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Motivation

 Long-term behavior of a high-level waste repository

 Near-surface disposal, like shallow land burial

 Uranium Mining and Milling

 Nuclear Power Plant Accidents: studies required in safety reports



Example: Dolina Kopalna Żarnowiec
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Main reservoir of groundwater
„Dolina Kopalna Żarnowiec”:
15 km2,  downflow region of groundwater 110 km2, 
water abundance ~570 m3/h



Modeling of  radionuclides transport in 
groundwater: fundamentals

Transport of radionuclides through the ground can be estimated by:

 using tracers,

 groundwater dating, 

 mathematical models, 

 combination of all these techniques. 

To obtain needed parameters chemical or radioactive tracers can be introduced to the
groundwater and monitored through wells for directly determining groundwater
velocity and transport.



Models needed: 

 Determination of the portion of the radioactive source released by infiltrating water 
containing radionuclides, 

 Prediction of the migration of radionuclides from the source to locations (accessible to 
the public), basing on measurable hydrologic parameters, 

 Determination of the potential radiation dose using the radionuclide concentrations that 
reach accessible locations.

Two equations are typically required:

- Description of the flow in the ground

- Transport and dispersion of radionuclides

Modeling of  radionuclides transport in 
groundwater: fundamentals
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Macroscopic parameters:

Porosity: fraction of void space over total volume

Hydraulic conductivity: describes the ease with which a fluid can move through 
porous media (ratio of velocity to hydraulic gradient)

Permeability: ability of a porous material to allow fluids to pass through it. 

Modeling of  radionuclides transport in 
groundwater: basic notions
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Assuming that the medium is saturated, homogenous and isotropic the flow is

described as: 𝛻2𝐻 =
𝑆𝑠

𝐾

𝜕𝐻

𝜕𝑡

H = total head = h + z (cm) (i.e., the height to which a column of water would rise 
above the datum, z = 0)

Ss - specific storage coefficient (storage of water caused by the compressibility of 
water and the medium)

K - hydraulic conductivity

Modeling of  radionuclides transport in 
groundwater: basic notions
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𝑉𝑥 = −𝐾
𝑑ℎ

𝑑𝑥
≅ −𝐾

∆ℎ

∆𝑥
Darcy law (saturated zone)

𝑈 =
𝑉𝑥

𝑛𝑒
pore velocity, ne – effective porosity



Rd - retardation coefficient

Θ - moisture content

c - concentration of dissolved constituent [g cm-3]

ന𝐷 - dispersion tensor [cm2 s-1]
ത𝑉 - flux vector [cm s-1]

λ - radioactive decay constant [s-1], 𝜆 =
𝑙𝑛2

𝑡1/2

For homogenous and isotropic dispersion tensor:

𝑅𝑑
𝜕𝑐

𝜕𝑡
− 𝛻 ∙ ന𝐷 ∙ 𝛻𝑐 +

ഥ𝑉

𝑛
∙ 𝛻𝑐 + 𝜆𝑅𝑑𝑐 = 0
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Transport of mass:

𝑅𝑑𝜃
𝜕𝑐

𝜕𝑡
− 𝛻 ∙ 𝜃ന𝐷 ∙ 𝛻𝑐 + 𝛻 ∙ ത𝑉𝑐 + 𝑅𝑑

𝜕𝑐

𝜕𝑡
+ 𝜆𝜃𝑅𝑑 𝑐 = 0



U - pore velocity

Dx , Dy , Dz- dispersion coefficient along the x-, y-, and z [cm2 s-1].

Dx= αx U     Dy = αy U Dz= αz U where αx αy αz are dispersivity coefficients determined by 
calibration versus observed groudwater solute transport

Sorption is a mechanism which makes retardation in the migration of radionuclides in 
groundwater, described by the retardation factor:

𝑅𝑑 =
𝑛

𝑛𝑒
+

𝜌𝑏

𝑛𝑒
𝐾𝑑 𝐾𝑑 - distribution coefficient depending on the media and radionuclide

n - total porosity, ne - effective porosity, ρb - bulk density (g cm−3)

Modeling of  radionuclides transport in 
groundwater: basic notions

9

For fluid flux uniform along the x-axis:
𝜕𝑐

𝜕𝑡
−

𝐷𝑥

𝑅𝑑

𝜕2𝑐

𝜕𝑥2
−

𝐷𝑦

𝑅𝑑

𝜕2𝑐

𝜕𝑦2
−

𝐷𝑧

𝑅𝑑

𝜕2𝑐

𝜕𝑧2
+

𝑈

𝑅𝑑

𝜕𝑐

𝜕𝑥
+ 𝜆𝑐 = 0



Solution for vadose zone based on the Green’s function:

𝑐 =
1

𝑛𝑒𝑅𝑑
𝑋1 𝑥, 𝑡 𝑌1 𝑦, 𝑡 𝑍1(𝑧, 𝑡) at some point (x, y, z) and time t.

