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Abstract

:

The construction of a repository for the geological disposal of radioactive waste will utilize cement-based materials. Following closure, resaturation will result in the development of a highly alkaline porewater. The alkaline fluid will migrate and react with host rock, producing a chemically disturbed zone (CDZ) around the repository. To understand how these conditions may evolve, a series of batch and flow experiments were conducted with Horonobe mudstone and fluids representative of the alkaline leachates expected from a cementitious repository. Both ordinary Portland cement (OPC) and low alkali cement (LAC) leachates were examined. The impact of the LAC leachates was more limited than the OPC leachates, with experiments using the LAC leachate showing the least reaction and lowest long-term pH of the different leachate types. The reaction was dominated by primary mineral dissolution, and in the case of OPC leachates, precipitation of secondary calcium-silicate-hydrate (C-S-H) phases. Flow experiments revealed that precipitation of the secondary phases was restricted to close to the initial contact zone of the fluids and mudstone. The experimental results demonstrate that a combination of both batch and flow-through experiments can provide the insights required for the understanding of the key geochemical interactions and the impact of transport.
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1. Introduction


The construction of a repository for geological disposal of radioactive waste will by necessity include the use of cementitious materials in a multiplicity of ways, such as fillers, liners, plugs, and seals [1,2,3,4]. Ordinary Portland cement (OPC)-based materials will be extensively used in the construction, and following closure, groundwater will saturate the repository and the use of OPC will result in the development of highly alkaline porewater (pH > 12.5), [5,6]. The alkaline fluid will migrate and react with the host rock to form a chemically disturbed zone (CDZ) around the repository [2]. A series of chemical gradients will develop over time and distance from the repository, disturbing the pH, redox, and fluid chemistry of the migrating fluid. It is important, particularly in the case of a radioactive waste repository, to understand the evolution of the CDZ in both time and space and subsequent impacts on the behavior and transport of any radionuclides in the CDZ.



The extent of the CDZ, beyond the host rock-cement interface, will depend upon several factors with both physical and chemical properties, i.e., host rock mineralogy, porosity/permeability, fracture density, groundwater composition, flow rates, and chemical buffering capacity. Previous studies have shown that in the host rock, silicate minerals dissolve in the highly alkaline pore fluid [2,7,8], followed by the precipitation of secondary minerals (calcium-silicate–hydrate, calcium-aluminum-silicate-hydrate (C-S-H, C-A-S-H), calcite) and aluminosilicates (zeolites, feldspars, feldspathoids) [9]. Other authors [10,11,12] have reported the interactions between cement pore fluids and argillaceous rocks, which demonstrated the alteration of argillaceous rocks by the high pH fluids and the buffering of the elevated pH by the clays and the reaction pathways. The degree of buffering and alteration of the primary minerals is dependent upon the starting mineralogy, i.e., clay mineral dissolution vs. carbonate reaction (including, when present, de-dolomitization [13]), cation exchange reactions, and the fluid chemistry, with Ca(OH)2-dominated fluids tending to result in greater formation of C-S-H phases.



The general sequence of reaction of host rock with OPC leachates is generally well understood [2,7,8,9]. The high pH develops from the leaching of the concretes and cements used in the waste containment and repository construction, resulting in primary mineral dissolution, which partly mitigates the high pH in the CDZ. This is then followed by secondary phase formation with OPC, particularly C-(A-)S-H phases and zeolites. The extent of the zone of interaction is dependent not only upon the host rock but also upon the reactant fluid chemistry. To mitigate the degree of alteration of the host rock, ‘low pH’ or ‘low alkali’ cements (LACs) have been developed to provide a target porewater pH < 11. LACs are based on pozzolanic cements with 30–80 wt% of the OPC clinker replaced by siliceous materials, such as silica fume (SF), fly ash (FA), blast furnace slag, and/or metakaolin. The high siliceous content in the LAC lowers the pH of the porewater by several complementary mechanisms. Firstly, the OPC content is reduced, and the pozzolanic reaction of silica with portlandite and calcium increases the C-S-H gel content. However, the extent of the reaction of host rock with LACs is less well understood. Studies have often been limited to batch experiments [14,15] or modelling studies [16]. In batch experiments conducted with Freedland Ton clay and a ‘low pH cement’ pore fluid [14], the clay did not undergo significant degradation. In other work examining the reaction zones at interfaces of Opalinus claystone (OPA) with two different concrete types (OPC and LAC) [17], again there was little evidence for chemical alteration of the claystone. Other batch experimental studies [15] have concluded that zeolitic phases would form in the interaction zones between rock-forming minerals and low-pH cements. In addition, some studies have focused on the degradation of the low-pH cement itself, e.g., [18], with clay pore fluids, rather than the impact on the host rock.



