
Session H 

Investigation and 
monitoring of Soil and 

Groundwater 

- Part I
Chair: Mette Broholm 

Associate Professor, DTU Environment, Technical University of Denmark 

How groundwater velocity measurements can  

strongly support aquifer characterisation studies 

Keynote Speaker John Frederick Devlin 

Professor, University of Kansas, USA 

Multiple fluorescent dyes as a tool for understanding fate 

and transport for large scale plumes 

Nicklas Larsson  

Project Director, NIRAS, Sweden 

Porewater sampling in the unsaturated zone 

– a novel technique for measuring seepage concentrations directly

Poul Larsen, R&D Project manager, Ph.D., DMR A/S 



How groundwater velocity 
measurements can strongly support 

aquifer characterisation studies 
J.F. Devlin 

Geology Department 

University of Kansas 



Acknowledgements 

• Mackenzie Cremeans 

• Vinni Rønde 

• GEOCON, Poul Bjerg, Ursula McKnight 

• Consortium for field research, Guelph 

• Hydrocarbon Consortium, University of Waterloo 

 



Groundwater Velocity 

• Important to know for risk assessment through 
1. identification of possible receptors (flow direction) 

2. times to receptors 

3. rate of source leaching 

4. plume mass (and loading to aquifer) 

5. model validation 

6. estimation of degradation rates 

     … 

 

 

 



Flux 

 

 

• We have been thinking about this contribution for 
quite some time! 

 

• Focus here on ‘control plane’ approach to flux 
application 

 

• Integral pumping an alternative approach 

 

 

 

Velocity  Flux  
n 



Flux 

• Some quantity that passes through a unit area on a 
control plane, usually oriented perpendicular to flow 

 

• Volumetric flux 

• 𝑞(= 𝐾𝑖), specific discharge or Darcy flux 
𝐿
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• Mass flux 

• 𝐽(= 𝐶𝑞), 
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Mass Flux 

• Mass flux refers to mass crossing a unit area 

graphic from Einarson, Mackay, 2001, ES&T v. 35, no. 3, 66A-73A. 



Mass Discharge 

• Mass discharge refers to mass crossing any predetermined 
area 

 
• total of location-specific flux values 

• sometimes called ‘total flux’ – a term that can contribute to confusion 

𝑀𝐷 =  𝐶𝑖,𝑗𝑞𝑖,𝑗

𝑛

𝑖=1

𝑚
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graphic modified from Einarson, Mackay, 2001, ES&T v. 35, no. 3, 66A-73A. 



Sample Density 

• Accuracy depends on sufficient detail on the control 
plane 

• ‘Sample density’, Sd , defined two ways: 

 

 

 

 

 

• ratio of sampled area to total area 
• npt = number of sampling points (pts) 
• Ms= measurement support (m2/pts) 
• Atot = total area of control plane (m2) 

𝑆𝑑2 = 𝑆𝑑 =
𝑛𝑝𝑡 ×𝑀𝑠
𝐴𝑡𝑜𝑡

 𝑆𝑑1 =
𝑛𝑝𝑡
𝐴𝑡𝑜𝑡

 



Example 

• npt = 49 pts 

• Ms = 0.0929 m2/pt (assumed)  

• Atot = 81.9 m2  
𝑆𝑑 =
0.0929 × 49

81.9
= 0.055 = 5.5% 

values from Li et al., 2007, WRR v. 43, W06436 
graphic from Einarson, Mackay, 2001, ES&T v. 35, no. 3, 66A-73A. 



Sampling Density 

 

4.55/81.9 = 5.5%  

6 m 

Atot = 5.5 m X  14.9 m = 81.9 m2  (49 X 0.0929) m = 4.55 m2  



Why Flux? (vs. concentration) 

 

• Concentration = metric for decision making  
• Safe Drinking Water Act 

• monitoring requirements layed out by RCRA 

 

• Changes must be justified by significant ‘gains’ 



Flux and Sampling 

• 1984 – Parker and van 
Genuchten draw attention 
to a possible reason 
modelled breakthrough 
curves do not match 
experimental data (drawn 
from petroleum and 
chemical engineering 
literature as far back as 
1974):  
• measured samples are flux 

averaged, not volume 
averaged as assumed by 
models 

• of particular (and intuitive) 
importance for fractured 
systems 

𝐶𝑟 =
∆𝑀

𝑛𝑆∆𝑥
 

𝐶𝑓 =
𝑀𝐷

𝑄
 

Kreft, Zuber, 1986.  WRR, v.. 22, no. 7, 1157-1158. 

