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Abstract. Former mining areas generally suffer numerous environmental prob-

lems such as groundwater contamination with heavy metals and acidification. A 

reactive hybrid transport model has been developed to allow the quantification of 

uranium transport in flooded underground mines. This hybrid model specifically 

takes into account two different transport time scales within an underground mine, 

which result from the existence of a network of highly conductive shafts, drifts or 

ventilation raises within the considerably less permeable ore material in the un-

derground. This paper introduces the model concept and addresses potential model 

applications. 

Introduction 

The occurrence of acidic, metal-rich groundwater is often observed in mining ar-
eas. At sites of uranium mining, exposure of receptors to radioactivity might result 
from the migration of radionuclides within the subsurface. In many cases the oxi-
dation of naturally abundant pyrite has shown to be the key process that causes the 
acidic geochemical environment (Wunderly et al. 1996). Thus, in the last few 
years, underground or subsurface mines have undergone controlled flooding to 
prevent access of oxygen and thereby the further lowering of pH due to pyrite oxi-
dation (Bain et al. 2001). Subsurface mines are typically composed of networks of 
highly conductive shafts, drifts or ventilation raises within a considerably less 
permeable ore material. Therefore, the simulation of contaminant transport in such 
domains requires consideration of two distinct time scales in the transport model. 
As a result of the discrete nature of a pipe network, and because the quantification 
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of contaminant flux from the solid mineral phase into the mobile water phase re-
quires a discrete surface area, double continuum models cannot be employed for 
modelling of reactive transport in underground mines. Therefore, a �hybrid� 
transport model has been developed and subsequently coupled with a geochemical 
model. The underlying concepts of the resulting numerical model RUMT3D (i.e., 
three-dimensional reactive underground mine transport model) are the focus of the 
present paper as well as a demonstration of its potential use.  

Hybrid flow model (CAVE) 

To compute the flow field in the combined pipe-network/matrix system, the 
CAVE model (Clemens et al. 1996), a hybrid model coupling flow in a discrete 
conduit network to a continuum is employed. CAVE was originally developed for 
modelling the genesis of karst aquifers. However, the simulation of groundwater 
flow in underground mines, i.e. a system with both, a highly conductive conduit 
network and a considerably less permeable, porous matrix can be treated in an 
analogous way as karstified carbonate aquifers. 

The three-dimensional continuum equation for flow in the ore material (ma-
trix), including a further source/sink term γ that couples the continuum to the pipe-
flow model, is described as follows: 
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with xm, ym, zm [L] the distance along the respective Cartesian coordinate axis in 
the ore material, tm [T] represents the time, hm [L] is the hydraulic head in the ore 
material, Km,xx, Km,yy, Km,zz [L T-1] depict the values of hydraulic conductivity along 
the coordinate axes in the ore material, S [L-1] is the specific storage coefficient, 
Wm [T-1] is a volumetric flux term per unit volume from a sink/source into the ore 
material e.g. groundwater recharge, and γ  [T-1] denotes the volumetric rate of 
fluid transfer between the ore material and the conduit system per unit volume.  

A conduit system is defined in the model as a pipe network consisting of cylin-
drical tubes. Conduit nodes are introduced between the connecting tubes to allow 
for exchange of flow between the different tubes from different faces of a cell and 
between a conduit node and the continuum (matrix, ore material) at different loca-
tions in the model domain. Only one conduit node can be placed in an ore material 
cell. There are 6 potential faces of a cell so of a conduit node for tube connection 
in 3-dimensional model domains, i.e., top, bottom, front, back, left and right. A 
conduit tube may extend over one or more ore material (matrix) cells depending 
on the respective geometry of the mineshafts or adits, and the locations of the 
sinks and sources, e.g. direct recharge and fixed heads. Conduit orientations can 
be freely designed, i.e. they do not necessarily need to be vertical or horizontal 
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along the same continuum layer, so that the model can easily match the actual spa-
tial coordinates of real mine networks. It is assumed that the conduit system is 
fully saturated, an assumption that will hold for most flooded underground mines. 
Flow between the ore material and the conduit nodes is described by a linear rela-
tionship between the two systems (Barenblatt et al. 1960):  

 
( )miiii hhΓ ,−= α  (2) 

 
where Γi  [L3 T-1] represents the exchange flow rate between conduit node i and 
the ore material cell, αi [L2 T-1] stands for the exchange coefficient between node i 
and the ore material, hi [L] is the hydraulic head at conduit node i and hi,m [L]is the 
hydraulic head in the ore material cell where conduit node i is located. The magni-
tude of exchange coefficient αi depends on the hydraulic conductivity of the ore 
material and geometrical factors, determined by the discretization of the adjacent 
continuum cell. 

