illustrate advantages of the point 
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methods for small areas.  This is also the point in which cost differences tend to 

become more defined under the templates.  For control plane areas that are about 

300m2
, both paths (large and small options) should be considered and potential 

technologies confirmed using the cost comparison figures (Figures 4.6 through 

4.13). 

5. This decision tree only applies to hydraulic conductivities ranging from 0.002 to 

0.095 cm/s.  Hydraulic conductivity is separated into high and low ranges, 

delineated by a value of 0.032 cm/s.  This value was selected because it is also the 

value below which the MIPT method becomes competitive with the point 

methods. For hydraulic conductivities near 0.032 cm/s, both paths (high and low) 

should be considered and potential technologies confirmed using the cost 

comparison figures (Figures 4.6 through 4.13). 

6. The end product are the two least expensive methods.   

7. The second “competitive method” is provided with a relative cost increase.  For 

example, the annotation TCW-T, ~1.1 next to TM/BDT indicates that the TCW 

tracer method is estimated to be 1.1 times as expensive as the TM method under 

the specified conditions.    

8. In addition to the criteria in the decision tree, the potential user should review 

other subjective factors provided in Table 4.2 to ensure the method will meet 

requirements and avoid possible regulatory or implementation problems.   



 

 

Table 4.2 Subjective factors to consider when selecting a flux 
measurement method 

Multi-dipole Tracer
Point Time-averaging Volume Averaging Volume Averaging Volume Averaging
Good Moderate to poor Good Moderate Poor

Good to Moderate* Moderate Moderate Good Poor
Good Poor Good Poor Poor

1

(TM) Point sampling in 
time which can’t account 
for temporal hydrologic 
changes 

Very sensitive to 
divergence and 
convergence factor (α), 
which is difficult to 
quantify 

Extracts groundwater and 
therefore requires the 
treatment of contaminated 
water 

Small head differences may 
be difficult to measure

May require a relatively 
long and expensive tracer 
test (days-weeks)

2

(TM) Potential to miss 
“hot spots” if sampling 
resolution is insufficient 

Can be sensitive to 
biological activity which 
could degrade resident 
tracers 

May be difficult to measure 
small head differences

If  contaminate is primarily 
in the upper or lower 
region of the aquifer, 
circulation pattern has 
potential to spread 
contaminant 

Does not provide the 
spatial resolution of the 
point methods which may 
be required for site 
characterization

3

(BDT) Sensitive to 
divergence and 
convergence factor (α), 
which is difficult to 
quantify 

Requires special 
knowledge to deploy 
method and interpret 
results

Does not provide the 
spatial resolution of the 
point methods which may 
be required for site 
characterization

Requires the use of tracers 
which may raise some 
regulatory concerns

4

(BDT) Requires the use 
of tracers which may 
raise some regulatory 
concerns

Deployment of method 
requires days to weeks

Calculations for 
determining the flux can be 
rather complex

Calculations for 
determining the flux can be 
rather complex

5

Requires the use of 
tracers which may raise 
some regulatory concerns

Has not been field tested Has not been field tested 

TCW

Simplicity/Implementability*

Concerns*
Does not provide the 
spatial resolution of the 
point methods which may 
be required for site 
characterization, although 
emplacement of additional 
wells will allow for 
horizontal delineation of 
contaminant concentrations

* Determined from the considering tables 2.2, 2.3, 2.4, and 2.5

Type of measurement

Regulatory Considerations*
Availability*

Factor to consider TM/BDT PFM MIPT
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4.4.2 Examples for decision tree use 

Example 1:   

• Aquifer thickness of 10 m 

• Plume width of 40 m 

• Hydraulic conductivity of 0.07 cm/s 

• Low resolution required to assess risk (homogeneous conditions) 

Given these conditions, the decision tree shows the TM with the BDT is the least 

expensive method followed by the PFM, which is 10% more expensive.  This can be seen 

in figure 4.6 where the cost for implementing the TM is about $50K and the PFM about 

$55K.  From table 4.2, we see there are potential regulatory concerns with the use of the 

BDT.  In addition, at low resolution, the TM could possibly miss “hot spots” if the 

contaminant distribution and aquifer are not homogeneous.  If this is the case, it may be 

necessary to use a higher sampling resolution or employ a pump method.  