Unlike OPC, there is no standard LAC composition; different compositions of LAC have been considered by different radioactive waste disposal implementers. For example, many European operators are considering the use of LACs based on cement, silica, and blast furnace slag [19], whilst the LAC formulation, being considered for use in Japan, uses fly ash in place of the blast furnace slag. In Japan, the Japan Atomic Energy Agency (JAEA) developed a low alkaline cement called HFSC424 (high content fly-ash silica fume cement), composed of fly-ash (FA) 40 wt%, silica fume (SF) 20 wt%, and OPC 40 wt% [20,21], which results in a target porewater pH < 11.



Many previous studies have used only batch experiments to study the interaction of alkaline fluids with host rocks, since they are particularly suited to long duration studies, being simpler and easier to set up and maintain. The effects of time can be studied by running multiple identical experiments for differing durations [22]. In addition, elevated temperatures can be used to enhance mineral dissolution kinetics, speeding up reaction progress so that they may be observed more easily in the laboratory. Previously, batch experiments have been used to study the interactions between cement pore fluids and argillaceous rocks [10,11,12,18]. These studies demonstrated that the high pH leachates reacted with the argillaceous rocks, leading to the buffering of the elevated pH of the cement pore fluids by the clays and other host rock minerals, e.g., dolomite [13]. However, batch experiments, whilst useful, do not precisely replicate the sequence of mineral changes observed in the CDZ of a radioactive waste repository, since with batch experiments, the effects of transport are not addressed. In addition, batch experiments can be affected by the presence of transient phases or constrained availability of key components.



Flow-through experiments adapted from chemical engineering studies [23] are a useful technique to study transport processes, allowing the investigation of the spatial as well as temporal changes. Flow experiments are by their nature more complex than batch experiments and are best suited to shorter timescales, usually only a few months duration. Typically, a flow system set-up is comprised of a fluid reservoir, a pump to control flow rate, and the reactor itself with length scales of millimeters to meters. On completion of the experiment, it is possible to study the changes in mineralogy with distance by sectioning of the reacted solid. In addition, unlike batch experiments, it is possible to extract some physical properties from flow experiments, such as variations in porosity/permeability, using tracer tests. In addition, flow experiments can provide valuable well-constrained ‘test cases’ for the validation and calibration of reactive transport geochemical models. Such models may then be used, with increased confidence, to model the longer term evolution of the fluid rock interactions beyond that possible experimentally, which in the case of radioactive waste disposal extends to tens of thousands of years.



Flow-through column experiments have been used to investigate the reaction of cement pore fluids with single minerals and a variety of potential host rocks [24,25,26], but few previous studies have considered the impact on argillaceous rocks. This study, comparing the impact of leachates from traditional OPC-based materials with leachates from a LAC (specifically HFSC424) with a mudstone host rock used a combination of both batch experiments to provide an indication of the evolution of the alkaline leachate/mudstone system, together with flow-through experiments, which allowed the investigation of the spatial as well as temporal changes.




2. Materials and Methods


Samples of mudstone were collected from the Horonobe Underground Research Laboratory (URL) site, Hokkaido, Japan. The samples were taken from the gallery walls from the Koetoi formation, which is a massive and lithologically homogeneous, diatomaceous mudstone that contains amorphous silica (40–50 wt%), clay (17–25 wt%), quartz (7–10 wt%), and feldspar (5–10 wt%) [27,28]. The mudstone samples were crushed to <500 µm prior to being used in the experiments. Crushed materials were used, since the greater surface area allows greater (chemical) reaction and hence greater degree of reaction within the time constraints of a laboratory study. However, it is recognized that the crushing process could also result in the generation of ‘experimental artefacts’ by production of highly reactive ‘fines’.