Laminar flow in each tube, i.e., laminar flow from one conduit node to another 
can be calculated from an expression for discharge which can be found by substi-
tuting Hagen-Poiseuille�s into Darcy-Weisbach equation. Turbulent flow is solved 
according to the implicit Colebrook-White law. Conservation of flow volume at 
any conduit node i can be determined by using Kirchhoff�s law, which states that 
the total inflow and outflow must balance at each node. A more detailed descrip-
tion of the pipeflow model can be found in the work by Clemens et al. (1996). 

Hybrid transport model (UMT3D) 

Transport of mass within the ore material (matrix) is also simulated with a contin-
uum approach, i.e. with the standardized three-dimensional multi-species transport 
model MT3DMS (Zheng and Wang 1999). In contrast, mass transport within the 
network of tubes is modelled discretely with a one-dimensional advective trans-
port model. Coupling between the continuum transport model and the transport in 
the conduits is achieved using a sequential operator-splitting procedure (Walter et 
al. 1994, Steefel and MacQuarrie 1996). The transport of solutes in the continuum 
is solved first, followed by a second step during which the solute concentrations in 
the conduit system are updated and the solute mass is transported. The coupled 
hybrid transport model is UMT3D (three-dimensional underground mine transport 
model).  

The general transport equation (Zheng and Wang 1999) has been extended to 
include a further sink/source term, i.e. ξ to couple MT3DMS to the conduit trans-
port model. Thus, the three-dimensional transport equation in the continuum is: 
 

( ) ∑
=

+++
∂

∂
−











∂
∂

∂
∂

=
∂

∂ N

k
km

kk
smsm

k
mimm

imjm

k
m

ijmm
imm

k
mm RXNCqCv

xx
CD

xt
C

1
,,,,

,,
,

,

       ) (
ξθθ

θ   
(3) 

 



280      Sabine M. Spiessl et al. 

Geochemical and reactive transport modeling 

with k
mC  [M L-3] is the aqueous concentration of component k in the ore material, 

Dm,ij [L2 T-1] depicts the hydrodynamic dispersion coefficient tensor in the ore ma-
terial, vm,i [L T-1] is the linear pore water velocity in the ore material, qm,s [T-1] de-
notes the volumetric flux of water per unit volume of ore material representing 
sources (positive) and sinks (negative), θm [-] is the porosity of the ore material, 

k
smC ,
 [M L-3] is the concentration of component k of the sources or sinks to the ore 

material, ξ k [M L-3 T-1] denotes the volumetric rate of fluid transfer between the 
ore material and the conduit system per unit volume multiplied by the respective 
concentration values of the conduit sink and source terms of component k and 
RXNm,k [M L-3 T-1] is the chemical reaction term of the ore material with respect to 
component k.  

For the calculation of solute transport from the continuum cell to a conduit 
node i, the mass transfer rate is determined by multiplying the cell concentration 
of the pore water in the ore material of component k, k

imC ,
, at node i, with the re-

spective exchange flow rate Γi and dividing the mass flux by the volume of the re-
spective cell, Vm,i , i.e.,  
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Alternatively, if solute mass is transported from conduit node i into the matrix 
cell, then k

miC ,
 is replaced by the nodal concentration, k

iC . Fig.1 illustrates this ex-
change for both cases. Such mass transfer rates are then treated as mass 
sink/source terms in MT3DMS since conduit nodes act similarly to other 
sinks/sources (e.g., wells) in MT3DMS. The difference between wells as imple-
mented in MT3DMS and conduit nodes is that the mass removed by means of a 
well is not returned to the ore material, while the mass removed with an entry 
conduit node may be returned completely through the exit conduit nodes. Amount, 
location and required time for these returns mainly depend on (i) the transport ve-
locity in the different conduits, (ii) the magnitude of the exchange coefficients be-
tween the exit conduit nodes and the ore material, (iii) the magnitude of conduit 
sink terms, and (iv) the length of the different conduit tubes. 