Parker, van Genuchten, 1984,  WRR, v. 20, no. 7, 866-872. 



Fractures and Heterogeneous Media  

• 1984 – Gillham, 
Sudicky, Cherry, Frind 
discuss and provide a 
quantitative description 
of the processes that 
lead to flux averaged 
samples 

Gillham et al. 1984. WRR, v. 20, no. 3, 369-378. 



Flux and Heterogeneity 

taken from Suthersan et al., 2010, GWMR v. 30, no. 1, 34-43. 

K 
100K 

90% of flow 
in high permeability 
layers 

K distribution flow distribution 



Flux and Plumes Mackay, Cherry, 1989.  ES&T, v. 23, no. 6, 630-636. 

• 1989 – Mackay and 
Cherry consider 
plume mass … 

• plume mass is “not 
readily available 
because the outer 
boundaries of such 
plumes and the 
fracture porosity are 
very difficult to 
determine. ” 
 

• “… the concentrations in groundwater withdrawn by wells are controlled in part by 
transfer of contaminant mass … contaminant present in immobile pockets of 
contaminated groundwater in less permeable but porous strata or lenses . " 



Flux, Plumes, DNAPL 

• 1996 – Feenstra, Cherry, Parker noted with regard to estimating total 
contaminant mass: 

• “At a given site, a number that may be of greater interest than plume mass is 
mass flux of dissolved contaminants.  Near a DNAPL source zone, the plume flux 
equals the mass rate of dissolution of the DNAPL.  Farther downgradient, the 
plume flux should generally be similar, with some decline due to 
transformations.” 

• 2002 – Devlin et al. – “This experiment demonstrated that … the flux 
calculations were found to be the most robust in terms of estimating 
degradation rates.” 

 

 

 

 

 
Feenstra et al. 1996in Dense Chlorinated Solvents and other DNAPLs in 
Groundwater, Waterloo Press, 53-88. 
Devlin et al. 2002. WRR, v. 38, no. 1, 1002, 10.1029/2000WR000148 



Flux, Plumes, and Risk 

• 2001 – Einarson and Mackay 

 

 

 

 

 

• “… contaminant concentrations in 
continuously pumped supply wells 
are inversely proportional to 
pumping rates.” 

• “… the large pumping rates of many 
municipal supply wells may be 
sufficient to cause enough blending 
so that contaminant concentrations 
in extracted water remain relatively 
low. ”  

 

𝐶𝑠𝑤 =
𝑀𝐷

𝑄𝑠𝑤
 

Einarson, Mackay, 2001 ES&T, v. 35, no. 3, 66A-73A. 



Flux and Remediation 

• 2001 – 2003  - McWhorter 
and Sale 

• Q:  “Is it worth the 
investment of cleaning up 
DNAPL source zones?” 

• “concentration was 
purposely selected as the 
metric because regulatory 
limits are expressed in 
terms of concentration and, 
thereby, provide a context 
for such words as 
‘‘significant’’ or 
‘‘substantial.’’” 

 

• 2003 - Rao and Jawitz 

 

• Flux based approach 

• “Sale and McWhorter 
[2001] studied 
homogeneous media with 
heterogeneous DNAPL, 
while here we consider 
heterogeneous media with 
homogeneous DNAPL.” 

vs. 



Two Cases Considered 

Flux considerations important 

Homogeneous case

Heterogeneous case



Flux and  
Remedial Decision Making 

• 2010 – Suthersan et al. 

• “Focus on resolving 
“moving” vs. “stored” 
contaminant mass. 
Flux-informed 
remediation decision-
making leverages this 
distinction by focusing 
on the mass that 
moves, which drives 
off-site exposure and 
long-term liability.” 

GWMR, v. 30, no. 1, 34-43. 



What Does Flux Gain Us? 

• Focused, efficient sampling (not whole plume) 

• Plume scale behaviour efficiently described 

• In principle, flow in fractured media (and other 
heterogeneity) can be addressed 

• Focus on ‘moving contamination’ 

• Assess transformations 

• Mass discharge 

 



What Does Flux Cost Us? 
Nichols,m  2004,  GWMR, v. 24, no. 3, 4-6; Belland-Pelletier, 2011, JCH, v. 122, 63–75. 