 

Example 2 

• Aquifer thickness of 20 m 

• Plume width of 40 m 

• Hydraulic conductivity of 0.003 cm/s 

• Medium resolution required to assess risk (homogeneous aquifer, different source 

locations) 
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Using the decision tree for the given conditions, the TCW-MD is the least costly method 

followed by the MIPT.  Referencing table 4.2 there are no issues that would impact a 

decision to employ either method.   

 

Example 3 

• Aquifer thickness of 25 m 

• Plume width of 45 m 

• Hydraulic conductivity of 0.005 cm/s 

• High resolution required (site investigation for designing a remediation) 

 

Using the decision tree, the optimum economic choice is the PFM with the next option 

being the TM with an estimated cost of 40% over the cost of the PFM.  Reviewing table 

4.2, assistance and training may be required to design, assemble and deploy the PFM.  

However the savings associated with using the PFM make the PFM more attractive.  

When using the PFM, inaccuracies in estimating the convergence/divergence factor 

should be considered.   
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V. Conclusions 

 

5.1 Summary 

This study examined methods for measuring contaminant mass flux in 

groundwater.  Mass flux measurements may be used to 1) prioritize contaminated 

groundwater sites for remediation, 2) evaluate the effectiveness of source removal 

technologies or natural attenuation processes, and 3) define a source term for 

groundwater contaminant transport modeling, which can be used as a tool to achieve the 

previous two objectives. 

The following mass flux measurement methods, some in use and some emerging, 

were discussed in detail: (1) the conventional transect method using multi-level sampling 

(MLS), (2) the borehole dilution test (BDT) which complements the MLS by measuring 

groundwater flux, (3) the modified integral pump test (MIPT), (4) passive flux meters 

(PFMs), and (5) tandem circulating wells (TCWs).  Discussion included the advantages 

and limitations of each method, as well as the results of field and laboratory evaluations 

on method accuracy.     

Detailed cost analyses were conducted to quantify the relative costs of applying 

the different measurement methods.  In accordance with recommendations that have been 

made to facilitate technology transfer, the costs of applying each method to 16 different 

template sites, which spanned a broad spectrum of hydrogeological conditions, were 

determined.  The costs were then compared to determine which method was most 

economical under which site condition.  Finally, the results of the literature review and 
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the cost analysis provided the necessary information to develop a decision tree to aid 

potential technology users in determining which method would best meet both 

management objectives and economic constraints. 

 

5.2 Conclusions 

The results of the cost analysis offer insight as to how various factors, which are a 

function of site conditions and management objectives, affect the costs for implementing 

the different methods.  Each variable affects the cost of methods differently.  The results 

of the analysis, which looks at the impact of these factors on cost, follows.   

 

5.2.1 Spatial resolution 

Spatial resolution has the greatest effect on the cost of the two point methods: the 

TM and PFM methods.  As the spatial resolution increases, so do the costs of applying 

the methods.  We found that at high resolution, the PFM will be less costly than the 

TM/BDT method.   The volume averaging MIPT and TCW methods do not offer the 

same spatial resolution flexibility or capability as the point methods.  The MIPT can 

provide limited horizontal resolution without incurring large cost increases.  The cost for 

adding an additional well is tempered by a reduction in extracted groundwater treatment 

costs as a result of more efficient pumping to meet the capture width.  The TCW only 

offers increased resolution by installing additional well pairs.  This would increase costs 

by 40 to 90% for only a limited increase in horizontal resolution. 

96 

 



 

5.2.2 Control plane area 

The area of the control plane is driven by the plume width and the aquifer 

thickness and both measurements have an influence on the costs of implementing the 

methods.  An increase in control plane area increases costs for the point methods, as more 

sampling points and wells are required to maintain a specified level of sampling 

resolution.  Application of the MIPT will also become more costly as the control plane 

area increases. This is because more water flows across the control plane, resulting in the 

need for more contaminated groundwater to be captured and extracted, and therefore 

treated and disposed of.  In this study, the TCW method only used a single pair of wells.  

