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ABSTRACT

A field experiment is performed in a sandy aquifei in order to study ionexchange processes and
multicomponent solute transport modelling. An injection of groundwater spiked with sodium and
potassium as chloride was performed over a continuous period (37 days). The plume is monitored by
sampling of 350 filters in a spatial grid. The sampling aims at establishing compound (calcium, magne-
sium, potassium, sodium, chloride) breakthrough curves at various filters IS to 100 m from the the
point of injection and areal distribution maps at various crosssections from 0 to 200 m from the point of
injection. A 3 dimensional multicomponent solute transport model is going to be used to model the field
experiments. The chemical model includes cation exchange, precipitation, dissolution, complexation,
ionic strength and the carbonate system. Prelimninary results from the plume monitoring show that the
plume migration is relatively well controlled considering the scale and conditions of the experiment.
The transversal dispersion is small causing less dilution than expected. The ionexchange processes have
an important influence on the plume composition. The retardation of the injected ions are substantial
especially for potassium. Calcium exhibits a substantial peak following chloride due to release from the
ionexchange sites on the sediment.

INTRODUCTION

Cations such as sodium, potassium, calcium, magnesium and ammonia are major compounds of many
waste leachates, in particular of inorganic wastes such as combustion residues and fly ashes. Also in
leachates from mixed landfills cations may appear in concentrations of several hundreds to a couple of
thosands mg/1. Besides the fact that these cations per se may constitute a groundwater contamination
problem, cations are used as indicator parameters in groundwater control programmes at new sanitary
landfills and in groundwater plume delineation at leaking landfills. In relation to all three aspects, basic
understanding, process describing parameters and predictive models must be available to support proper
evaluation of the problems encountered and the data collected.

In many parts of Denmark the saturated zone consists of gravel and coarse sand with low cation
exchange capacity (CEC < 1 meq/100 g). The cation exchange sites of the aquifer material are
dominated by calcium and, if pH is low, also by protons. Since the composition of most leachates
relative to groundwater shows enhanced concentrations of sodium, ammonia and potassium, these
cations will exchange with calcium, resulting in retardation of the front of sodium, ammonia and
potassium and in a calcium (and maybe magnesium) peak travelling with the leachate front. Despite the
low CEC values the attenuation will be substantial for ammonia and potassium. The release of calcium
may cause excess of the carbonate solubilities, changes in the carbonate system and in the complexation
patterns. Aspects that further complicate the migration patterns.
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From field investigations described in the literature the importance of ion exchange processes in
transport of cations in sandy aquifers are documented, Valocchi (1981), Dance and Reardon (1983),
Ceazan et al. (1989). Dance and Reardon describe a natural gradient tracer test in the Border) landfill
aquifer, while Valocchi and Ceazan et al. discuss forced gradient experiments focusing on sewage water
infiltration. The test at Borden is in a scale of meters (< 10 m) and an one dimensional mixing cell
model including ionexchange, precipitation and complexation was applied. Valocchi used a 2
dimensional model neglecting complexation and precipitation/dissolution (20 m scale). Ceazan et al did
not apply any model to their experiment involving a 1.5 m flow distance.

This study investigates multicomponent cation attenuation and transport in a sandy aqufer in terms of
laboratory batch and column experiments, a controlled field injection experiment in a 100 m scale
followed by long term 3-dimensional plume mapping and multicomponent solute transport modelling.
The objectives are to demonstrate the effects of a release of inorganic, high strength leachate into an
aquifer and to evaluate our predictive capabilities in particular the balancing of model complexity,
parameter acquisition and plume prediction.

The main features of the research project and some preliminary results are presented.

MODELLING

A multicomponent solute transport model is used to model column and field experiments. The applied
model was originally 1 dimensional and developed to the unsaturated zone, Danish Hydraulic Institute
(1986), but recently it has been upgraded to 3 dimensions and saturated flow conditions.

In this context only the chemical submodel will be described briefly. The model is based on the Local
Equilibrium Assumption (LEA) , Rubin (1983). The mass action law describes the involved reactions:
cation exchange, precipitation, dissolution, complexation, the carbonate system. Furthermore the effects
of ionic strength on activity coefficients are included. The cation exchange process is here expressed by
the Gaines-Thomas equation, Bolt (1967). The cation exchange capacity is assumed to be constant and
independent of pH. Proton ion exchange is not taken into account in the current version.

The equlibrium constants are associated with considerable uncertainty especially in natural systems.
Reasonable stability constants and solubility products can be found in the literature, e.g. Sillen and
Martell (1964, 1971). Cation exchange capacities and selectivity coefficients are also tabulated, but the
ranges may vary by several factors, Bruggenwert and Kamphorst (1977). Because of this parameter
estimation is an important part of model simulations, in particular when models are beeing validated.