• Uncertainty 
 

• 2004 – Johnson, (editor’s comment) GWMR –  

“My concern here is that, in the past, compliance relied only upon the accuracy of the 
determination of single point concentrations. With the use of mass discharge, the spatial density of 
data becomes more critical as well as our point estimates of ground water velocity. While there 
might be factors of two or three uncertainty in point concentration measurements, one might 
argue that current sampling and characterization approaches could very easily correspond to 
uncertainties of one to two orders of magnitude in mass discharge estimates. ” 

 

• 2011 – Belland-Pelletier et al., JCH -  

“The maximum uncertainty of the MLS method was about 67%, and about 28% for the IPT method 
in this specific field situation … While MLS or IPT methods to assess contaminant mass discharge 
are attractive assessment tools, the large relative uncertainty in either method found for this 
reasonable well monitored and simple aquifer suggests that results in more complex plumes in 
more heterogeneous aquifers should be viewed with caution. ” 

“In both cases, the mean naphthalene mass discharge was <15% different from the “best”  
estimate” 

 

 



Sample Density Case 1 

sample density = 3.6% sample density = 3.6% 

Li et al., 2007. WATER RESOURCES RESEARCH, VOL. 43, W06436, doi:10.1029/2006WR005427 



Effect of Sampling Density on Error 
of Mass Discharge Estimation 

Li et al., 2007. WATER RESOURCES RESEARCH, VOL. 43, W06436, doi:10.1029/2006WR005427 
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Implications for Minimizing 
Uncertainty 

 

 

• Maximize sample density 
• is this the best metric? 

 

• Minimize uncertainty in measurements 
• supplement Darcy’s Law with direct measurements of 

velocity or flux 



Evaluate Control Plane 
Adequacy 

• Sample density does not account for uncontaminated portion of control 
plane 

• Possible alternative metric – probability of control plane locating the 
zone of contamination 
• Probabilistic Equivalent Random Pollution Location (PERPL) 

 

 

 

 

 

 

 

• pcont = probability of contaminant at any location 

• ppt = probability of sampling point at any location 

• npts = no. of sampling points on control plane 

• assume equal measurement support for each point on control plane 

𝑃𝐸𝑅𝑃𝐿 = 
𝐴𝑐𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑡𝑒𝑑
𝐴𝑡𝑜𝑡𝑎𝑙

×
 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡 𝑠𝑢𝑝𝑝𝑜𝑟𝑡
𝑛𝑝𝑡
𝑖=1 𝑖

𝐴𝑡𝑜𝑡 𝑗

𝑛𝑝𝑡

𝑗=1

 

 

= 𝑛𝑝𝑡𝑠 × 𝑝𝑐𝑜𝑛𝑡 × 𝑝𝑝𝑡 

=
𝑛𝑝𝑡
𝐴𝑡𝑜𝑡

2

𝐴𝑐𝑜𝑛𝑡 ×𝑀𝑠 



PERPL Applied to Model 

Location 
Number of 
sampling 

pts (-) 

Total area 
of transect 

(m2) 

Measurement 
support m2/pt 

(assumed) 

%sample 
density 

Area of 
contamination 

(m2) 
PERPL 

Summary of Field Flux 
experiments 

Model 24 61.25 0.092 3.6% 24.1 34% Li, 2007 

Model 24 61.25 0.092 3.6% 19.6 28% Li, 2007 
Model 24 61.25 0.092 3.6% 3.52 5% Li, 2007 

Sample density = 3.6% 
PERPL = 34% 

Sample density = 3.6% 
PERPL = 28% 

Sample density = 3.6% 
PERPL = 5% 



Field Examples 

Location 
Number of 
sampling 

pts (-) 

Total area 
of 

transect 
(m2) 

Measurement 
support m2/pt 

(assumed) 

%sample 
density 

Area of 
contamination 

(m2) 
PERPL 

Summary of Field Flux 
experiments 

N. Carolina, line 1 5 270 0.458 0.8% 60 0.9% Borden, et al., 1997 
Florida 127 1280 0.011 0.1% 145 1.6% Guilbeault et al., 2005 

N. Carolina, line 4 6 360 0.458 0.8% 203 2.6% Borden, et al., 1997 
Kao 20 294 0.092 0.6% 185 7.9% Kao et al., 2000 

Grindsted bank (VC) 53 703 0.092 0.7% 327 17.1% Ronde et al., 2017 
New Hampshire 261 520 0.011 0.6% 76.4 21.8% Guilbeault et al., 2005 