Thus, the only additional TCW-T method costs associated with an increase in control 

plane area are due to increases in tracer test time (thereby incurring additional labor and 

analytical costs) as a result of having to locate the TCWs farther apart from each other.  

The TCW multi-dipole method would not incur any additional costs.    

 

 5.2.3 Hydraulic conductivity 

The hydraulic conductivity has little influence on the cost of the point methods.   

The only effect that lower conductivity would have on the point methods is that the 

duration of the PFM and BDT methods would increase.  The MIPT and TCW method 

costs are sensitive to changes in hydraulic conductivity.  The MIPT, when treatment of 

extracted groundwater is required, will sustain higher costs as conductivity increases.  

Conversely, the TCW tracer technique will incur higher costs as conductivity decreases, 

due to increases in the tracer test duration.  Assuming additional TCWs are not required, 
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the cost of applying the TCW multi-dipole technique is not affected by conductivity 

though method accuracy may be improved at low conductivities, due to larger head 

differences to measure at the wells.  Hydraulic conductivity can be a decisive element 

when choosing between methods.   

 

5.2.3 Conclusion on method costs 

Field and laboratory test results of the newer methods indicate that their accuracy 

is as good as, or better than, the accuracy of the TM, the currently accepted method.   

Comparing test results with known fluxes and to that of the TM, under the same 

conditions, provide the “apple to apples” comparison suited for stakeholder decision 

making.  

Based on the cost analysis, it can be concluded that for low spatial resolution the 

point methods will be the least expensive.  This is true for control plane sizes smaller 

than 300 m2 and where the hydraulic conductivity is greater than 0.016 cm/s. If the 

hydraulic conductivity is less than 0.016 cm/s, it is likely that the MIPT will be most cost 

effective for larger control planes.  Additionally, for control plane areas approaching or 

exceeding 1,000 m2, the TCW-MD technique will provide the most economical means to 

measure flux. 

At a medium sampling resolution, cost comparisons of the methods illustrate how 

the pumping methods can either exceed or be under the costs associated with the point 

methods.  At control plane areas lower than about 30 m2, the point methods prove least 

expensive.  It is also apparent that at low hydraulic conductivities, the MIPT will be least 
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expensive for a wide range of control plane sizes (200 to 600m2).  At larger control 

planes and low hydraulic conductivity, the TCW-MD will be the least expensive.  

At high sampling resolutions, the pumping methods are necessarily excluded.  

Aside from very small control planes (less than 70 m2), the PFM will prove to be less 

costly than the TM.  This difference increases as the size of the control plane increases.  

 

5.3 Recommendations for future research 

1. Define spatial resolution as a function of measurement objective and 

heterogeneity (of both the aquifer and the contaminant) more rationally.  This 

study based the relationship (in Table 3.4) upon anecdotal reports of past 

practices.  Hopefully, a measure of heterogeneity (perhaps correlation length), in 

concert with a specified measurement objective, can be used to obtain a 

quantitative measure of spatial resolution.  

2. Develop software to automate the decision tree. Produce a user-friendly interface 

where initial site investigation parameters and management objectives are input 

and the most applicable and economic measurement methods are output.  

3. In the current study, we try to provide decision makers with credible cost 

and performance information in order to facilitate transfer and commercialization 

of an innovative measurement technology.  How successful was this approach?  Is 

the information presented in a useable form?  What else do potential measurement 

technology users need to facilitate technology transfer?   
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APPENDIX A 

 

