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ABSTRACT 

 

This technical note describes the use of time-resolved synchrotron radiation 

Tomographic Energy Dispersive Diffraction Imaging (TEDDI) and Tomographic 

X-Ray Fluorescence (TXRF) for examining ion diffusion in porous media.  The 

technique is capable of tracking the diffusion of several ion species 

simultaneously.  This is illustrated by results which compare the movement of 

Cs+, Ba2+ and La3+ ions from solution into a typical sample of English chalk. The 

results exhibited somewhat anomalous (non-Fickian) behaviour and revealed 

heterogeneities (in 1D) on the scale of a few millimetres.  
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1. Introduction 

 

A previous paper (Betson et al., 2004) describes a new method for investigating, 

non-destructively, the porosity distribution in porous media (e.g. chalk rock); this 

method involved a combination of Tomographic Energy Dispersive Diffraction 

Imaging (TEDDI) and Tomographic X-Ray Fluorescence (TXRF).  In this paper 

these techniques are extended further for investigating remotely the diffusion of 

tracer ions into chalk rock. 

 

In the UK most of the groundwater abstracted for public water supply is taken 

from the chalk, a soft, white, fractured, limestone generally considered a good 

example of a dual-porosity aquifer (e.g., Bibby, 1981; Price et al. 1993; Barker 

1993). Groundwater flow is controlled by the secondary fracture porosity but 

diffusion into and out of the fine matrix porosity plays an important part in the 

solute transport mechanism. The rock has the chemical quality of being almost 

pure calcium carbonate with a microscopic porous nature yielding a low matrix 

hydraulic conductivity (10-9 - 10-7 ms-1, Hancock, 1993).  
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This experimental arrangement is designed to emulate conditions encountered at 

the interface of fracture and matrix porosity in the chalk or at the sides of a 

borehole. This is provided by an interface between a single face of an unfractured 

chalk block and a tracer fluid moving perpendicular to this face. 

 

The potential of TXRF for simultaneous measurement of multiple tracer ions is 

also developed with this experiment through the use of three tracer ions, each 

with a different valency. The experiment was performed at the European 

Synchrotron Radiation Facility (ESRF), Grenoble, France, on beamline ID09. 

 

2. Experimental design and preparation  

 

The aim of this design was to emulate the interface of a matrix block (containing 

static solution), with mobile solute. In the experiment the tracer solution was kept 

flowing past a single exposed face of the matrix material to maintain a constant 

concentration, C0, and measurements were made at points along a line with a 

direction perpendicular to the face, thus providing a 1D measurement of the 

diffusion. 

 

The sample materials were prepared as blocks of 5 mm × 10 mm × 15 mm and 

dried in an oven at 85°C to drive off any residual water. The blocks were weighed 

dry then vacuum saturated with deionised water and reweighed to obtain an 
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estimate of the block porosity. The saturated blocks were then mounted on 

Perspex holders designed to allow the tracing fluid to pass across the lower 

surface of the sample (Figure 1). Once mounted, the saturated blocks were coated 

in epoxy resin to prevent water loss from the upper surfaces and the lower surface 

was left in contact with a reservoir of water. 

 

A combined tracer solution, containing Cs+, Ba2+and La3+ ions, was used to 

investigate the differences in simultaneous diffusion between ions of differing 

valance states and to assess how the technique might image these variations.  

During the experiment the tracer fluid is circulated slowly through a tube beneath 

the exposed surface of the sample from a 100 ml reservoir using a peristaltic 

pump. The tracing fluid is composed of water containing dissolved chlorides of 

the tracer ions, each with a concentration of 0.1M in the final solution. This 

concentration was sufficient for detection purposes yet avoided precipitation due 

to common ion effects. 

 

Figure 1  

 

The data collection during the diffusion experiment involved repeated one-

dimensional traverses of the sample through a direction perpendicular to the 

exposed surface of the sample, as shown in Figure 1. The spacing and number of 

the collection points was selected on the basis of prior modelling. The modelling 
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approach used a solution to Fick’s second law, which for one-dimensional 

diffusion in the x-direction and assuming a conservative solute takes the form 
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 where, for saturated porous media D is termed the ‘apparent’ diffusion 

coefficient (m2s-1), c is the solute concentration (M), t the time since the start of 

the experiment (s) and x is the distance perpendicularly away from the interface 

with the tracer solution (m).   

