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Abstract Lignosulfonate lyes, which had been deposited
by a paper factory for about 50 years into Quaternary
sediments and accumulated in a quasistagnant depression,
became mobile when a depression cone caused by mine
activity in a deeper aquifer reached the erosion window
close to the disposal site. Their transport parameters in the
karstic-fractured—porous carbonate aquifer are shown to
be mainly governed by diffusion between the mobile water
in karstic channels and fractures and the stagnant water in
matrix, although the hydraulic conductivity is shown to
depend mainly on the karstic system. The main transport
velocity is, with a sufficient accuracy, related to the hydrau-
lic conductivity by a simple model in which matrix porosity
is the governing rock parameter. The dispersivity, although
also governed by matrix diffusion, depends strongly on
several parameters that are difficult to determine.

Key words Lignosulfonate migration - Zn-Pb mining -
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Introduction

Since the early works of Foster (1975), Grisak and others
(1980), Neretnieks (1980), and Bibby (1981), solute trans-
port in fractured rocks of dual porosity has drawn a lot of
attention. As a result, a number of stochastic and determin-
istic models have been developed, the most advanced ones
taking into account both the arrangement of the fracture
network and the diffusion effects (e.g., Sudicky and McLaren
1992). However, the fracture network parameters are either
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unknown or known with an insufficient accuracy, and,
therefore, simple approximate models are also useful. In
this paper such models are employed in a detailed interpre-
tation of a case study, briefly presented by Adamczyk and
others (1988), and Zuber and Motyka (1994), which is
related to the migration of lignosulfonates through a
karstic—fractured—porous carbonate formation.

Hydrogeology of Pomorzany Mine region

The area of investigation is shown in Fig. 1 and the geologi-
cal cross section in Fig. 2. The impermeable bedrock is
represented in the south by Permian conglomerates. In the
north, the Devonian and Carboniferous are not well known.
They are represented by local occurrences of limestones
and dolomites with a hydraulic conductivity (K) of about
1 x 107% m/s. The main waterbody is contained in the
karstic—fractured-porous Triassic dolomites and lime-
stones (Motyka 1988). This complex is overlain by imper-
meable Keuper clays with several erosion windows at the
bottom of the Quaternary paleo-river valley. Well perme-
able Quaternary sediments (K = 2.5 x 107 m/s) are re-
charged directly by precipitation and by horizontal flow
from Jurassic limestone elevations (K = 1.6 x 107> m/s).
Under natural conditions, the Quaternary aquifer was also
recharged by flows from the Triassic aquifer, where a higher
water pressure existed. The natural drainage was by Biata
{White) Przemsza river. An intensive draining started in
1973 when a mine corridor that led from the Permian
conglomerates crossed the Pomorzany fault and entered
the carbonate Triassic formations. A large drawdown cone
developed very quickly in these formations and soon caused
local drops in the water level of the Quaternary aquifer at
the windows, which next joined and formed a single large
decrease of the water table, which reached the river and
the disposal site. The mine drains about 3 m?/s of water,
nearly two thirds is of good quality and tapped, whereas
the remaining fraction is polluted and discharged into the
river.
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Fig. 1 Simplified hydrogeo-
logical map
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Pollution of groundwater by lignosulfonates

In the period 1930-1979 a paper factory in Klucze de-
posited about 450,000 tons of lignosulfonate lyes to the
Quaternary sands (Fig. 1). The pollutant migrated through
the unsaturated zone to the water table and sank in the
aquifer, filling in a paleo-river depression at the bottom.
In the 1950s, the lignosulfonates appeared in the river,
changing its color to black by reacting with Fe ions. In the
1960s, 15 boreholes were drilled in order to determine the
extent of the pollutant in the Quaternary aquifer. The
polluted area was about 2 km?, and the thickness of the
polluted waterbody was about 25 m. The highest pollutant
concentration found at the bottom was 33 g/l, and it was
regularly decreasing to 1 mg/l, which was assumed to be
the boundary value. In October 1977 an unexpected explo-
sion of methane occurred in the northern corridor and
lignosulfonates appeared in water drained by that corri-
dor. The following environmental tracer data were ob-

served for water and gas samples taken in that corridor
and from a borehole drilled at the center of the disposal
site: for water in the mine, 580 = —9.9%o, 6D = — 70%o,
013C = —11.2%o, '*C = 58 pmc?, *H = 92 TU®; for CO,
in the mine 6*3C = — 18.2%o; for CH, in the mine, 5!3C =
—51%, **C = 101 pmc; for CO, in the borehole, §**C =
—8.7%o, **C = 76 pmc; and for CH, in teh borehole, 6D =
—321%0, 6*3C = —69%o, **C =89 pmc, *H = 356 TU
(Grabczak and others 1978). These data showed that the
gases were of modern age and generated from lignosul-
fonates by facterial activity. The total mass of lignosul-
fonates that has reached the mine is estimated to be about
9 tons, i.e., about 0.002%; of the deposited mass and about
0.039 of the mass estimated to be still present at the end
of the deposition.

