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Time-resolved 3D characterisation of flow and dissolution patterns in a single rough-walled fracture Catherine NOIRIEL (1,2), Philippe GOUZE (1) and Benoît MADÉ (2) (1)



Laboratoire de Tectonophysique, Institut des Sciences de la Terre, de l’Environnement et de l’Espace, CNRS Université de Montpellier II, 34095 Montpellier cedex 5, France (2) Centre de Géosciences, École des Mines de Paris, UMR 7619, 77305 Fontainebleau cedex, France ([email protected]) Abstract. An application of X-ray computed microtomography (XCMT) for 3D measurement of fracture geometry is presented. The study demonstrates the ability of XCMT to non-invasively measure the fracture walls and aperture during the course of a reactive flow experiment. The method allows estimation of both the local and global scale dissolution kinetics of a fractured limestone sample percolated by acidic water. The measured fracture geometry was then used as an input for flow modelling, in order to compare the hydraulic aperture calculated by numerical simulation with different evaluations of the aperture: hydraulic aperture measured from pressure drop during the flow experiment, mechanical aperture measured with XCMT, and chemical aperture deduced from calcium removal in the sample. The effects of reactive transport on geometry and fluid flow are discussed. Dissolution appears heterogeneous at both the small scale due to the presence of insoluble clays in the rock, and at larger scales with the formation of preferential flow pathways. These heterogeneous dissolution patterns are not predictable simply by the identification of the areas of higher fluid velocity, where transport of the chemical reaction products (i.e. rate of aperture increase) is presumed to be higher.



INTRODUCTION Fractures strongly control the flow and transport of fluids and pollutants in low-permeability rocks. Dissolution (or precipitation) processes may strongly influence the fracture geometry and consequently the hydraulic properties such as permeability and dispersivity. The prediction of flow and transport evolution in fractures is challenging, but appears essential to evaluate long term behaviour of geothermal systems, nuclear waste storage or CO2 injection in depleted reservoirs. Carbonated environments, which supply an important part of the accessible potable water resources of the planet, are particularly sensitive to fluid-rock transfer processes over relatively short time periods. Karst formation is certainly the most remarkable example of limestone alteration. A lot of experimental and numerical studies have been devoted to quantifying the control of various physical parameters on fluid flow and solute dispersion into fractures. Fracture roughness, aperture and surface correlation, tortuosity and contact areas have been pointed out as the essential parameters controlling flow and transport in fractures (Witherspoon at al., 1980; Tsang, 1984; Adler and Thovert, 1999; Zimmerman and Yeo., 2000). Initially, the fracture characteristics are forced by the mechanical processes of rupture and displacement (Yeo et al., 1998; Unger and Mase, 1993). In parallel, the geometry may be altered considerably by dissolution and precipitation that can feedback into the flow and transport properties. It is probable that in many applications, relevant either to geological timescale modelling or predicting system feedback to anthropogenic forcing, fracture parameters must be considered as variables. Transport of solutes in a fracture is described by the following macroscopic equation: (1) ∂ t C = u∇C − D∇ 2 C + R(C ) where C is the concentration of the species, u is the velocity vector (whose components are ux, uy and uz), D is the hydrodynamic dispersion tensor and R(C) is the geochemical source term proportional to the dissolution rate. Hydrodynamic dispersion involves Taylor and geometrical dispersion, and molecular diffusion. In a fracture, solute transport is mainly controlled by the chemical reaction rate and the heterogeneity in the flow velocity. Positive feedback between flow regime and geochemical alteration can also occur, leading to instabilities and localization of the dissolution. The dominant parameters that control these phenomena at the macroscale are the Peclet number (Pe), the Damköhler number (Da) and the aperture variability, expressed as the ratio between the aperture standard