Einarson and Mackay 49 81.9 0.092 5.5% 22.3 55% Einerson and Mackay, 2001 

Angus 297 187 0.011 1.8% 20.3 58% Guilbeault et al., 2005 
CFB Borden Fence  60 150 0.092 3.7% 100 147% Belland-Pelletier, 2011 

CFB Borden Fence CT G202 12 4.0 0.092 27.6% 3.35 277% Devlin et al., 2002 
CFB Borden, Fraser 196 43.96 0.0424 18.9% 12.5 1051% Belland-Pelletier, 2011 



Example 

𝑆𝑎𝑚𝑝𝑙𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = 𝑆𝑑 = 5.5% 
 

𝑃𝐸𝑅𝑃𝐿 = 55% 
𝑐𝑜𝑛𝑠𝑖𝑑𝑒𝑟𝑖𝑛𝑔 𝑦𝑒𝑙𝑙𝑜𝑤 𝑜𝑢𝑡𝑙𝑖𝑛𝑒𝑑 𝑎𝑟𝑒𝑎 𝑎𝑠 𝐴𝑐𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑡𝑒𝑑 

graphic from Einarson, Mackay, 2001, ES&T v. 35, no. 3, 66A-73A. 



Sample Density Case 2 
Guibeault et al., 2005, GROUND WATER, v. 43, No., 70-86 

sample density = Sd = 1.8%  
(considering only 1% or greater  
(red and green contoured areas))  

PERPL = 1.6% 
(considering only 1% or greater  
(red and green contoured areas))  



Sample Density Case 3 

2 m

3 m

sample density = Sd = 28% 

Devlin et al., 2002, WRR, v. 38, NO. 1, 1002, 10.1029/2000WR000148 

PERPL = 277% 



Sample Density Case 4 

Belland-Pelletier et al. , 2011, Journal of Contaminant Hydrology, v. 122, 63–75 
data from Fraser et al., 2008, Journal of Contaminant Hydrology, v. 100, 101-115 

sample density = Sd = 18.9% 

PERPL = 1051% 



Progress –  
Reducing Uncertainty? 

• 2004 – Johnson, GWMR - 
“Data density requirements, 
cost-effective methods of 
collecting data, and 
appropriate methods of mass 
discharge calculation and 
uncertainty analysis are 
clearly issues that must be 
addressed if this metric is to 
be used in a credible way.” 

• 2004 – Hatfield et al. 
Introduction of the ‘Passive 
Flux Meter’ (PFM) 

• 2016 – adaptation of PFM 
technology to fractured rock   

 

C

Klammler et al., 2016,  WRR, v. 52, 5400–5420, doi:10.1002/2015WR018389 

Hatfield et al., 2004, JCH, v.75, 155-181. 



Direct Velocity Measurements 

Cape Cod,MA Borehole dilution 

Acoustic  
Dopler  

velocimeter 

Colloidal borescope 

Borehole flowmeter 

Hydrophysical logging 

Heat pulse 
 flowmeter 

ISPFS DTS cable 

PVP 



The PVP 



PERPL =  12.9% Sd = 0.6% 

PVP Investigation at Streambank  
(Ronde et al., 2017, JCH, v. 206, 43-54) 

PVP  
= 0.8 m/d 

Darcy 
= 0.88 m/d 

𝐽𝑡𝑜𝑡𝑎𝑙, 𝐷𝑎𝑟𝑐𝑦 = 372 kg/yr  

𝐽𝑡𝑜𝑡𝑎𝑙,𝑃𝑉𝑃 = 269 kg/yr  



SBPVP Investigation in Streambed 
(Cremeans et al., JCH, 2018, v. 211, 85-93) 



Sd = 0.74% 

46% 

Discharge Distributions 

• strong correlation between Darcy and 
SBPVP velocity estimates 



Concentration Distributions 

34% 
Sd = 1.18% 



Mass Discharge 
Darcy calculation: 436 kg/yr SBPVP calculation: 441 kg/yr 



Effect of Sampling Density on Error 
of Mass Discharge Estimation 

Li et al., 2007. WATER RESOURCES RESEARCH, VOL. 43, W06436, doi:10.1029/2006WR005427 
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Grindsted stream studies, 2017-18 

