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Essential Processes in Contaminant Transport
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Conclusions, GQ 1998, Tübingen

Scenario Chlorinated solvents; BTEX PAHs 
Dissolved and sorbed contaminants 
Time scale for diffusion limited 
desorption at the grain scale 

< 1 years 1 –  > 10 years 

Time scale for slow diffusion out 
of low permeability zones – matrix 
diffusion 

> 10 years > 100 years 

Change of release rates / 
contaminant concentrations with 
time 

Diffusive fluxes and concentrations decrease first with √t, later 
exponentially. The resulting concentrations in the groundwater 
are much lower than saturation; depending on the size of the 
source, concentrations lower than legal limits may be reached 
in the groundwater relatively fast.  

Enhanced contaminant removal 1. Increase of temperature (approx. factor 2 per 10°C). 
2. Reduction of the effective diffusion distance (size reduction 

of aggregates or grains). 
Residual NAPL 
Time scale for dissolution of NAPL 
blobs/ganglia from smear zones 

1 - > 10 years 10 - > 100 years 

Time scale for the dissolution of 
NAPL pools 

> 10 - 1000 years > 1000 years 

Change of release rates / 
concentrations with time  

Dissolution rates are constant over extended periods of time. 
Locally the concentrations are far above the legal limit 
(saturation concentrations in the boundary layer to the NAPL).  

Enhanced in-situ decontamination 
* 

1. Increase of the flow velocity. 
2. Cosolvent (alcohol) or surfactant flushing for the 

mobilization and solubilization of residual NAPL.  
* this requires the knowledge of the exact location of the NAPL source  



DNAPL-Infiltration:  Blobs  and  Pools

Schwille,  1984,  Picture  XI



DNAPL:  Blobs  and  Pools
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DNAPL:  Dissolution  of  Blobs
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DNAPL-Dissolution  Time  Scales:  Blobs

Contaminants log KOW Fraction %a Mass (kg)b Csat (mg l-1) R tLsg
c (years) 

Trichloroethene (TCE) 2.42 100 22 1 200 65 3.56 

Perchloroethene (PCE) 2.88 100 24 150 570 31.2 

Naphthalene (Nap) 3.37 4.5 0.74 10.6 247 13.5 

Acenaphthene (Ace) 4.33 0.07 0.012 0.02 2 030 111 

Phenanthrene (Phen)  4.46 1.7 0.28 0.2 4 920 270 

Pyrene (Py) 5.32 0.44 0.073 0.02 12 700 696 

Benz(a)pyrene (Bap) 6.04 0.22 0.036 0.0003 425 000 23 300 
            a weight-% of the compound in the mixture; b contaminant mass per 1 m3 porous medium (aquifer)  
            c time necessary for dissolution assuming a length of the contaminated zone of 10 m and a flow velocity of 0.5 m d-1 

             (note that the hydraulic conductivity is reduced in zones containing residual NAPL). 

Eberhardt, C., Grathwohl, P. (2002): Time scales of pollutants dissolution from complex organic 
mixtures: blobs and pools.- J. Cont. Hydrol., 59, 1-2, 45-66



Dissolution  of  DNAPL-Pools  (PCE)
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Height  of  DNAPL-Pools

ho,c =
2σ

ρo − ρw( )g rm
=

2 0.045 kg s-2

1623−1000( )  kg m-3  9.81 m s-2  0.0002 m
= 0.0736 m



DNAPL-Dissolution  Time  Scales:  Pools
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Compounds  stored  in  rock  matrix

Time  scales  of  water  quality  problems,  storage  and  degradation  in  the  subsurface?

production  well  screened  at  20-70  m:
10  mg/l  nitrate  

spring: 32  mg/l  nitrate  

limestone  aquifer

Porosity,  diffusion  coefficients?

Sorption  coefficients?

Reaction  in  matrix?



“Trapping”  of  hydrocarbons…

Tao  and Clarens,Environ.  Sci.  Technol.,  DOI:  
10.1021/es401221j  •  29  Aug  2013
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Kleineidam,   S.,  Schüth,  C.,  Grathwohl,  P.  (2002):  
Solubility-normalized   combined  pore-filling-partitioning  
sorption  isotherms  for  organic  pollutants.  Environ.  Sci.  
Technol.  36,  4689-4697



Sorption  and  desorption  kinetics
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Obst,	  M.,	  Grathwohl,	  P.,	  Kappler,	  A.,	  Eibl,	  O.,	  Peranio,	  N.,	  Gocht,	  T.	  
(2011):	  Quantitative	  high-‐resolution	  mapping	  of	  phenanthrene sorption	  
to	  black	  carbon	  particles.	  Environ.	  Sci.	  Technol.	  45,	  7314–7322

AC  sections analyzed
by scanning
transmission X-ray
microscopy (STXM);;  
Canadian
Light  Source

Kleineidam, S., Rügner, H., Grathwohl, P. (2004): Desorption
kinetics of phenanthrene in aquifer material lacks hysteresis.-‐
Environ. Sci. Technol., 38, 4169 -‐ 4175

Grain  scale  sorption/desorption  time  scales  are  short



Diffusion  coefficients
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“Nitrate”
Aperture:  3  mm
Porosity:  0.03
Sorption:  Kd =  0
Velocity:  4  m/d  (1.6  m/a)
Distance:  10  km  (10  m)
Application   time:  50  a
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Rahman, M., Liedl, R., Grathwohl, P. (2004): Nonequilibrium sorption during macropore transport of
organic contaminants in soils – laboratory experiments and analytical modeling. Water Resour. Res. 40