The pollutant breakthrough curve is given in Fig. 3. The

2 pme: percent of modern carbon
5 TU: tritium units
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transport of pollutant to the mine probably started in
November 1974, when the drawdown cone in the Triassic
formation reached the window close to the disposal site
(Fig. 2), as known from piezometric observations. The drop
in the concentration in 1984 coincided with a development
of a deeper mine level, which overtook a large portion of
flow. However, neither the total inflow to the mine de-
creased nor was the shape of the drawdown cone changed.
Therefore, that change must be attributed to the decrease
of inflow from the Quaternary sediments caused by a sud-
den drop of the water table close to the window. After that
large change, the concentration of lignosulfonates remained
constant for nearly ten years (Fig. 3), whereas the amount
of inflowing methane continuously decreased.

Rock parameters

The geometric mean of the hydraulic conductivity ob-
tained from 236 pumping tests, which yielded the log-
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hydraulic conductivity of the rock matrix was measured in
the laboratory on 133 samples. The mean value for the
whole profile is 8.3 x 107° m/s (about 1.8 x 107® m/s for
dolomites and about 4.1 x 107*° m/s for limestones), which
means that the hydraulic conductivity of the porous matrix
is negligible in comparison with that of the bulk rock and
that the water stored in the matrix can be regarded as
stagnant.

The mean matrix porosity measured in the laboratory
on vacuum-dried samples is: 0.109 for dolomites (199
samples) and 0.0176 for limestones (54 samples). The
mean value for the whole profile is n, = (0.8 x 0.109) +
(0.2 x 0.0176) = 0.09 + 0.01.

The fracture parameters were directly measured in the
Pomorzany mine on seven exposed rock surfaces, F = 136
m?, The total length of fractures was X;I; = 370.6 m (where
I; is the length of the ith fracture observed on the exposed
surface), which yielded the fracture density of 2.7 m™!
(G = Z;I,/F). The fracture porosity was calculated as X,/;b,/

normal distribution, is K = (6.5 > x 107° m/s. The



F = 0.000716. The mean fracture apertures were obtained in
several ways: the arithmetic mean, b, = X,(2b),/N = 0.373
mm (where N is the number of fractures); the geometric
mean b, = (I1;b;)"" = 0.257 mm; the weighted arithmetic
mean, b, = 2;1:b,;/ 2.1, = 0.263 mm; the weighted geometric
mean, b,,, = (IL1;b;)""/(Z,];/N) = 0.109 mm; the weighted
arithmetic mean of the squared aperture, [(b*),,]'? =
[Z:,b3/ 21,17 = 0.363 mm; and the arithmetic mean of
the cubed aperture, equal to the effective aperture as de-
fined by Wilk and others (1984), b, = [2,1p3/2,1]'° =
0.521 mm.

If the representative fracture aperture and the fracture
porosity are known, the hydraulic conductivity can be
estimated from the well-known formula:

K = pgb®n;/(12u17) = 6.28 x 10°b%n,/t} (1)

where p and p are the fluid density and viscosity, respec-
tively; g is the acceleration due to gravity; b is the fracture
aperture; 1, is the tortuosity factor for the fractures (e.g.,
Matoszewski and Zuber 1985); and the numerical factor
given in the final term is calculated for fresh water at 10°C.