Cement pore fluids representative of the alkaline leachates expected from a cementitious repository [29,30] were used in the batch and flow experiments. The first fluid represented a ‘young’ OPC leachate pH ~13.4 with high [Na] and [K]. A second fluid, an ‘evolved’ OPC leachate, was saturated with respect to portlandite, pH ~12.5. The third fluid represented the leaching of HFSC424 concrete with Horonobe groundwater, pH ~11 [21]. Details of the concentration of ions in the fluids are given in Table 1. The OPC leachates were prepared from analytical grade reagents; Na and K were added as hydroxides, and Ca as CaO. The HFSC424 leachate was prepared, under a N2 atmosphere, by equilibrating in equal masses, Horonobe groundwater, from the 07-V140-M03 borehole (located in the Koetoi Formation), with crushed HFSF424 concrete together, for 14 days before use.



2.1. Equipment


The batch experiments used in this study consisted of simple non-reactive equipment comprised of 50, 100, and 250 mL capacity polypropylene bottles. All experiments were conducted inside a glove box that was continuously flushed with N2. The primary aim of the flushing with N2 was to remove any carbon dioxide to prevent precipitation of CaCO3 from the alkaline leachates; a consequence of this was that oxygen levels also remained low (<0.5%), but no attempt was made to impose redox control. The oxygen concentration inside the glove box was monitored using a JIKCO JKO-02LJD3 meter/sensor combination (ICHINEN JIKCO Co., Ltd., Shibaura, Japan). Fluid:solid (F:S) ratios, ranging from solid to fluid dominated systems, of 1:1, 10:1, and 100:1 (mL:g) were used, with typical durations for the experiments of 24 h, and 7, 28, and 56 days. All batch experiments were performed at lab temperature of ~24 °C. On termination of the batch experiments, the fluids were sampled within the N2 glove box, and the solids were recovered by filtration and then vacuum dried before being prepared for subsequent mineralogical analysis.



As well as batch experiments, flow-through experiments with continuous collection of reacted fluids allowing the changes in fluid chemistry to be tracked over time were also conducted. As with the batch experiments, the reacted solid was only sampled on termination, but by sectioning of the reacted solids, it was possible to study the changes in mineralogy with distance. Two different approaches were used in this study for the flow experiments. The first was comprised of PEEK (polyetheretherketone) columns (300 mm long, and 7.5 mm i.d.) packed with crushed mudstone and connected to fluid reservoirs and sample collection bottles (Figure 1). Similar experimental equipment has been used in other studies [24,25,26] to examine the impact of alkaline fluids on potential host rock materials. The second approach consisted of a small flow cell (SFC) constructed from acrylic plastic and sealed by a combination of ‘O-rings’ and bolts (Figure 1). Filters and porous polypropylene disks (on both inlet and outlet sides) acted both to distribute the incoming fluid across the whole face of the mudstone sample and prevent blockage of the outlet tubing. An advantage of the SFC equipment was the larger diameter of the cell, which reduced the chance of blockages forming due to movement of ‘fines’, preventing flow through the cell. A slight disadvantage was the reduced sample length (only 10 mm compared to the 300 mm length of the columns). Table 2 gives a comparison between the physical parameters for the different flow equipment. For both flow setups, the volumetric flow rate was typically ~0.5 mL per hour (~12 mL per day). Flow for both types of equipment was controlled by a Cole-Parmer MASTERFLEX® peristaltic pump (Cole-Parmer, Vernon Hills, IL, USA). Although fast compared to the flow rates likely to be encountered in a radioactive waste repository, the flowrate chosen was a compromise between maintaining the lowest possible steady flow rate with the peristaltic pump and maximizing the number of pore volumes passing through the flow experiments in a laboratory time frame. Periodically, the reacted fluids from the flow experiments were sub-sampled and prepared for chemical analysis. As with the batch experiments, the flow experiments were again performed at lab temperature of ~24 °C.