TM/BDT 7.6 7.6 2 8 $13,153 $7,640 $4,960 $25,753 $25,753
PFM 7.6 7.6 2 8 $13,153 $13,140 $5,973 $32,266 $32,266
MIPT 7.6 7.6 2 n/a $13,158 $10,023 $10,900 $34,081 $61,717
TCW 7.6 7.6 n/a $46,268 $25,484 $7,256 79,008 $74,202
TM/BDT 7.6 15.24 3 8 $16,944 $7,640 $9,015 $33,600 $33,600
PFM 7.6 15.24 3 8 $16,944 $13,140 $9,576 $39,660 $39,660
MIPT 7.6 15.24 2 n/a $13,158 $10,023 $11,464 $34,645 $89,916
TCW 7.6 15.24 n/a $46,268 $25,484 $14,603 86,355 $76,345
TM/BDT 7.6 30.5 4 8 $20,736 $7,640 $12,020 $40,396 $40,396
PFM 7.6 30.5 4 8 $20,736 $13,140 $13,179 $47,055 $47,055
MIPT 7.6 30.5 3 n/a $16,952 $12,832 $16,616 $46,400 $144,983
TCW 7.6 30.5 n/a $46,268 $25,484 $53,542 125,294 $84,990
TM/BDT 7.6 45.7 6 8 $29,889 $7,640 $18,030 $55,559 $55,559
PFM 7.6 45.7 6 8 $29,889 $13,140 $20,386 $63,415 $63,415
MIPT 7.6 45.7 4 n/a $20,746 $15,641 $21,792 $58,179 $201,276
TCW 7.6 45.7 n/a $46,268 $25,484 $118,045 189,797 99,312

K=0.0019 
cm/s

 K=0.095 
cm/s

For Aquifer Thickness of  7.6m  (4.6m BSL) (Low Resolution)
Total cost ($) for:

Method Aquifer 
depth (m)

Plume 
width (m)

number of 
wells 

sample 
every (m) 

Instal well 
cost ($)

Capital 
cost ($)

Cost / 
episode 

 

TM/BDT 21.3 7.6 2 8 $23,254 $7,640 $9,620 $40,514 $40,514
PFM 21.3 7.6 2 8 $23,254 $13,140 $13,140 $50,896 $50,896
MIPT 21.3 7.6 2 n/a $21,995 $10,248 $12,032 $44,275 $127,400
TCW 21.3 7.6 n/a $57,319 $25,484 $26,830 $109,633 $73,770
TM/BDT 21.3 15.24 3 8 $31,311 $7,640 $22,005 $60,956 $60,956
PFM 21.3 15.24 3 8 $31,311 $13,140 $22,370 $66,821 $66,821
MIPT 21.3 15.24 2 n/a $21,995 $10,248 $13,729 $45,971 $212,221
TCW 21.3 15.24 n/a $57,319 $25,484 $28,369 $111,172 $74,617
TM/BDT 21.3 30.5 4 8 $40,938 $7,640 $29,340 $77,917 $77,917
PFM 21.3 30.5 4 8 $40,938 $13,140 $30,238 $84,315 $84,315
MIPT 21.3 30.5 3 n/a $31,327 $13,170 $20,656 $65,152 $361,679
TCW 21.3 30.5 n/a $57,319 $25,484 $44,162 $126,966 $78,034
TM/BDT 21.3 45.7 6 8 $58,622 $7,640 $44,010 $110,271 $110,271
PFM 21.3 45.7 6 8 $58,622 $13,140 $45,974 $117,735 $117,735
MIPT 21.3 45.7 4 n/a $40,959 $16,091 $27,656 $84,706 $515,126
TCW 21.3 45.7 n/a $57,319 $25,484 $70,325 $153,128 $83,694

For 
K=0.0019 

For 
K=0.095 

For Aquifer Thickness of  21.3m  (4.6m BSL) (Low Resolution)
Total cost ($)

Method Aquifer 
depth (m)

Plume 
width (m)

number of 
wells 

sample 
every (m) 

Instal well 
cost ($)

Capital 
cost ($)

Cost / 
episode 

105 

 



 

 