A one-dimensional transport equation that solely considers advection is applied 
to each tube, i.e., 
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where k

jC  [M L-3] represents the aqueous concentration of component k in conduit 
tube j, qj [L T-1] is the flux of water in tube j, t [T] is the time and zj [L] refers to 
the distance along a respective Cartesian coordinate axis in the respective tube j. 
Note, there are no sink/source terms in this transport equation. The mass exchange 
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rates from the ore material, from the six potentially connecting tubes and from 
conduit sink/source terms such as direct recharge, fixed head and fixed concentra-
tion as applied to the different conduit nodes are considered in terms of initial or 
boundary concentration values to the transport equation (5). The resulting concen-
tration values are obtained by a weighted arithmetic mean of the single flow and 
transport components for each transport time step. Such an approach is common in 
mixing cell models (Bajracharya and Barry 1993). Mathematically, a weighted 
arithmetic mean of the concentration value of component k at conduit node i can 
be expressed as follows: 
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where +f

jiQ ,
 [L3 T-1] represents the discharge of tube j connected to face f of con-

duit node i into the respective node i, +
siQ ,  

 [L3 T-1] refers to a volumetric flow rate 
of a conduit source term to node i , and the subscript l refers to the first or the 
maximum number of tube sections or segments in the different tubes depending on 
the flow direction. The tubes or conduits can further be divided into a user-defined 
number of segments or sections to decrease the effect of numerical dispersion and 
improve numerical stability. Also note that tubes within a network can be 
considerably longer than cell widths, lengths or thickness.  

Eq. (5) is solved with a mass-conservative semi-Lagrangian scheme 
(EMCNOT). This scheme was developed by Liu et al. (2001) for modelling ad-
vection-dominated mass transport problems and is an explicit mass conservative 
scheme without time step limitation. With the EMCNOT method, a transport time 
step size of up to the minimum residence time value of a respective pipe in the 
conduit system multiplied by a user defined Courant number, Cr can theoretically 
be used for both models. The residence time of groundwater in a specific pipe 
transported by advection under steady state flow conditions is determined by di-
viding the length of a pipe, Lj by the flow velocity in a respective pipe. In mathe-
matical form, the maximal transport time step size, ∆tmax can be expressed as: 
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Such a time criterion may vary with each flow time step since the flow rate in each 
tube may change with each flow time step. Spiessl et al. (2002) demonstrated that 
applying the EMCNOT scheme to solve advective transport in the conduit system 
significantly reduces numerical dispersion compared to the standard finite differ-
ence (FD) method.  



282      Sabine M. Spiessl et al. 

Geochemical and reactive transport modeling 

Mass balance in the conduit system is determined in a similar way as in the ore 
material. To check performance of both transport models, mass balance calcula-
tions are also carried out independently for the different conduit nodes in 
MT3DMS as sink/source terms. In contrast to the conduit transport model by Birk 
(2001) the above-described model uses a global approach to calculate mass bal-
ance and thus improves computational efficiency. Moreover, the global variable 
arrays and subroutines in the modified conduit transport model are fully compati-
ble with those used in MT3DMS.  

Reactive hybrid transport model (RUMT3D) 

The comprehensive geochemical model PHREEQC-2 (Parkhurst and Appelo 
1999) was coupled with the UMT3D model as a solver for the reaction term 
within Eq. (3), i.e., RXNm,k using a sequential operator splitting technique ap-
proach (Walter et al. 1994, Steefel and MacQuarrie 1996). The transport equation 
(3) does not have to be solved for every individual chemical species, but only for 
total aqueous component concentrations (Yeh and Tripathi 1989, Engesgaard and 
Kipp 1992), defined as: 
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where Cu is the total aqueous component concentration of the uth component, cu is 
the molar concentration of the uth (uncomplexed) aqueous component, ns is the 
number of dissolved species that form complexes with the uth aqueous component, 