28-46% 



Summary of Results 



Conclusions 

• Velocity measurements can strongly support flux (and mass discharge) 
estimations 

• Flux offers several advantages over concentration as a basis for site 
assessment and risk 
• conceptual understanding 
• widest range of hydrogeological settings (p.m., fractures) 
• information on plume behaviour and mass discharge 
• potential to focus resources on zones of high mobility, concentration 

 

• Uncertainty associated with flux estimates a primary concern 
• new methods coming online that may minimize the uncertainty for a range of 

site types 
 

• Sample density can be a misleading metric for control plane success 
• unnecessary expense to establish high sample densities 
• PERPL suggested as a preliminary alternative 



                                        

 

                                  End 
 

                                   Discussion? 



MULTIPLE FLUORESCENT DYES  
A TOOL FOR UNDERSTANDING FATE & 
TRANSPORT OF LARGE SCALE PLUMES 

NORDROCS 2018 

HELSINGØR SEP. 5 

Nicklas Larsson, NIRAS 



Case Study 
Former Dry Cleaner in Hagfors, Sweden (1970 – 1993) 

? ? 

SECONDARY SOURCE 

 
OBJECTIVE: Reduce annual ~ 200 kg PCE-discharge to creek Örbäcken  

DISCHARGE TO ÖRBÄCKEN 

1 

2 
3 

MAIN SOURCE 

GROUNDWATER PLUME 

 
 Two source areas (PCE DNAPL) feeding separate groundwater plumes 

 
 PCE-discharge occurs at 3 dominating discharge areas 

 
 The Secondary source area causes discharge area 1, but may cause (parts 

of) discharge area 2 & 3 
 

 Large 3D source areas - remedial actions will be costly and a technical 
challenge… 
 

 Important to focus on (the right part of) the right source area…  
 
 



Main Source 
Conceptual model 

SILT 

CLAY 

SAND 

GRAVEL & STONE 

CR. BEDROCK 

KEY FEATURES: 
 

 Esker material = very heterogenous underground – alternating high & low K 
 

 PCE DNAPL in clay & silt 
 

 Mass flux towards Örbäcken in sand & gravel 
 

 More or less the same in the secondary source area 
 

+0 

-25 M 

DRY CLEANER 

4 X PCE MACHINES 



Previous Pilot Study ZVI-Clay Soil Mixing 
Will we achieve a substantial mass flux reduction with a 0 – 17 m.b.g.l. treatment? 

SILT 

CLAY 

SAND 

GRAVEL 

BEDROCK 

 
 Bench- and pilotscale indicates that ZVI-Clay Soil Mixing can treat the main source 

area down to 17 m.b.gl. 
 

 17 – 21 m.b.gl. can not be treated  
 

 Will we achieve an 80 % mass flux reduction? Or 10 %? 
 
 

 
 Natural tracers (temperature, geochemistry, PCE-degradation) cannot distinguish 

different source areas or different parts of source areas 
 

 Salts cannot be used at large scale (high background & density-driven currents) 
 

 Groundwater tracing with fluorescent dyes was initiated in November 2016 



Fluorescent Dyes 
Introduction 

 
 Practised for > 100 years = a lot of experience concerning dye 

selection, injection & sampling techniques, detection & evaluation 
methods 

 Multiple tracers can be used (different wavelengths)  

 Conservative (in most environments) 
 

 Very low LOD (<< 0.1 ppb) 
 

 No health or environmental concern at concentrations five orders 
of magnitude or more above the LOD  
 

 Passive sampling (GAC) enables cheap long term monitoring of 
your system 
 

Passive sampler 
(Surface water) 

Dye injection at  
Main Source Area 

Passive samplers 
(Ground water) 



Results 
 “Secondary Source Area – Discharge Area 1” 

 
 Tracers injected in top (Eosine) and bottom 

(Sulforhodamine) discharge in roughly the same 
part of the creek 
 

1 

2 

3 

Bottom of source area 

Top of source area 

Both tracers detected 

 
 Both tracers are detected in groundwater downgradient of the 

creek – the hypothesis that the Secondary Source affects the creek 
further downgradient can’t be dismissed 



Results 
High Resolution Sampling, Discharge Area 1 

 Discharge takes place in the same area, but through completely different flow patterns 

Discharge from  
top of source 

Fully mixed 

Discharge from 
bottom of source 

Fully mixed 

95 – 129 % Tracer Recovery 22 – 51 % Tracer Recovery 

 Most/all of the contaminants from the top of the source area ends up in discharge area 1 
 Lower recovery of SRB, indicates that DNAPL pools at bedrock might end up elsewhere… 
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Results 
Velocities and implications for remedial actions 

2 X Baseline 

 

Inj. 