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deviation and its mean ( σ a / a ) (Dijk and Berkowitz, 1998; Hanna and Rajaram, 1998; Cheung and Rajaram, 2002; Verberg and Ladd, 2002; Szymczak and Ladd, 2004). O’Brien et al. (2003) assume that the initial fracture geometry plays an important role in determining the dissolution front and suggest that a better understanding of the heterogeneities in fractures is necessary to accurately model the reactive transport. Experimental effort is required to predict long-term evolution of such heterogeneous systems. However, experimental studies of fracture behaviour and related parameters during dissolution are limited (Durham et al., 2001; Detwiler et al., 2003; Dijk et al., 2002; Polak et al., 2004) and do not always include direct permeability and geometry measurements. The aim of this paper is to present a methodology to study dissolution effects in a fracture by coupling chemical and hydrodynamic measurements with observation and quantification of the structural changes using X-ray microtomography. After a description of the experimental procedure (section 1), the measured changes to the fracture morphology and dissolution kinetics are presented (section 2). The measured fracture morphology was then used as input for numerical flow simulation. Afterwards, a comparison is made between the four different methods used to evaluate the changes to the fracture morphology: chemical and hydraulic measurements, imagery and flow simulation. Finally, the effect of rock mineralogy on flow, transport and geometry changes is discussed in section 3. 1. EXPERIMENTAL PROCEDURE The experiment consisted of the percolation of an acidic fluid through a rough fracture. The rock was a slightly argillaceous micritic limestone containing about 10% silicate minerals (principally clays with a minor amount of quartz). A core of 15 mm long and 9 mm diameter was fractured using a Brazilian-like test to produce a longitudinal fracture parallel to the core axis, i.e. an increasing loading charge is applied on the core edges until rupture occurs. Fracture edges were rigidified with epoxy resin in order to prevent any mechanical displacement of the fracture walls. Dissolution was obtained by flowing, at a constant rate of 2.78 10-9 m3.s-1 (10 cm3.h-1) water equilibrated with carbon dioxide at the partial pressure of 0.1 MPa (controlling the inlet pH value at 3.9). The pressure at the outlet was maintained at 0.13 MPa in order to avoid CO2 degassing in the circuit. The total duration of the experiment was 118.5 h, during which the fluid effluent was periodically sampled to evaluate the mineral mass removed. Permeability was calculated from the pressure difference between sample inlet and outlet (ΔP) using steady state flow method at the initial state (t0) and after the two stages of dissolution (t1 = 70.5 h and t2 = 118.5 h from the start of the experiment). At the same time, X-ray computed microtomography (XCMT) was used non-invasively to observe the tri-dimensional geometry of the sample with a spatial resolution (pixel size) of 4.91 µm. XCMT is based on the 3D reconstruction of one thousand X-ray radiographies of the sample taken at different view angles on 180 degrees. The ID19 beam line of the European Synchrotron Radiation Facility (Grenoble, France) was used for this study. An area of about 10×10 mm (2048×2048 pixels) located near the sample inlet is covered. After data processing (see Noiriel et al., 2005), 3D grey-level images represent the X-ray attenuation by the material in each point (voxel) in the space. As the sample is composed of only two materials (air and matrix) with different X-ray attenuation properties, histograms of grey-level attenuation are bimodal. By convention dark voxels correspond to low density material (void) and white voxels correspond to high density material (matrix). A segmentation procedure based on region growing is then used to convert grey-scale image into binary image (Nikolaidis and Pitas, 2001). Once voids and matrix are labelled in the image, it is easy to calculate the volume occupied by the fracture voids, the elevation of the lower and upper fracture walls ( h y−, z - and