s
kY  is the stoichiometric coefficient of the aqueous component in the kth com-

plexed species and sk is the molar concentration of the kth complexed species. The 
(local) redox-state, pe, is at present modeled by transporting chemi-
cals/components in different redox states separately, while the pH is calculated 
based on a (local) charge balance. The transport model UMT3D needs to solve 
transport for ntot entities, with 
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where ne,nre is the number of (mobile) chemical elements occurring in only one re-
dox state, ne,re is the number of elements occurring in multiple redox states and nrs,k 
is the appropriate number of different possible redox states of the kth element. The 
resulting model (RUMT3D) can handle a wide range of chemically reactive proc-
esses including aqueous complexation, mineral dissolution/precipitation, and ion-
exchange. Reactions might be assumed to occur as equilibrium reactions and/or 
kinetically controlled. More details on the incorporation of PHREEQC-2 and 
MT3DMS can be found in Prommer et al. (2002). Chemical reactions in the con-
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duit system are at present assumed to have a negligible effect on the composition 
of the groundwater because of the typical short residence times of the solutes in 
the conduit system.   

Scenarios of reactive transport in a coupled conduit-
continuum system 

In order to demonstrate the capabilities of the RUMT3D model two simplified, 
schematic scenarios, one of which includes the hydraulic effect of a single U-
shaped conduit system have been selected. Solute fluxes (discharge of uranium 
species) to a river in the proximity of a subsurface mine were compared for a 
model setup (i) natural groundwater flow conditions and (ii) flow conditions af-
fected by the presence of a pipe network. For both scenarios, steady state ground-
water flow and reactive transport in a vertical cross-section was simulated with a 
continuum (matrix, ore material) domain of 1200 m by 480 m. Heads at the river 
were fixed at 390 m, imposing a hydraulic gradient between ore material and the 
discharge point. A fixed constant-head boundary of 470 m was set at the �influ-
ent� boundary of the model. A uniform groundwater recharge rate of 6x10-9 m s-1 
was assumed at the surface. The ore matrix has a vertical and a horizontal hydrau-
lic conductivity of 1.0x10-6 m s-1 and an effective porosity of 0.05. 

Table 1. Chemical composition of the background groundwater, the uranium/pyrite ore 
body, the influent boundary and the recharge water.  

Compo-
nent 

Background 
groundwater, ura-
nium/pyrite ore 

body and influent 
boundary (mol/l) 

Recharge 
water  

 
 

(mol/l) 

Compo-
nent 

Background 
groundwater, ura-
nium/pyrite ore 

body and influent 
boundary (mol/l) 

Re-
charge 
water  

 
 

(mol/l) 
pH 7.53a/7.53b/7.24c 7.66 S(6) 8.010×10-3 1.000×10-

3 
pe -3.20a/-3.07b/-3.11c 12.99 S(-2) 1.474×10-12 - 

C(4) 1.220×10-3 1.447×10-3 U(3) - - 
Ca 5.225×10-3 1.947×10-3 U(4) - - 
Cl 1.100×10-3 1.000×10-3 U(5) - - 

Fe(2) 1.001×10-3 6.030×10-16 U(6) - - 
Fe(3) 5.010×10-10 1.000×10-5 Calcite 1.000a,b - 
Na 5.788×10-3 5.000×10-4 Pyrite (1.000×10-3) b - 

O(0) - 7.000×10-4 UO2(am) (1.000×10-3) b - 
a for background groundwater only 
b for uranium/pyrite ore body only 
c for influent boundary only.  
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A uranium-pyrite rich ore body was placed in the centre of the flow domain as de-
picted in Fig. 2. The remaining continuum cells are assumed not to contain any 
amorphous uranium oxide or pyrite. An anaerobic homogeneous water composi-
tion was assumed at the beginning of the simulation. The reaction network con-
sists of 15 aqueous components (see Table 1) and three minerals (amorphous ura-
nium oxide, pyrite, calcite). In contrast to uranium oxide and pyrite, calcite was 
assumed to be uniformly distributed within the aquifer. Table 1 also lists the 
chemical composition of the background groundwater, the uranium oxide/pyrite 
ore body, of the influent water at the constant-head boundary and of the recharge 
water. 