Peak Vavg= 1 m/d  If a thermal remediation is considered, 10 m/d 
will provide a lot of ‘cooling water’ 
 

 < 25 d residence time must be considered if 
injecting oxidants (ISCO) or bacteria 
(degradation products)  
 

 10 m/d has to be considered for temporary 
plume remediation (reactive barriers, Pump & 
Treat) 
 
 

<< 1 m/d 

 

Breakthrough Vmax = 10 m/d 

 

Some important implications for future remedial actions: 

120 kg/yr 

 

30 kg/yr 

 

2 kg/yr 
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Thank you for your attention! 

Client:   Geological Survey of Sweden 

 Ulf Winnberg, Kristin Forsberg 
 

 
 
Consultant:  NIRAS 

   Nicklas Larsson, Anders G. Christensen, 
   Gro Lilbaek, Sanna Börjesson,  
   Benjamin Aske Hunner, Bror Martin Eklund 
 
 
Lab & support:  OZARK Underground Laboratory 
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Poul Larsen 
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Per Loll, Andreas Houlberg Kristensen and Claus Larsen – Dansk Miljørådgivning A/S 
Jacob Maul Jacobsen og Hanne Kirk Østergaard – Region Nordjylland, Denmark 

Porewater sampling in the 
unsaturated zone  
–  
A novel technique for 
measuring seepage 
concentrations directly 
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NORDROCS 2018 

Seepage concentrations – the missing link? 

• We can measure the concentration of organic 
pollutants in most phases. 

• Below the groundwater table (saturated zone): 

– Soil samples. 

– Groundwater samples. 

• Above the groundwater table (unsaturated zone): 

– Soil samples. 

– Soil air samples. 

– But so far – seepage (pore water) concentrations 
are not a standard part of our toolbox. 

• Seepage concentrations are important because: 

– It is a direct measure of the concentration of 
pollutants moving towards the groundwater – 
vertikal flux estimate. 

– It can be used to estimate the influence of 
biodegradation, adsorption etc. 

– It improves our conceptual site understanding.  
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NORDROCS 2018 

Status and objective – porewater sampling 

• Status: Technologies for porewater sampling 
for VOC analysis exists, but so far these 
methods suffer from: 

– Lack of documentation. 

– Uncontrolled sampling (flow, vacuum, 
sampling length etc.). 

– Large/unknown time consumption. 

– Difficulties setting a price for sampling. 

 

• Objective: To develop a novel device for 
porewater sampling with these features: 

– Automatic vacuum-/flow control. 

– Logging of sampling volume. 

– Online data acquisition. 

– Low power consumption for battery 
operation. 

– Optimization of installation procedures.  
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The improved sampling method  

• Continuous measurement of sampled 
volume. 

• Control of sampling flow to avoid 
overloading the sorbicell. 

• Automated vacuum adjustment.  

• Levelsensor/valve to avoid water 
entering the controlunit. 

• Installationprocedure based on standard 
drilling equipment.  

• Online data acquisition. 
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First version of the prototype used in field tests 

Vacuum chamber (surface 
near installation) 

Sorbicell VOC ® 

Suction cup lysimeter 

Battery 

Control unit 

Installation 
well 

Well for suction cup 
installation 

Prenart 
stainless stell 
suction cup 

Control unit 

Vacuum chamber  
(deep installation) 

Sorbicell VOC ® 

Vacuum chamber (surface 
near installation) 

Loadcell for sample measurement and 
flowcontrol 
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Installation considerations 
• Important to consider sample radius 

vs. expected pollution distribution. 

• Distance to groundwater table vs. 
importance of seepage 
concentrations. 

• Consider your need for data: 

– Source zone seepage conc.  

– Flux out of pollution zone. 

– Mass loss during vertical 
transport. 

• Near-surface samples (<2 m) are 
relatively easy and cheap. 

• Deep samples needs some 
experience.   

• Quartzflour. 
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• Testcase in Northern Jutland 

• 700 m to drinking water 
wells. 