2.2. Analysis


All collected fluids were filtered using 0.2 µm syringe filters and then sub-sampled for determination of cations and anions. Typically, a 4 mL sample of the fluid was diluted two-fold with 18 MΩ demineralized water (Millipore Simplicity® ultrapure water system) and then acidified with concentrated HNO3 (1% v/v) to preserve the sample. This sample was used for the analysis of major cations by a combination of ICP-OES (inductively coupled plasma-optical emission spectrometry) using a Shimadzu ICPE-9800 (Shimadzu Corporation, Kyoto, Japan), and ICP-MS (inductively coupled plasma-mass spectrometry), using a Perkin-Elmer NexION 300x (PerkinElmer, Inc., Waltham, MA, USA), both calibrated using matrix matched standards. A second subsample was taken for determination of major anions by IC (ion chromatography) using a Dionex ICS-5000 (Thermo Fisher Scientific, Waltham, MA, USA) ion chromatograph system calibrated using a mixed standard solution (Kanto Chemical Co., Inc, Tokyo, Japan). All fluid samples were stored at <5 °C until required for analysis.



The pH of the experimental fluids was determined immediately upon sampling using a DKK-TOA Corp. model HM-30P meter and combination electrode calibrated using DKK-TOA Corp. buffers at 4.01, 6.86, and 9.18 pH (Japanese standard), pH accurate to ±0.02 pH.



On completion of the flow experiments, columns were sectioned into ~15 mm long pieces using a small rotary cutting saw (Proxxon KG 50, Kiso Power Tool Co., Ltd, Osaka, Japan) and then vacuumed dried before being prepared for subsequent mineralogical analysis. The samples from the SFC were vacuumed dried, whilst still held in the central section, before being carefully extruded and sectioned into ~1.5 mm thick slices using a thin blade. Samples from the batch experiments were filtered to remove excess fluid and then vacuumed dried.



Once dried, the solid samples were prepared for petrographic analysis by a combination of scanning electron microscopy (SEM), using a JEOL JSM-6510 Series SEM, (JEOL Ltd., Tokyo, Japan) and X-ray diffraction (XRD) analysis (RigaKu SmartLab XRD, Rigaku Corporation, Tokyo, Japan), with a 9 kW X-ray source). Sub-samples for SEM analysis were prepared as either gold or carbon coated random mount stub samples. Techniques included SEM using both secondary electron imaging (SE) and backscattered electron (BSE) imaging, and element distribution analysis using energy-dispersive X-ray spectroscopy (EDS). Samples for XRD were prepared for analysis by taking a representative sub-sample and grinding it to a fine powder.



The saturation indices (SI = log (IAP/Ks), where IAP: ion activity product; Ks: solubility constant) of the primary and potential secondary minerals, in the reacted fluids, were calculated using the PHREEQC v3.6.3 geochemical code [31]. Calculations were performed using the JAEA thermodynamic database (TDB) [32]. JAEA-TDB version PHREEQC 19.dat (v1.2, 03.Mar.2020) was used for the calculations, being the latest version available at the time.





3. Results


3.1. Aqueous Chemistry


3.1.1. Changes in pH


The changes in pH with time for the batch and flow experiments are shown in Figure 2a. In the 1:1 F:S batch experiments, a large decrease in pH was observed, with the greatest change being seen in the experiments with the HFSC424 leachate (pH ~3.5) compared to the experiments with the OPC leachates. The pH reduction in the 10:1 F:S experiments was smaller, and again so in the 100:1 F:S experiments. In all cases, the pH drop was the least in the experiments with the ‘young’ OPC leachate and greatest with the HFSC424 leachate. In the 100:1 F:S experiments with the ‘young’ OPC leachate, the pH was only ~0.2 pH units below the initial leachate.



In all the flow experiments, there was an initial drop in pH before it later recovered to around ~0.2 pH units below that of the initial fluids. These initial changes in pH were similar to those seen in the equivalent 1:1 batch experiments, and the later ‘steady-state’ pH was similar to that observed in the 100:1 F:S batch experiments. Again, as with the batch experiments, the initial decrease was greatest in the experiments with the HFSC424 leachate.



Since the Horonobe mudstone contains a small amount of pyrite (<2 wt%) [27,28], and the samples used here had not been preserved in a reducing environment, it is highly likely that the low pH seen in some batches and all flow experiments were due to the dissolution of sulphate phases formed by the oxidation of pyrite during sample storage and preparation. Indeed, corresponding increases in [SO42–] up to ~8000 mg/L in the 1:1 batch experiments, and in the first two days of the flow experiments, were seen in the fluids with low pH, and XRD analysis (Figures S1 and S2) of the unreacted mudstone indicated the presence of jarosite and/or gypsum. Previous analysis of cores from Horonobe [33] have also shown the oxidation of pyrite and the precipitation of calcium sulphates such as gypsum.