Prior to application of the multicomponent model to the 3-dimensional field experiment, model
performance with respect to die chemistry is beeing validated by means of 1-dimensional laboratory soil
column experiments. Both die ability of the chemistry moduls to handle the complex sediment-solute
interactions and die goodness of the batch determined CEC-values and ionexchange selectivity
coefficients are beeing evaluated. The combination of coarse sediments with low exchange capacity and
solutes with high ionic strength is complicating the parameter estimation and challenging
die assumption of constant parameter values over the exposure range.
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Figure 1 shows the results of a preliminary simulation of one of the column experiments (240 m/year)
in terms of model predictions and observations for chloride, sodium, potassium and ammonia. The
model predictions and the observations are general in accordance although not perfect. In particular the
multilevel breakthrough curves of ammonia and potassium are subject to speculations on kinetic effects
or multi site exchange processes.
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FIGURE 1: Breakthrough curves for laboratory column experiments (symbols) and model predictions
(continuous lines) by help of a simultaneous multicomponent model. The column has a length of 1 m
and the diameter is 4.5 cm. The average flow velocity is 240 m/year, ionic stregth is 6.3 meq/1 and
CEC is 0.41 meq/100 g. Selectivity coefficients are (based on the Gaines-Thomas equation):
K^K. = 1.4 mol/1, Kc^ = 0.004 mol/1, K^^m = 0.008 mol/1. (laboratory data from Andersen and
Lassen (1990)).

FIELD EXPERIMENT

The field experiment is performed as an injection of groundwater spiked with potassium and sodium as
chloride salts into the aquifer. The composition of the injection fluid resembles a release of leachate
from a waste disposal site.

The experimental site

The injection test field is located in the western part of Denmark (Vejen, Jutland) on a glacial outwash
sand. The aquifer is phreatic with a watertable approximately 4 m below the surface and a lower
confinement in terms of a clayish till at approximately 10 m depth. The groundwater flow is in the
south direction with an average pore flow velocity of 250 m pr. year. From a geological point of view
the aquifer is relatively homogeneous, but over the depth the hydraulic conductivity varies due to
layering. The hydraulic conductivity is determined by slugtests in vertical profiles and permanent filters
(approximately 260 locations). Small silt lenses may occur. The gradient is approximately 5 per mille
and relatively constant over the area.
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A monitored area of 200 m in length and 40 m in width contains 350 filters (25 cm screen) in a spatial
network. A part of this network is illustrated in figure 3. Selected filters have been sampled 3 times to
establish background water quality, Table 1. The variability in the water quality is considerable
especially in the upper part of the aquifer. In order to evaluate the spatial variability of the ion
exchange parameters sediment cores from the field are analysed. CEC vary between 0.2-1 meq/100 g
and the basesaturation vary from 30-100% depending on depth.

Table 1: Background ground water quality at the injection site and composition of the injection fluid.

PH

Chloride

Sodium

Potassium

Calcium

Magnesium

(mg/1)

(mg/1)

(mg/1)

(mg/1)

(mg/1)

Injection
fluid

6.9-7.2

6000

2600

2000

70

3

Background
water quality

4 = 5-8

15-35

8-25

0.5-8

20-80

2-8

Injection

The injection took place in May 1989 through 5 filters with a spacing of 1 m and 0.5 m screens. The
filters were placed approximately 6 m below the surface and 2.5 m below the ground water table.
Injection fluid and flow were controlled daily and showed only minor variations during the injection
period.

Plume monitoring

The plume created by the solute injection is monitored by sampling of the filters and analysis of the
water samples obtained. The focus is on chloride, potassium, sodium, calcium and magnesium, but pH
and conductivity are determined also. Supplementary, hydrogencarbonate is determined to evaluate the
carbonate system. In a few filters a full picture of the water composition is obtained by including
ammonia, nitrate and sulphate. The sampling aims at establishing compound breakthrough curves at
various filters from 15-100 m from the injection and areal distribution maps at various sections from 0
to 200 m from the injection.

PRELIMINARY RESULTS AND DISCUSSION OF FIELD EXPERIMENT

The hydraulic aspects of the plume have developed slightly differently than expected. A slight
downward gradient caused by the injection head and by the density of the injection solute resulted in an
initial sinking of the plume. Maybe local heterogeneities in the geology played a role as well. The
sinking of the plume lead to some very high concentrations just above the clayish till. After 5 to 10 m
travel the plume was stabilised. Figure 2 is a snapshot of chloride in a crosssection 35 m from the
injection 65 days after the injection began. The sinking of the plume is obvious, but another interesting
point is the transversal dispersion which is much less than expected. Between filters with 1.5 m
spacing, concentrations may rise from background level to 10 times background level.
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FIGURE 2: Crosssection 35 m from the injection wells showing a snapshot of the chloride plume 65
days after the injection start.

A general picture of the areal distribution of the separated plumes is shown in Figure 3 130 days after
the injection was initiated. Chloride has migrated approximately 70 m which mean;; that the average
flow velocity is 0.64 m/day or 230 m/year. The dispersion is relatively small as illustrated by the box
of "injection water", centred in the chloride plume (width: 4 m as the injection area, length: injection
time period multiplied with the average pore velocity). The attenuation of the injected sodium and
potassium is evident from their areal distribution.