 

Figure 2  

 

Using the definitions in figure 2 a solution for Fick’s second law is obtained 

given the assumptions: 

 

a) uniform finite homogeneous matrix, 

b) constant concentration, C0, at the base:  C(L,t)= C0, 

c) the direction of tracer diffusion is orthogonal to the diffusion interface, 

zero initial concentration: C(z,0) = 0, and 

d) no flux at the upper surface, z =0: 0
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The solution of equation 1 subject to these conditions is readily found to be: 
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The indications from the modelling (using a range of possible values for D from 

e.g. Hill, 1994; Gooddy et al., 1996) were that a finer coverage close to the 

diffusion interface was required, particularly early on in the experiment, to 

characterise the diffusion coefficient. The spacings from the diffusion interface 

were selected to be 0.125, 0.25, 0.375, 0.5, 0.625, 0.875, 1.125, 1.375, 1.625, 

2.125, 2.625, 3.125, 3.625, 4.125, 4.625, 5.125, 6.125, 7.125, 8.125 and 9.125 

mm. Limits were placed on the time needed to collect each spectrum so that 

measurable fluorescence peaks for the three tracers could be observed throughout 

the experiment.  A one-minute collection time provided acceptable spectra which, 

for 15 collection points and associated motor movement time, gave a total cycle 

time of 20 minutes. In total it was possible to perform 15 complete cycles during 

the full experiment.   
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The synchrotron current at the ESRF decays exponentially with time in between 

refills which occur approximately every 10 minutes. This decay can be 

approximated to a series of linear reductions over the duration of the experiment 

and the recorded intensities are corrected accordingly.  

 

The next task is to relate the corrected intensities to the concentration of tracer. 

The following procedure was adopted to relate the corrected intensities to a 

relative concentration, based on the ratio of the intensity at the point of sampling 

to the maximum intensity occurring at the interface with the flowing tracer 

solution. The intensity recorded at the interface will be equivalent to the 0.1 M 

solution concentration and therefore ratios will be relative to that.  

 

3. Results 

 

The pre-experiment measurements of the bulk sample porosity indicated a value 

of 38%. This is consistent with the expected range for very pure homogeneous 

chalk of between 25% and 45%, as well as previous measurements of porosity 

made on samples from the same rock.  

 

Figure 3 illustrates the resultant variation in relative concentration, for each tracer 

ion, against time and distance into the chalk sample using the Kriging 

interpolation algorithm (Journel and Huijbregis, 1981; Oliver and Webster, 

1990). Both, Cs+ and Ba2+ ions show rapid diffusion whereas La3+ ions do not 
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diffuse far into the rock matrix, but show progressively higher concentration 

values at the interface of the sample block with the tracer fluid. 

 

Figure 3 also shows a modelled plot of chloride diffusion through the chalk 

matrix, given the experimental conditions for the second chalk sample, as a 

comparison to the cation results actually measured. Equation 2 was used to 

predict concentrations based on the mean apparent diffusion coefficient obtained 

by Gooddy et al. (1996) of D = 5.9 × 10-10 m2 s-1.  

 

Figure 3  

 

The diffusion appears to advance almost linearly with time rather than as the 

square root of time expected from Fick’s law. Also the results suggest 

heterogeneity on the scale of a few millimetres (i.e. in the order of 103 pore sizes). 

 

4. Discussion 

 

The development of the experimental methods and the analytical techniques for 

using TEDDI and TXRF in the hydrogeological characterisation of geo-typical 

materials has clearly shown that the position-time progress of cations, diffusing 

through porous media, can be tracked. The method permits simultaneous use of 

multiple tracers and is particularly suitable for conditions where diffusion 
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predominates as the solute transport mechanism.  Those materials that have low 

permeability, such as the chalk matrix, cements and soils, would generally fit this 

criterion and are of hydrogeological importance.  

 

It is understood that the sample size used in this experiment is small compared to 

the probable matrix block size between significant fracture zones within the chalk 

rock. The length is, however, comparable to the typical distance invaded by 

solutes at the fracture boundary and our results suggest the method can observe 

heterogeneity in the pore space at this scale.  

 

The X-ray fluorescent tracers used are heavy ions generally not found in large 

concentrations within groundwater naturally. These may not be suitable for the 

study of the movement of lighter solute compounds such as nitrate and sulphate 

ions but could be analogous to conditions of heavy metal contamination 

(Pearlmutter et al., 1963), mercury (Waldbott, 1973) and lead (Culbard et al., 

1988). 
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Figure 1 Front and side sections through the experimental sample diffusion cell. 

 

Figure 2 Description of the main spatial parameters required from the 

experimental arrangement. 

 

Figure 3 Tracer ion X-ray fluorescence intensities recorded for a chalk sample 

over 15 repeat cycles of 20 collection points arranged linearly from the exposed 

face of the sample up to 9.125 mm up the chalk matrix. These plots show the 

tracer concentration (C, interpreted from the fluorescence signal) relative to the 

initial concentration (C(0)) for the tracer intensities measured from the diffusion 

experiment (* for comparison, the chloride ion diffusion is a prediction, not a 

measurement, based on Fick’s law,  Equation 3). 
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