Modeling of  radionuclides transport in 
groundwater: basic notions
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For fluid flux uniform along the x-axis:
𝜕𝑐

𝜕𝑡
−

𝐷𝑥

𝑅𝑑

𝜕2𝑐

𝜕𝑥2
−

𝐷𝑦

𝑅𝑑

𝜕2𝑐

𝜕𝑦2
−

𝐷𝑧

𝑅𝑑

𝜕2𝑐

𝜕𝑧2
+

𝑈

𝑅𝑑

𝜕𝑐

𝜕𝑥
+ 𝜆𝑐 = 0

Example for point source release:
𝑋1 =

1

4𝜋𝐷𝑥 Τ𝑡 𝑅𝑑
ex p[ −

𝑥 −
𝑈𝑡
𝑅𝑑

2

4𝐷𝑥𝑡
𝑅𝑑

− 𝜆𝑡

𝑌1 =
1

4𝜋𝐷𝑦𝑡/𝑅𝑑
exp[−

𝑦2

4𝐷𝑦𝑡

𝑅𝑑

]

𝑍1 =
1

𝑏
[1 + 2 

𝑚=1

∞

exp −
𝑚2𝜋2𝐷𝑧𝑡

𝑏2𝑅𝑑
𝑐𝑜𝑠𝑚𝜋

𝑧𝑠
𝑏
𝑐𝑜𝑠𝑚𝜋

𝑧

𝑏
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Datasets
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Datasets



Where to find information ?
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More advanced models
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More advanced models
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Groundwater Vistas – GUI for Modflow package

16



Basic data:
 Model in GroundwaterVistas prepared for water budget consists of 7 layers: 4 

aquifers and 3 separating layers
 Dolina Kopalna Żarnowiec in the first aquifer: water table is from 1m to 5-10 

below ground level. 
 Thickness from 1 m to 35 m, average hydraulic conductivity 17,32 m2/h, total

porosity 0,4, effective porosity 0,25. 
 Second layer consits mostly of clays and mud; thickness from 1 m to 77 m - at

average 20 m, porosity 0,06
 Distributions coefficient for Cs: from 22 ml/g to 100 ml/g; for Sr: from 1,7 

ml/g to 43 ml/g
 Conservative assumptions for retardation factors give the values for the first

aquifer: for Cs: 145, for Sr: 14

Reminder: travel time can be estimated as 𝑡 =
𝑈

𝑥
𝑅𝑑

U – pore velocity, x –distance, Rd – retardation factor

17

Implementation for Dolina Kopalna Żarnowiec



Basic question: in case of severe accident, what will be 
the impact of the contamination of Dolina Kopalna 
Żarnowiec on the Żarnowiecki Lake ?
 Calculations for the scenario representative for emergency

planning (AP-1000 reactor): atmospheric dispersion models in 
RODOS

 Deposition calculated in RODOS system: input to other models
(hydrological path, groundwater model, dose model)

 Selection of the scenarios with high deposition in the 
considered area

 In parallel calculations in hydrological module chain of RODOS 
to find concentration at the lake

 Assumption: the level of groundwater will increase such that, it
will reach the bottom of the lake
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Implementation for Dolina Kopalna Żarnowiec



 Estimation of travel time:

– for Cs, for the distances 5 m - 10 m (to the shore of the lake) it will be from 59 years to 
110 years,

– for Sr, for the distances 5 m, 10 m, 50 m respectively: 5 years, 10 years, 52 years. 

 Estimation of concentration for Cs:

– 5 m:  567 Bq/m3 in 6 months

– 10 m:  198 Bq/m3 in 1 year

– 50 m:  14 Bq/m3 in 3 years

– 100 m:  3 Bq/m3 in 5 years

 Estimation of concentration for Sr:

– 5 m:  1110 Bq/m3 in 6 months

– 10 m:  387 Bq/m3 in 1 year

– 50 m:  28 Bq/m3 in 3 years

– 100 m:  6,2 Bq/m3 in 3 years

Some results of groundwater calculations
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Comparison to the results from HDM-RODOS
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Cs-137 Sr-90 I-131

Ranges of maximal

concentration,

bottom layer

initial values

105-107 Bq/m3 102-104 Bq/m3 104-106 Bq/m3

Maximal initial

concentration,

bottom layer

1,22x107 Bq/m3 8,4 x104 Bq/m3 3,292 x106 Bq/m3

Ranges of maximal

concentration,

bottom layer after

6 months

104-105 Bq/m3 102-104 Bq/m3 Below 10-3 Bq/m3

Maximal

concentration,

bottom layer after

6 months

2,7 x105 Bq/m3 2,4 x104 Bq/m3 Below 10-3 Bq/m3

Concentrations in the bottom layer of the Żarnowiecki Lake



 In the worst case one can expect that after 6 months due to additional inflow of Sr-90 to 
the Żarnowiecki Lake the activity in the bottom layer of the lake can be increased by 
about 4,6 % - this is conservative estimation.

 In the other cases (other radionuclides like Cs or other meteo conditions) maximal
contribution will be below 1%. 

 However, in case of severe accident, due to the long travel time of radionuclides in 
porous media the program for long-term groundwater monitoring  should be established

 In general the models for the transport of radionuclides in groundwater need good
calibration, which means there is a need for observation data

 Due to non-uniform composition of porous media the results can be burdened with high 
uncertainties

Summary
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