The following values of K were obtained for some of the
b values given above: K(b,,,) = 1.4 x 107° m/s; K(b,,,) =
0.24 x 107° m/s; K[($%),,.] = 2.6 x 107 m/s; and K(b,)
=54 x 107° m/s. A detailed discussion of the relation
between these values and the results of pumping tests is
beyond the scope of the present paper. However, a prelimi-
nary analysis of the results obtained in two other regions
suggests that if the data from several observation sites are
regarded as one class, the K(b,,,) values compare best with
the K values obtained by other methods (Motyka and
Zuber 1993). At first glance, those observations are not
confirmed by the results given above, but the K value
obtained from pumping tests is strongly influenced by
paleokarstic channels that are known to exist in the area,
whereas the fracture data were obtained on surface areas
free of karstic channels. Therefore, the K values from equa-
tion 1 are lower than the real value,

The karstic porosity (n,) estimated from observations in
a large number of boreholes and on the exposed rock
surfaces in the Pomorzany and Olkusz mines is about
0.004. Therefore, the mobile water porosity (effective po-
rosity) is n, = n; + n, = 0.005.

If the presence of fissures is neglected and the karstic
channels are assumed to form a network of equal-diameter
capillaries, the hydraulic conductivity observed in pumping
tests yields the diameter (d) of about 0.5 mm, for K =
0.785 x 10°d*n, adapted from Saffman (1959). Therefore,
although the karstic system strongly influences the hydrau-
lic conductivity, its chimneys with cross-sectional areas of
several square meters and horizontal openings of about
0.25-0.5 m* (Motyka 1988) are undoubtedly discontinu-
ous for the horizontal flow.

The specific yield obtained in the laboratory as de-
scribed by Prill (1961) is: 0.028 for dolomites (134 samples),
0.00063 for limestones (48 samples), and 0.022 for the whole
profile. This specific yield is mainly related to the presence
of large karstified pores, which in dolomites are up to
about 1 mm in diameter, whereas the pores in some lime-
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stone samples were too small to be penetrated by Hg. The
coefficient of storativity obtained from pumping tests and
the decline of water table in Triassic formations caused by
mine draining is only 0.019 + 0.004 (Wilk and Motyka
1980), which confirms that the fracture and karstic porosi-
ties do not contribute significantly to the specific yield.

Relations between rock and transport parameters

Due to molecular diffusion between the mobile water in
fractures and stagnant or quasistagnant water in the ma-
trix, the velocity of a conservative solute in a densely
fractured rock (say, a few fractures per squar meter) is
related to the flow velocity in fractures by (e.g., Matoszewski
and Zuber 1985):

Rp = Uw/vz = rt/tw = (V;J + V})/Vf
= (n, + n)iny = n, = (n, + )y @

where (R,) is the retardation factor caused by matrix diffu-
sion; v,, and v, are the mean water and solute velocities,
respectively; ¢, and r,, are the mean travel times of solute
and water, respectively; V, adn ¥} are the volumes of water
in the porous matrix and fractures, respectively; and n,and
n, are the matrix and fissure porosities, respectively. In
equation 2 the fracture porosity is identified with the effec-
tive porosity in which the water flow takes place. In that
case the retardation factor is about 125, For karstic rocks,
the fracture porosity in equaton 2 should be replaced by
n,. In that case the retardation factor is (0.091 + 0.005)/
0.005 = 20, which means that a conservative solute moves
in the investigated formation with a transport velocity
about 20 times lower than the flow velocity estimated by
conventional methods.

If the water velocity taken from equation 2 is put into
the simplified form of Darcy’s law, one gets (Zuber 1985;
Zuber and Motyka 1994):

K =m0 i = (1, + n,)o,fi 2 nyvefi = n,(x/t)i 3)

where K is the hydraulic conductivity; and i is the hydrau-
lic gradient. The simplified form of equation 3 results from
a common inequality of porosities, which is well satisfied
for the investigated rocks, i.e., n, < n,.