Breakthrough curves for a filter 35 m downstream from the injection are shown in Figure
Increased calcium and magnesium concentration are found together with the chloride breakthrough.
These ions are expelled from the ionexchange sites on the sediment by the injected sodium and
especially potassium. Sodium shows some retardation. Potassium has not yet fully broken through, but
the retardation is obvious. The average migrating velocity for potassium is less than 15 % of the water
flow velocity as expressed by the chloride curve. Notice the peak of potassium matching the calcium
and chloride curve. Although the sediment has a very high affinity for potassium the competition by
sodium and expelled calcium is so strong at the front that not all the potassium is exchanged.

Figure 4e shows pH and hydrogencarbonate in the same filter. The decrease in pH and hydrogen-
carbonate at the same time as chloride and calcium broke through indicates precipitation of carbonates.
A part of calcium and magnesium apparently has precipitated during the chloride breakthrough. This is
confirmed by the saturation index for calcite here exceeding the calcite solubility product.
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FIGURE 3: General areal distribution of chloride, sodium and potassium at the injection field 130 days
after the injection start. The shaded box corresponds to the injection if no dispersion took place.
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FIGURE 4: Breakthrough curves for chloride, sodium, potassium, calcium, magnesium, pH and
alkalinity in a filter in the center of the plume 35 m downstream from the injection wells.
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Another set of breakthrough curves are shown in Figure 5 for a filter 100 m downstream. The
differences in the shape and concentrations of the chloride breakthrough curves on Figure 4a and Figure
5 is due to transversal (horizontal and vertical) and longitudinal dispersion. In this filter potassium has
not yet appeared while sodium shows the same retardation pattern as seen in Figure 4a.
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FIGURE 5: Breakthrough curves for chloride, sodium, potassium, calcium, magnesium in the center of
the plume 100 m downstream from the injection wells.

PRELIMINARY CONCLUSIONS

The results from the plume monitoring show that the plume migration is relatively well controlled
considering the scale and conditions of the experiment.

The transversal dispersion is small causing less dilution than expected. The longitudinal dispersion also
appears relatively modem.

The ionexchange processes have an important influence on the plume composition. The retardation of
the injected ions are substantial especially for potassium. The average velocity for potassium is less than
15 % of the water flow which here is depicted by chloride. The sodium plume is in between the
chloride and the potassium plume as expected from laboratory data. Calcium exhibits a substantial peak
following chloride due to release from the ionexchange sites on the sediment.

It is premature to evaluate the solute transport model performance on the laboratory and field data.

FUTURE WORK

Column experiments involving high and low flow velocities will be completed establishing a basis for
verification/evaluation of the multicomponent model under well controlled conditions. The column
results will also help in selecting proper parameter estimation methods.
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The field experiment will be completed in the autumn 1990 (watersampling and analyses). Potassium
will be monitored untill its passage of a crossection 35 m from the injection.

The extensive data collected will be subject to 3 dimensional multicomponent modelling with special
interest in the availability of field parameters matching model requirements and capabilities.

ACKNOWLEDGEMENT

The main part of the field wells used in this study were installed by the Geological Survey of Denmark.
Mona Refstrup and Bent Skov assisted in the field and laboratory work. Ernst Lassen and Tage
Andersen performed the laboratory column experiments.

LITERATURE

Andersen,T.V. & Lassen E. (1990): Ionbytning i danske sandjorde (Ion exchange in Danish sandy
aquifers, in Danish). M.Sc.Thesis. Department of Environmental Engineering, Technical University of
Denmark, Lyngby.

Bolt, G.H. (1967): Cation-exchange equations used in soil science - A review, Netherlands Journal of
Agricultural Science. i5_, 81-103.

Bruggenwert, M.G.M. & Kamphorst, A. (1979): Survey of experimental information on cation
exchange in soil systems. Chapter 5 in: Bolt, G.H. (ed.): Soil Chemistry. B, pp. 141-203. Elsevier
Scientific Publ. Co., Amsterdam.

Ceazan, M.L., Thurman, E.M. & Smith, R.L. (1989): Retardation of ammonium and potassium
transport through a contaminated sand and gravel aquifer: The role of cation exchange. Environ. Sci.
Technol. 22, 1402-1408.

Dance. J.T. & Reardon, EJ. (1983): Migration of contaminants in groundwater at a landfill: A case
study. 5. Cation migration in the dispersion test. Journal of Hydrology. fi3_, 109-130.

Danish Hydraulic Institute (1986): A model for the uiisaturated zone, Vol. 1: The solute transport
model, Vol. 2: Chemical equilibrium models. Danish Hydraulic Institute, Hersholm, Denmark.

Rubin, J. (1983): Transport of reacting solutes in porous media: relation between mathematical nature
of problem formulation and chemical nature of reactions. Water Resources Research. 19. 1231-1252.

Valocchi, A.J. (1981): Transport of ion-exchanging solutes during groundwater recharge. Ph.D.
Department of Civil Engineering, Stanford Vniversity, University Microfilms International, Ann Arbor,
Mich., USA. (8109009).