In one of the two simulations a conduit system was placed into the model do-
main just below the water table (see Fig.2) to investigate its influence on the ura-
nium mobilization process. The U-shaped conduit system consists of two vertical 
shafts and one horizontal drift modelled with 49 conduit nodes and 48 tubes. The 
tubes have a diameter of 0.5 m. The horizontal drift was located in the centre of 
the uranium/pyrite ore body where mining activities are likely. The flow simula-
tions show that approximately half of the conduit nodes in the pipe network are 
entry nodes (all on the left side of the conduit system) while the other half are exit 
nodes. Figs.3a and 3b show the head profiles of the flow set-up without and with 
the conduit system, respectively. The equipotential 450 m in Fig.3b separates en-
try from exit nodes. For the (assumed) exchange coefficient of 1.0x10-5 m2 s-1, 
flow conditions remain laminar throughout the conduit system.  

 
 
  
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 

Fig. 1. Illustration of ore material cell-
conduit exchange. 

Fig. 2. Configuration of the simplified, 
schematic mine system. 

 
 
 
 
 

 

Fig. 3a. Head distribution profile for the 
mine system without conduit system. 

Fig. 3b. Head distribution profile for the 
mine system with conduits. 

Γi Ci,m

Vi

Γi Ci

Vi

Ci,m = concentration of the cell

Ci = concentration of the
conduit node i

Vi = volume of the cell

Mass exchange rate from the 
cell to the conduit node i

Mass exchange rate from the 
conduit node i to the cell

Γi = exchange flow rate

Γi Ci,m

Vi

Γi Ci

Vi

Ci,m = concentration of the cell

Ci = concentration of the
conduit node i

Vi = volume of the cell

Mass exchange rate from the 
cell to the conduit node i

Mass exchange rate from the 
conduit node i to the cell

Γi = exchange flow rate
1200 m

48
0 

m

�Influent� boundary = 
fixed head (470 m) and 
concentration boundary

River = fixed head 
(390 m) boundary

uranium-pyrite rich ore body 

280 m

24
0 

m

38
0 

m

Recharge

10
0 

m

500 m

450 m440 m

1200 m

48
0 

m

�Influent� boundary = 
fixed head (470 m) and 
concentration boundary

River = fixed head 
(390 m) boundary

uranium-pyrite rich ore body 

280 m

24
0 

m

38
0 

m

Recharge

10
0 

m

500 m

450 m440 m

46
5

46
0

45
5

45
0

44
5

44
0

435

430

425

420

415

46
5

46
0

45
5

45
0

44
5

44
0

435

430

425

420

415

46
5

46
0

45
5

45
0

45
0

44
5

44
0

425

43
5

43
0

46
5

46
0

45
5

45
0

45
0

44
5

44
0

425

43
5

43
0



Numerical simulation of uranium transport in flooded underground mines      285 

Geochemical and reactive transport modeling 

Initial results 

Preliminary simulation results of RUMT3D indicate that the conduit system plays 
a major role for the release and the transport of uranium species to the discharge 
point. As apparent from Fig.4b, U(VI) (e.g., UO2

2+) is mobilised in the area sur-
rounding the conduit system and rapidly discharged into the river. With no conduit 
system present the U(VI) species remain stable within the ore body (Fig.4a), i.e. 
only negligible concentration/mass of uranium can be observed downgradient 
from the ore body.  

 

Fig. 4a. U(VI) concentration profile for the 
mine system without conduit system. 

Fig. 4b. U(VI) concentration profile for the 
mine system with conduits. 

Summary and future work 

This paper presents the reactive hybrid transport model RUMT3D developed for 
three-dimensional reactive underground mine transport problems. RUMT3D can 
handle two different transport time scales, found in underground mine systems. It 
is planned to further integrate surface controlled release of uranium into the model 
by implementing kinetically controlled reaction rate equations into the 
PHREEQC-2 database. Furthermore, sorption to charged surfaces (surface com-
plexation) e.g. to iron(III) oxides will certainly play an important role for the mo-
bility of uranium and will thus need consideration in future work. The assumption 
of a negligible effect of chemical reactions in the conduit system due to much 
shorter residence times of the components in the conduit system than in the ore 
material may also require further investigation.  
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