From equation 3 it is obvious that if the matrix porosity
and the conservative solute velocity (or travel time) are
known, the hydraulic conductivity at a large scale can
be found without any knowledge of the fracture network
parameters, and under favorable conditions without any
knowledge of the parameters of the karstic channels. A
low spread of the pollutant breakthrough curve and the
symmetrical shape of its rising part seen in Fig. 3 suggest
that either the matrix diffusion did not take place, or the
diffusion was the governing process and the scale was
sufficiently large to produce the breakthrough curve to be
distributed around the mean solute travel time (Maloszew-
skiand Zuber 1985). For the first assumption, the transport
is supposed to take place in the fractures and karstic chan-
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nels, and the mean travel time of pollutant (tracer age) of
1800 + 100 days, taken as a difference between an esti-
mated date of the start of flow and the mid-point of the
rising part of the breakthrough curve, is supposed to be
equal to the mean flow time. Then, K = n,v,/i = n,x/t,i
= (0.005 + 0.001)(3700 + 200)/(1800 £+ 100)(0.014 +
0.005)86400 = (0.68 + 0.30) x 107% m/s, which is about
ten times lower than the results of pumping tests and
simply unacceptable. For the second assumption, the ma-
trix is supposed to dominate the solute transport. Then,
K = n,(x/t,)/i = (15 £ 6) x 107° m/s, only about two times
larger than the value found from pumping tests, which
means that the transport is dominated by matrix porosity.
The discrepancy by a factor of about two does not seem to
be eseential. Theoretically, there are two possible sources
of that discrepancy: the decay of the pollutant (Matoszew-
ski and Zuber 1984), and no access to the smallest micro-
pores for its large molecules. In both cases the pollutant is
unable to occupy the whole volume of matrix pores, and
then the use of matrix porosity in equation 3 yields too
large K values. However, the decay took place mainly in
the quasistagnant conditions that existed initially at the
disposal site. As mentioned, during the active flow of fresh
water, the decay is most probably strongly reduced, and,
therefore, its hypothetical influence on the mean transport
velocity can be neglected.

If the specific yield is used as the effective porosity for
solute transport, K = (3.2 + 1.2) x 107° m/s, which is only
about two times lower than the mean value known from
pumping tests. It is evident that for a pollutant with large
molecules, and for rock matrix with large pores, the specific
yield and the matrix porosity inserted into equation 3 give
the K values that bracket the real hydraulic conductivity.

Due to the reasons given earlier, the common dispersion
model can be fitted to the pollutant curve to obtain the
total (apparent) dispersivity, «f. The dispersivity of about
37 m was obtained by fitting the formula of Banks and
Ogata (1961). A number of tracer experiments performed
in pumped wells on distances of 10-20 m yielded of = 2—
120 m (Kreft and others 1974), with the average values esti-
mated from a larger number of tests to be about 20—-40 m
(Zuber 1983). However, these large values of the total dis-
persivity were found later to result to a large degree from
matrix diffusion (Matoszewski and Zuber 1985). Therefore,
it seems interesting to check how the dispersivity observed
at a distance of 3700 m is influenced by matrix diffusion.
For a model of parallel fractures of equal spacing and
aperture, the diffusion dispersivity («f) is (adapted from
Matoszewski and Zuber 1992):

Sapv,,

0.1n,b%v,, _ 0.1n,b%p,
6(1 + 2ap)? =

niR,D, ~ niR,D,

~

4)

= o — 0y =

where o, is the hydrodynamic (intrinsic) dispersivity; a =
n,(D,)"?/b; p = (L/2 — b)/(D,)"?; D, is the coefficient of
diffusion in the matrix, and L is the fracture spacing (L =
b/n;).

Considering the fracture system only, i.e., b = 0.109 mm,
n; = 0.0007, and R, = 126, equation 4 yields 5.4 x 1078/

D, m, which in turn gives af = 54 m for D, = 107° m?%/s,
and 540 m for D, = 107'° m?/s. However, if the influence
of karstic system is included, i.e., if n, = n, = 0.005, b =
0.216 mm (calculated from equation 1 for n, = n,), and
R, =19, the dispersivities are 4 and 40 m, repectively.
These examples and equation 4 show that any value of
dispersivity can be obtained. However, the dispersivity
observed in the Pomorzany mine seems to be governed
mainly by matrix diffusion.

Conclusions

Similar to the transport of conservative pollutants, the
mean transport velocity of a decaying pollutant with large
molecules is also shown to be governed by matrix diffusion,
if the matrix of the fractured rock is characterized by large
pores. For karstic and fractured rocks, the effective trans-
port porosity for solutes cannot be identified with the
common effective porosity for water flow. The transport
porosity for solutes is close to the matrix porosity, which
is easily measurable on rock samples. When the matrix
porosity and solute velocity are known, the hydraulic con-
ductivity can be determined without any knowledge of the
fracture system. It is shown that under favorable condi-
tions, i.e., if the karstic systems are discontinuous and the
matrix porosity sufficiently high, the same approach can
be applied for karstic rocks.

The dispersivity cannot be predicted in a simple way.
However, the examples considered seem to suggest that at
large scales the dispersivity is also governed mainly by
matrix diffusion.

The concentration curve shown in Fig. 3, the flow pat-
tern that has reached a steady state (Fig. 2), and the amount
of pollutant still present in the Quaternary sediments sug-
gest that the pollution of mine water may last for a long
time.
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