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Abstract: 11 pt; fully justify; word “Abstract” in bold
Abstract The effect of spatially variable aquifer parameters such as sorption capacity and hydraulic conductivity on reactive solute transport was investigated by stochastic numerical simulations. Heterogeneity of the sorption capacity was about half as large as heterogeneity of the hydraulic conductivity. Variable Freundlich sorption parameters had less influence on the expected plume velocity than on the spatial distribution (second order moment) of the dissolved and sorbed mass. A comparison between simu​lated and real tracer plumes revealed significant discrepancies concerning the dissolved concentrations. Due to their order of magnitude these dis​crepancies cannot be attributed to physico-chemical sediment heterogeneity.
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In an integrated approach of field experiments, laboratory experiments and numerical simulations both physical and physico-chemical aquifer heterogeneities were investi​gated. About 400 sediment samples were analysed and statistically evaluated with respect to the following characteristics: grain size distribution, calculated hydraulic conductivity, K, cation exchange capacity, CEC, and the specific surface area. On 70 samples the vertical variation of the Freundlich sorption parameters k and n was determined for uranin (C20H10O5Na2) sorption on the aquifer sediments (Döring, 1997). The impact of the measured sorption heterogeneity was investigated by stochastic numerical simula​tions which were then compared to the observed uranin transport at the test site.
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The following results refer to measurements of the 3 m aquifer interval which was most relevant during the tracer tests. Table 1 shows that the vertical spatial variation of K was usually twice as large as the variation of physico-chemical sediment properties. A similar ratio was found in the horizontal direction but with higher variances (Döring, 1997). According to other test sites, the order of heterogeneity was compared by determining the mean variation which is defined as the ratio of values corresponding to one standard deviation above and below the mean. The vertical correlation lengths of a few decimetres compare very well for all parameters, they are also in the range of values reported for other Quaternary test sites. Since K and the physico-chemical parameters show a weak negative correlation (correlation coefficient c. –0.7), physico-chemical heterogeneity should lead principally to an enhanced spreading of the reactive solutes.
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Table 1 Spatial variation of hydraulic conductivity (K), physico-chemical sediment parameters and uranin sorption capacity (S) in the vertical direction.

	
	N
	Mean 
	–1 STD
	+1 STD
	Mean variation
	(v (m) (exponential)

	K (m s-1)
	120
	8.0 × 10-4
	3.8 × 10-4
	1.7 × 10-3
	4.5
	0.4

	CEC (meq kg-1)
	50
	5.5
	4.0
	7.6
	1.9
	0.4

	Clay (M%)
	50
	2.3
	1.8
	3.0
	1.7
	<0.2

	Fines (M%)
	50
	8.8
	7.1
	10.8
	1.5
	0.6

	Surface (m² g-1)
	50
	0.94
	0.46
	1.88
	4.1
	trend

	S, k var. (µg kg-1)
	16
	22.9
	15.4
	30.4
	2.0
	not det.

	S, n var.
	16
	22.9
	20.9
	26.3
	1.3
	not det.

	S, k+n var.
	16
	22.9
	14.8
	31.1
	2.1
	not det.


(v = vertical correlation length, exponential model. 

STD = standard deviation.

Fines = fraction < 0.2 mm.

S, k+n var. = sorption capacity considering variable k + n parameters.

S, k var. = sorption capacity considering variable k parameter only.

S, n var. = sorption capacity considering variable n parameter only
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Numerical modelling was used as a tool to investigate the effect of heterogeneities in K and sorption parameters on solute transport. The consideration of heterogeneity required stochastic flow models and transport models which were developed for massively parallel computers. A two-dimensional stochastic flow field was computed based on a K field with a mean value of 2 × 10-3 m s-1, a variance of ln(K) of 0.81 and an isotropic horizontal correlation length of 5 m. The resulting velocity field had a mean value of 1.7 m day-1 with a range between 0.2 and 9.1 m day-1. Solute transport was calculated with a particle tracking code developed by Neuendorf (1997), each simulation considered 10 × 106 particles. While keeping the velocity field constant, solute transport was simulated for 30 realizations with stochastically generated sorption fields. None of the variables (K, n, k) were assumed to be correlated. A simulation with homogeneous sorption was also performed for comparison. In Table 2 the input data are listed: all sorption parameters were measured on the 3 m aquifer interval described in the previous section.
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Table 2 Sorption input parameters for numerical simulations.

	
	Mass (µg)
	k
	n
	vark
	varn
	(h (m)

	Hom. sorption
	1.1 × 108
	0.55
	0.81
	-
	-
	-

	Het. sorption
	1.1 × 108
	0.55
	0.81
	0.027
	0.001
	5


(h = isotropic horizontal correlation length, exponential model.

Var = variance; Hom. = homogeneous; Het. = heterogeneous.
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The effect of spatially variable k and n values on the expected plume velocity <v1> is demonstrated in Fig. 1(a). The homogeneous case is also shown. The variability of the expected plume velocity is quite small as indicated by the narrow curves representing the range of one upper and one lower standard deviation (STD). The coefficient of variation (CV) ranges between 13% for the first 40 days and less than 2% after 140 days. Therefore the impact of heterogeneity of nonlinear sorption on the plume displacement decreases with time. The nonlinearity of the sorption behaviour seems to be more important for the long-term transport velocity than the impact of spatially variable sorption parameters. Similar results were described by Bosma et al. (1996).
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Fig. 1 Evolution of (a) average longitudinal plume velocity <v1>, and (b) longitudinal second-order moment <S11> for heterogeneous and homogeneous sorption.
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The effect of spatially varying sorption parameters on the expected second order spatial moment <S11> of the solute plume is shown in Fig. 1(b). Again, the case with homogeneous sorption is included. As for the transport velocity, the expected second order moments of the heterogeneous case agree very well with the moments calculated for constant sorption coefficients. The CV however is considerably larger, ranging roughly between 50% and 20%. The highest values occur at the initial phase. Heterogeneous sorption therefore affects the shape of the plume more than the mean displacement time. For the sorbed mass, the CV was almost 100% at the beginning, but also decreased to about 20% at the end of the simulation.
Modelling vs reality

Although sorption heterogeneity could be considered in these investigations, there was still a large discrepancy between simulations and the real plume transport. Most significant for the tracer tests was a constant mass loss of uranin (but also of lithium and bromide) which in its order of magnitude can neither be attributed to physical nor to sorption heterogeneity. From field and laboratory observations we rather think that chemical reaction processes such as nonequilibrium sorption or some degree of non-reversibility are the dominating solute transport processes.
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