Compounds  stored  in  rock  matrix
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Compounds  stored  in  rock  matrix

production  well  screened  at  20-70  m:
10  mg/l  nitrate  

spring: 32  mg/l  nitrate  

limestone  aquifer

“Atrazine”
Aperture:  3  mm
Porosity:  0.03
Sorption:  Kd =  10
Velocity:  4  m/d  (1.6  m/a)
Distance:  10  km  (10  m)
Application   time:  50  a

1,0E%06

1,0E%05

1,0E%04

1,0E%03

1,0E%02

1,0E%01

1,0E+00
100 1000 10000 100000 1000000

C

Years

Rahman, M., Liedl, R., Grathwohl, P. (2004): Nonequilibrium sorption during macropore transport of
organic contaminants in soils – laboratory experiments and analytical modeling. Water Resour. Res. 40



Matrix  reactions:  Nitrate
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Reactive  Diffusion

Schaefer  et  al.  ES&T  2013



Reactive  Diffusion

Schaefer  et  al.  ES&T  2013

Comparison  of  experimental  data  
(symbols)  and  model  simulations  (solid  
and  dashed  lines  for  eq 2)  for  TCE  (top)  
and  daughter  products  (bottom)  for  
each  rock  type.  Molar  units  are  used.  
Both  TCE  and  daughters  are  plotted  as  
a  function  of  the  initial  molar  TCE  
concentration  in  the  source  side  of  the  
diffusion  cell.  As  discussed  for  Figure  
S4,  a  decrease  in  the  porosity  for   the  
pyrite  seam  created  a  decrease  in  the  
diffusional  flux  over  time,  which  is  why  
the  model  overpredicts the  late-time  
date  for  the  pyrite  seam.  ⧫ (blue)  – red  
sandstone,  ■ (red)  - light  gray  
mudstone,  ▲ (green)−  dark  gray  
mudstone,  °— −  pyrite  seam,  ○ −  
pyrite  rich  mudstone.

acetylene,  ethene,  and/or ethane

TCE



Reactive  Diffusion

Schaefer  et  al.  ES&T  2013



Summary:  Diffusion  time  scales
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Relaxation  time:

Grathwohl,  P.  (1998):  Diffusion  in  Natural  Porous Media:  Contaminant Transport,  Sorption/Desorption  
and Dissolution  Kinetics.  Kluwer  Academic  Publishers,  Boston,  224  p.  (ISBN  0-7923-8102-5)  



Desorption  at  the  grain  scale
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Why  are  compounds  stable  in  soils?

Half-lives  of  first  order  biodegradation  as  a  function  of  water  to  solid  ratios  (LS  of  
approx.  0.1  is  representative  for  field  condition;;  LS of  10  – 100  commonly  used  in  
batch  experiments)  for  hypothetical  compounds  with  different    Kd-values  ranging  
from  1,  10,  100,  1000  to  10  000  L  kg-1 (inverse  to  the  water  solubility).  

Field

Lab

Grathwohl,  P.  (2011):  Fate and Transport  of Organic Compounds in(to)  the Subsurface Environment.  In  “Biophysico-
Chemical  Processes of Anthropogenic Organic Compounds in  Environmentals Systems”  edited by Xing et  al.,  215  - 231
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Why  are  compounds  stable  in  soils?

Bao, Z. Haberer, C., Maier, U., Beckingham, B., Amos, R.T., Grathwohl, P. (2015): Modeling long-‐term uptake and re-‐volatilization of
semi-‐volatile organic compounds (SVOCs) across the soil-‐atmosphere interface. Science of the Total Environment, 538, 789–801



 

 

Conclusions, GQ 1998, Tübingen

Scenario Chlorinated solvents; BTEX PAHs 
Dissolved and sorbed contaminants 
Time scale for diffusion limited 
desorption at the grain scale 

< 1 years 1 –  > 10 years 

Time scale for slow diffusion out 
of low permeability zones – matrix 
diffusion 

> 10 years > 100 years 

Change of release rates / 
contaminant concentrations with 
time 

Diffusive fluxes and concentrations decrease first with √t, later 
exponentially. The resulting concentrations in the groundwater 
are much lower than saturation; depending on the size of the 
source, concentrations lower than legal limits may be reached 
in the groundwater relatively fast.  

Enhanced contaminant removal 1. Increase of temperature (approx. factor 2 per 10°C). 
2. Reduction of the effective diffusion distance (size reduction 

of aggregates or grains). 
Residual NAPL 
Time scale for dissolution of NAPL 
blobs/ganglia from smear zones 

1 - > 10 years 10 - > 100 years 

Time scale for the dissolution of 
NAPL pools 

> 10 - 1000 years > 1000 years 

Change of release rates / 
concentrations with time  

Dissolution rates are constant over extended periods of time. 
Locally the concentrations are far above the legal limit 
(saturation concentrations in the boundary layer to the NAPL).  

Enhanced in-situ decontamination 
* 

1. Increase of the flow velocity. 
2. Cosolvent (alcohol) or surfactant flushing for the 

mobilization and solubilization of residual NAPL.  
* this requires the knowledge of the exact location of the NAPL source  
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