TM/BDT 7.6 7.6 3 4 16,944$       7,640$    8,746$      33,331$     33,331$    
PFM 7.6 7.6 3 4 16,944$       13,140$  10,138$    40,223$     40,223$    
MIPT 7.6 7.6 3 n/a 16,952$       12,832$  15,105$    44,889$     69,454$    
TCW 7.6 7.6 n/a 46,268$       25,484$  7,256$      79,008$     74,202$    
TM/BDT 7.6 15.24 6 5 29,889$       7,640$    23,093$    60,622$     60,622$    
PFM 7.6 15.24 6 5 29,889$       13,140$  21,511$    64,540$     64,540$    
MIPT 7.6 15.24 4 n/a 20,746$       15,641$  19,843$    56,230$     103,825$  
TCW 7.6 15.24 n/a 46,268$       25,484$  14,603$    86,355$     76,345$    
TM/BDT 7.6 30.5 11 5 50,416$       7,640$    42,337$    100,393$   100,393$  
PFM 7.6 30.5 11 5 50,416$       13,140$  40,465$    104,021$   104,021$  
MIPT 7.6 30.5 5 n/a 26,110$       18,450$  25,089$    69,649$     165,151$  
TCW 7.6 30.5 n/a 46,268$       25,484$  53,542$    125,294$   84,990$    
TM/BDT 7.6 45.7 16 5 70,944$       7,640$    61,581$    140,165$   140,165$  
PFM 7.6 45.7 16 5 70,944$       13,140$  59,419$    143,503$   143,503$  
MIPT 7.6 45.7 6 n/a 29,904$       21,259$  30,328$    81,491$     224,588$  
TCW 7.6 45.7 n/a 46,268$      25,484$ 118,045$ 189,797$   99,312$    

K=0.0019 
cm/s

K=0.095 
cm/s

For Aquifer Thickness of  7.6m  (4.6m BSL) (med resolution)
Total cost ($)

Method Aquifer 
depth (m)

Plume 
width (m)

number 
of wells 

sample 
every (m) 

Instal well 
cost ($)

Capital 
cost ($)

Cost / 
episode ($)

 

TM/BDT 21.3 7.6 3 4 $31,311 $7,640 $16,692 $55,643 55,643
PFM 21.3 7.6 3 4 $31,311 $13,140 $23,945 $68,396 68,396
MIPT 21.3 7.6 3 n/a $31,327 $12,832 $16,112 $60,608 134,497
TCW 21.3 7.6 n/a $57,319 $25,484 $26,830 $109,633 73,770
TM/BDT 21.3 15.24 6 5 $58,622 $7,640 $58,185 $124,446 124,446
PFM 21.3 15.24 6 5 $58,622 $13,140 $49,124 $120,885 120,885
MIPT 21.3 15.24 4 n/a $40,959 $15,641 $21,794 $78,844 222,003
TCW 21.3 15.24 n/a $57,319 $25,484 $28,369 $111,172 74,617
TM/BDT 21.3 30.5 11 5 $100,476 $7,640 $106,672 $214,788 214,788
PFM 21.3 30.5 11 5 $100,476 $13,140 $91,088 $204,705 204,705
MIPT 21.3 30.5 5 n/a $49,021 $18,450 $29,002 $97,036 384,297
TCW 21.3 30.5 n/a $57,319 $25,484 $44,162 $126,966 78,034
TM/BDT 21.3 45.7 16 5 $140,761 $7,640 $155,159 $303,560 303,560
PFM 21.3 45.7 16 5 $140,761 $13,140 $133,053 $286,954 286,954
MIPT 21.3 45.7 6 n/a $58,654 $21,259 $36,192 $116,780 547,200
TCW 21.3 45.7 n/a $57,319 $25,484 $70,325 $153,128 83,694

K=0.0019 
cm/s

K=0.095 
cm/s

For Aquifer Thickness of  21.3m  (4.6m BSL) (med resolution)
Total cost ($)

Method Aquifer 
depth (m)

Plume 
width (m)

number of 
wells 

sample 
every (m) 

Instal well 
cost ($)

Capital 
cost ($)