• 2-4 secondary aquifers. 

• Risk assessment based on 
vertikal flux. 

Testcase 1: Vertikal flux and excavation criteria 



® 

8 
Poul Larsen 
NORDROCS 2018 

Concept for ”area-averaged flux” – simple example 
• 3D modeling of soil pollution – projected to 2D in small fields. 

• Flux calculated for each field. 

• Running flux total calculated and PCE conc in well estimated with increasing flux. 

• Possible to estimate soil excavation criteria. 

• Seepage concentrations at different soil concentrations can be used to estimate an imperical 
transferfunction.  
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Testcase 1: Vertikal flux and excavation criteria 
• Source zone porewater conc. 77-52.000 µg PCE/L (PO1, PO2 and PO4). 

• PCE concentration below source zone 56-360 µg/L (PO3). 

• Median porewater concentration follow a power fit. 

• Large range in PCE conc. at PO2 and PO4 where soil concentrations are high. 
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• Escavation criteria estimated to 4,2 mg/kg DM using standard fugacity calculations in the model 
from the Danish EPA (JAGG 2.1). 

• Excavation criteria estimated to 24 mg/kg DM using the transfer function based on max. seepage 
concentrations.  

• More points would have improved the transferfunction. 

• Heterogeneous distribution of PCE in soil was a challenge. 

• Concept worked well and optimized the excavation with ongoing updates of distribution in soil 
during the clean-up. 

Testcase 1: Vertikal flux and excavation criteria 

Transfer functions Excavation criteria 
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Testcase 2: Pesticides – example 1 
• A number of pesticides have high water solubility 

and does not adsorp to soil particles.  

• Demonstration project initiated by the region in 
Northern Jutland with 11 sampling points 
distributed on 8 different locations. 

• Point source – filling the field spryer. 

• Hypnotized that water (and pesticides) flows 
over the the side of the concrete deck. 

• This was not confirmed. 

• Possibly another unknown source zone closer to 
the diesel tank? 
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Testcase 2: Pesticides – example 2 
• Suction cup lysimeter installed in two levels in clay layer between two secondary aquifers. 

• No prepumping. 

• Relatively high seepage concentrations below a drain pipe. 

• Improved conceptual understanding of vertical flux potential. 

• Dilution in sand lenses. 

 

 

 

• Can we expect 
higher 
concentrations? 

• Better 
understanding of 
points needed. 

• Proper sealing 
important!  

• Cause of 
variations – rain 
events? 
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Pesticides – sorbicell or direct sampling? 
• Most sample pairs (sorbicell and direct sampling data) show similar concentrations (<factor 

2). 

• 5 out of 7 with a difference larger than factor 2 is from location XX4 – possible mistake in 
sampling? 

• Taking into account that most concentrations are close to detection limits (we push the 
method). It seems that samples can be collected directly. 

• Better overlab with analysis package for groundwater, cheaper and more simple. 

 
• Samples are collected in series 

– not simultaneously. 

Factor 2.5 
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Improved version 
Initiative by Danish Soil Partnership/Region in Northern 
Jutland led to an Innobooster project  (Innovationsfonden) 
focused on several improvements. 

• Optimization of print. 

• Remote control of vakuum. 

• Installation without quartzflour. 

• Design improvements. 

• And more.. 
 

 

Load cell 

Vacuum 
chamber 

SorbiCell 

Lysimeter  

(Prenart) 

Control unit 

Installation  

probe 
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Conclusions and perspectives 

• Not a silverbullit - but a new interesting tool to reveal a part of our conceptual knowledge that 
was previously hidden/unknown. 

• We have developed a system for automated porewater sampling. 

• Can bypass conservative equilibrium calculations. 

• Sampling takes typically up 2-3 weeks, but we have examples of 2 months not problem with the 
battery. 

• There has also been made experiments to optimize choice of pipe/hose material and suction cell 
material to minimize adsorption effects.  

• Installation of sorbicells is the main source of problems – a new installation device has been 
develloped to meet this challenge. 

• Interesting possibilities for vertical flux assessment.  

• Porewater sampling is relevent for investigation of pesticide point sources, but we need to get a 
better understanding of how many sampling points that are needed to cower one point source. 

• It seems that sorbicells can be awoided when sampling pesticides.  

• The improved version will help us lowering the price for each point, and gain more stability. 

 