h y+, z ), the local aperture (ay,z), and the area of the fluid-rock interface (Gouze et al., 2003). Figure 1 presents fracture aperture and surfaces obtained using XCMT after appropriate image processing.
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Figure 1. Upper (S+) and lower (S-) surface and aperture representation of the fracture, measured at t0 over a 9.25 × 7.95 mm region. Surfaces and aperture are obtained from processed XCMT data. Note that the grid lines are under-sampled by a factor 12 to allow visual representation. 2. RESULTS 2.1. GEOMETRIC FEATURES OF FRACTURE The statistics and features of changes to the fracture morphology during dissolution were studied. The mechanical aperture am is deduced from the local aperture: 1 y =l z = L a m = a x, y = a y, z (2) L l y =0 z =0



∑∑



where ay,z is the local aperture at the (y,z) location, a denotes the spatial average, and L and l are the fracture length and width, respectively. Statistical results are listed in Table 1, while aperture maps and histograms at the different stages of dissolution are displayed in Figure 2. An example of the cross section is also given in Figure 3. Dissolution effects appear to be different at two different scales. 2.1.1. MICROSCALE PATTERN At the microscale (grain-scale, i.e. a few tens of microns), the different kinetic rates of dissolution between the minerals forming the rock cause heterogeneous dissolution to occur. As kinetics of clay and quartz dissolution is several orders lower than for calcite, these minerals remain at the fracture surface until they are flushed by the flowing fluid. As dissolution progresses, the fluid-rock interface appears rougher (Figure 3). Consequently, both the standard deviation for elevation of the surfaces (σs) and micro-roughness factor of the fracture surface (z2) increase. Here z2 is the root mean square of the first derivative of the surface asperity height (Myers, 1962): z2 =
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The presence of secondary fracture branches initially present in the sample promotes the detachment and displacement of rock fragments as soon as their size is sufficiently reduced by dissolution. As a result, the aperture is locally reduced as observed in Figure 2, b. 2.1.2. MACROSCALE PATTERN At the macroscale (sample-scale), dissolution substantially affects the shape of the aperture distribution. Before dissolution, the topography of the fracture aperture can be represented as a bellshaped distribution with positive kurtosis (2.43) and skewness (1.94); positive values indicate that the
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distribution is slightly pointed and present an asymmetry toward the large values in comparison with a Gaussian distribution. Results are similar to those usually observed experimentally or assumed in models of fracture generation. But as a consequence of dissolution, the histogram evolves toward a bimodal distribution due to the formation of preferential flow pathways in the fracture (Figure 2, d). Heterogeneous dissolution at the two different scales is accompanied by a large increase of the standard deviation of mechanical aperture (σa). As a consequence, despite the increase of the mechanical aperture am, the ratio a m / σ a is stable during the experiment. The cross-correlation value between the two fracture walls is defined by: (4) ρ S + − S − = E [( h + ( y , z ) − h + )( h − ( y , z ) − h − )] / E [( h + ( y , z ) − h + ) 2 ] E [( h − ( y , z ) − h − ) 2 ] where h + and h − is the elevation at the (y,z) location of the upper and lower fracture wall, respectively and h denotes the spatial average. At the start of the experiment the two fracture walls are perfectly correlated, but dissolution induces a progressive decorrelation of the fracture walls (Table 1). Table 1. Statistics of the fracture geometry. Definitions are provided in the text. time (h) t0 = 0 t1 = 70h30 40.5 328.0 a m (µm) 18.8 92.2 σ a (µm) am / σ a 2.17 3.57 233.0 235.1 σ s (µm) 3.70 1.00
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Figure 2. Aperture distribution (µm) within the fracture: (a) map at t0, (b) at t1 and (c) at the end of the experiment (t2). The maps are voluntarily under-sampled by a factor 12 to allow better visualisation; note that the zero aperture areas on the edges of the maps correspond to epoxy resin spacer used to



IAH Selected Papers: Groundwater in fractured rocks, 2007, chapter 43, p 629-642, J. Krasny and J.M. Sharp Eds



avoid closure of the fracture during the experiment. (d) Histograms of aperture distribution at the different time of experiment.



Figure 3. Visualisation of morphology changes in course of the experiment (2D cross-section). The grey level background displays the initial fracture geometry (t0). The white lines correspond to the fracture wall position at t1 and t2. Initially the fracture contains secondary branches which result from the fracturing process. 2.2. DISSOLUTION RATE CALCULATION The calcium flux at the sample outlet can be related to the global (sample-scale) dissolution rate. It was variable but on the whole slightly decreased during the course of the experiment. Assuming that the sample is 90% calcite, that the molar volume of the clays and silicates was comparable to that of calcite, and that dissolution of the fracture walls was homogeneous, the aperture increase can be deduced from the following equation: (5) ∂ t ac = −(Q × υ calcite × ΔCa) /(0.9 × As ) where ac denotes the “chemical” aperture, Q is the flow rate, υcalcite is the molar volume of calcite, ΔCa is the calcium concentration removed by the acidic fluid between sample inlet and outlet, and As is the surface area of equivalent planar fracture walls. Assuming that the kinetic rate of dissolution was unchanged between the two experimental stages (t0-t1 and t1-t2, respectively), the spatial distribution of the dissolution rate is obtained by subtracting aperture distribution after registration of the images in the same spatial referential. The local aperture change with time is given by: (6) ∂ t a = (ati +1 − ati ) /(t i +1 − t i ) Then, the local rate of dissolution kd is given by: (7) k d = (∂ t a × S pix ) /(υ calcite × S r ) where Spix is the pixel area (4.91×4.91 µm2) and Sr is the reactive surface area of the mineral. As Sr is an unknown parameter, it is chosen to be equal to the geometric surface area, i.e. Spix. The results for the dissolution stages t1-t0, and t2-t1 are reported in Figure 4. Maps show that the dissolution rate is heterogeneous both in the flow direction and perpendicularly to it, kd ranging from 0 to 6.0 10-9 mol.m2 -1 .s . Three major phenomena potentially control the rate of calcite dissolution, kd. The first phenomenon concerns the level of disequilibrium of the solution in regards with the calcite mineral. It is commonly assumed that the rate of dissolution is proportional to the saturation index Ω: k d ∝ (1 − Ω) n , with n ∈ ℝ (Lasaga, 1998). The saturation index increases as far as the reaction progress towards equilibrium



(Ω → 1) , so kd decreases accordingly. In the experiment, the solution remains undersaturated with respect to calcite (Ω~0.15 at the outlet), so that the influence of Ω is relatively weak. The second phenomenon concerns the dissolution kinetics of calcite at low pH values. Far from equilibrium and at relatively low pH (e.g. pH 
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