Cost / 
episode 

106 
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TM/BDT 7.6 7.6 4 2 $20,736 $7,640 $21,290 $47,471 $47,471
PFM 7.6 7.6 4 2 $20,736 $13,140 $16,929 $50,805 $50,805
MIPT 7.6 7.6 4 n/a $20,746 $15,641 $19,358 $55,745 $79,542
TCW 7.6 7.6 n/a $46,268 $25,484 $7,256 $79,008 $74,202
TM/BDT 7.6 15.24 6 2 $29,889 $7,640 $43,343 $80,872 $80,872
PFM 7.6 15.24 6 2 $29,889 $13,140 $69,040 $69,040 $69,040
MIPT 7.6 15.24 6 n/a $29,904 $21,259 $28,379 $77,383 $148,963
TCW 7.6 15.24 n/a $46,268 $25,484 $14,603 $86,355 $76,345
TM/BDT 7.6 30.5 11 2 $50,416 $7,640 $79,462 $137,518 $137,518
PFM 7.6 30.5 11 2 $50,416 $13,140 $112,271 $112,271 $112,271
MIPT 7.6 30.5 10 n/a $50,444 $35,304 $50,697 $136,445 $231,947
TCW 7.6 30.5 n/a $46,268 $25,484 $53,542 $125,294 $84,990
TM/BDT 7.6 45.7 16 2 $70,944 $7,640 $115,581 $194,165 $194,165
PFM 7.6 45.7 16 2 $70,944 $13,140 $71,419 $155,503 $155,503
MIPT 7.6 45.7 15 n/a $67,190 $46,540 $68,740 $182,470 $325,567
TCW 7.6 45.7 n/a $46,268 $25,484 $118,045 $189,797 $99,312

K=0.0019 
cm/s

 K=0.095 
cm/s

For Aquifer Thickness of 7.6m  (4.6m BSL) (High Resolution)
Total cost ($)

Method Aquifer 
depth (m)

Plume 
width (m)

number of 
wells 

sample 
every (m) 

Install well 
cost ($)

Capital 
cost ($)

Cost / 
episode 

 

TM/BDT 21.3 7.6 4 2 $40,938 $7,640 $21,290 $69,867 $69,867
PFM 21.3 7.6 4 2 $40,938 $13,140 $31,738 $85,815 $85,815
MIPT 21.3 7.6 4 n/a $40,959 $16,091 $20,333 $77,383 $148,963
TCW 21.3 7.6 n/a $57,319 $22,950 $26,830 $107,099 $73,770
TM/BDT 21.3 15.24 6 2 $58,622 $7,640 $114,885 $181,146 $181,146
PFM 21.3 15.24 6 2 $58,622 $13,140 $61,724 $133,485 $133,485
MIPT 21.3 15.24 6 n/a $58,654 $21,934 $30,330 $110,917 $254,077
TCW 21.3 15.24 n/a $57,319 $22,950 $28,369 $108,638 $74,617
TM/BDT 21.3 30.5 11 2 $100,476 $7,640 $210,622 $318,738 $318,738
PFM 21.3 30.5 11 2 $100,476 $13,140 $114,188 $227,805 $227,805
MIPT 21.3 30.5 10 n/a $100,535 $36,542 $54,610 $191,687 $478,947
TCW 21.3 30.5 n/a $57,319 $22,950 $44,162 $124,431 $78,034
TM/BDT 21.3 45.7 16 2 $140,761 $7,640 $306,359 $454,760 $454,760
PFM 21.3 45.7 16 2 $140,761 $13,140 $166,653 $320,554 $320,554
MIPT 21.3 45.7 15 n/a $132,784 $48,228 $74,604 $255,615 $686,035
TCW 21.3 45.7 n/a $57,319 $22,950 $70,325 $150,594 $83,694

K=0.0019 
cm/s

 K=0.095 
cm/s

For Aquifer Thickness of 21.3m  (4.6m BSL) (High Resolution)
Total cost ($)

Method Aquifer 
depth (m)

Plume 
width (m)

number of 
wells 

sample 
every (m) 

Install well 
cost ($)

Capital 
cost ($)

Cost / 
episode 

 

 



 

REPORT DOCUMENTATION PAGE 
Form Approved 
OMB No. 074-0188 

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching 
existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information.  Send comments regarding this burden 
estimate or any other aspect of the collection of information, including suggestions for reducing this burden to Department of Defense, Washington Headquarters 
Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA  22202-4302.  Respondents 
should be aware that notwithstanding any other provision of law, no person shall be subject to an penalty for failing to comply with a collection of information if it does 
not display a currently valid OMB control number.   
PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 
1. REPORT DATE (DD-MM-
YYYY) 

27-03-2008 

2. REPORT TYPE  
Master’s Thesis  

3. DATES COVERED (From – To) 
August 2007 – March 2008 

5a.  CONTRACT NUMBER 
5b.  GRANT NUMBER 
 

4.  TITLE AND SUBTITLE 
An Evaluation and Implementation Guide for Current Groundwater 
Mass Flux Measurement Practices 

5c.  PROGRAM ELEMENT NUMBER 

5d.  PROJECT NUMBER 

5e.  TASK NUMBER 

6.  AUTHOR(S) 
Wheeldon, Jack G., Major, USAF 
 
 
 

5f.  WORK UNIT NUMBER 

7. PERFORMING ORGANIZATION NAMES(S) AND ADDRESS(S) 
 Air Force Institute of Technology 
Graduate School of Engineering and Management (AFIT/EN) 
2950 Hobson Way, Building 640 
WPAFB OH 45433-8865 

8. PERFORMING ORGANIZATION 
    REPORT NUMBER 
 
AFIT/GEM/ENV/08-M23 

10. SPONSOR/MONITOR’S 
ACRONYM(S) 
U.S. EPA, NRMRL, GWERD 

9.  SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 
U.S. Environmental Protection Agency 
Ground Water and Ecosystem Restoration Division (GWERD)  
National Risk Management Research Laboratory 
919 Kerr Research Drive,  P.O. Box 1198  Ada, OK 74821 

11.  SPONSOR/MONITOR’S REPORT 
NUMBER(S) 

12. DISTRIBUTION/AVAILABILITY STATEMENT       
        APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED. 

 
13. SUPPLEMENTARY NOTES  
 
 
14. ABSTRACT  

Contaminant mass flux is an important parameter needed for decision making at sites with contaminated groundwater.  New 
and potentially better methods for measuring mass flux are emerging.  This study looks at the conventional transect method (TM), and the 
newer passive flux meter (PFM), modified integral pump test (MIPT), and tandem circulating well (TCW) methods.  In order to facilitate 
transfer and application of these innovative technologies, it is essential that potential technology users have access to credible information 
that addresses technology capabilities, limitations, and costs. This study provides such information on each of the methods by reviewing 
implementation practices and comparing the costs of applying the methods at 16 standardized “template” sites.  The results of the analysis 
are consolidated into a decision tree that can be used to determine which measurement method would be most effective, from cost and 
performance standpoints, in meeting management objectives at a given site.   

The study found that, in general: (1) the point methods (i.e. the TM and PFM) were less expensive to use to characterize 
smaller areas of contamination while the pumping methods (the MIPT and TCW) would be more economical for larger areas, (2) the 
pumping methods are not capable of high resolution sampling, which may be required to characterize heterogeneous systems or to design 
remediations, and (3) when high resolution is required, the PFM is more economical then the TM.  Finally, the study demonstrated that, 
arguably, test results of the newer methods indicate that their accuracy is as good as, or better than, the accuracy of the TM, the currently 
accepted method.     
15. SUBJECT TERMS 
     Groundwater mass flux evaluation, Implementation guide and decision analysis 
16. SECURITY CLASSIFICATION 
OF: 

19a.  NAME OF RESPONSIBLE PERSON 
Goltz, Mark N., USAF 

a. REPORT 
 

U 

b. ABSTRACT 
 

U 

c. THIS 
PAGE 

 
U 

17. LIMITATION OF  
     ABSTRACT 
 
 

UU 

18. 
NUMBER  
      OF      
PAGES 
 

121 

19b.  TELEPHONE NUMBER (Include 
area code) 
(937) 255-3636, ext 4638 
(Mark.Goltz@afit.edu) 

   Standard Form 298 (Rev. 8-98) 
Prescribed by ANSI Std. Z39-18 

 



 

 

 