3.1.2. Changes in Na Concentration


The variation in Na concentration is shown in Figure 2b. With the ‘young’ OPC leachate, the concentrations of Na in the 100:1 and 10:1 F:S batch experiments (which were fluid dominated) were close to that of the initial leachate (~1500 mg/L), but the 1:1 F:S experiments showed increases in [Na] compared to the initial leachate, up to ~2600 mg/L. A similar increase in [Na] was seen in the 1:1 F:S experiments with the ‘evolved’ OPC leachate (from below detection to ~1500 mg/L), with a smaller ~200 mg/L increase seen in the 10:1 F:S but no change in the 100:1 F:S experiments.



With the HFSC424 leachate, again there was an increase in the [Na] in the reacted fluids in the 1:1 F:S experiments, to ~3600 mg/L, but in the 10:1 and 100:1 F:S experiments, there was a ~300 mg/L decrease. In the flow experiments (Figure 2b), there was an initial decrease in [Na] with both the ‘young’ OPC and HFSC424 leachates from ~1500 to ~1300 mg/L and from ~3300 to 1200 mg/L, respectively. The Na concentrations in both fluids then slowly increased over the next 16 d until the concentrations were close to but still below those of the original leachates.




3.1.3. Changes in K Concentration


In the batch experiments (Figure 2c), with the ‘young’ OPC leachate, [K] decreased, most notably so in the 1:1 F:S experiments where concentrations dropped to ~2000 mg/L. Smaller decreases were seen in the higher F:S experiments, with [K] in the 100:1 F:S experiments being slightly below the initial concentrations. With the ‘evolved’ OPC leachate, [K] was typically <100 mg/L. In the case of the HFSC424 leachate, [K] decreased in all the batch experiments, from ~1330 to <150 mg/L.



In the flow experiments (Figure 2c) with the ‘young’ OPC leachate, [K] decreased initially by around 1300 mg/L, but in the later fluids, there was only a slight decrease compared to the initial leachate concentration. With the HFSC424 leachate, [K] in the reacted fluids flow experiments decreased from the initial concentration to <1 mg/L.




3.1.4. Changes in Ca Concentration


The behavior of Ca in the batch experiments was more complex than that of the other alkali metals (Figure 2d). With the ‘young’ OPC leachate, in the 1:1 F:S experiments, [Ca] increased to ~250 mg/L after 56 d. However, in the higher F:S experiments, [Ca] decreased to below that of the ‘young’ OPC leachate, i.e., <2 mg/L after 56 days. With the ‘evolved’ OPC leachate, [Ca] initially decreased significantly, the largest decreases to ~44 mg/L being seen after 24 h in the 1:1 experiments. In the longer duration 1:1 and 10:1 F:S experiments, [Ca] then increased to 470 and 240 mg/L, respectively, but remained below that of the original OPC leachate. In the 100:1 F:S experiments, [Ca] remained low (<100 mg/L) and did not recover with time.



In the flow experiments with the ‘young’ OPC leachate (Figure 2e), [Ca] decreased from the original leachate, stabilizing at ~25 mg/L after ~16 d. In the flow experiments with the HFSC424 leachate, [Ca] increased from ~100 mg/L to ~500 mg/L before decreasing to similar concentrations (~25 mg/L), as seen in the OPC leachate flow experiments.




3.1.5. Changes in Silica Concentration


In the 1:1 F:S batch experiments with the ‘young’ OPC leachate, silica concentrations (Figure 2f) initially increased to ~300 mg/L but then decreased over time to ~80 mg/L. However, with the ‘young’ OPC leachate, very high silica concentrations were observed in the 28 and 56 d, 10:1 F:S batch experiments, ~10,000 mg/L (inset in Figure 2f) and <2000 mg/L in the 100:1 experiments. Concentrations in the batch experiments with the ‘evolved’ OPC leachate were significantly lower, at <100 mg/L. In the HFSC424 leachate batch experiments, silica concentrations remained close to or lower than the original leachate.



In the flow experiments with the ‘young’ OPC leachate (Figure 2e), the dissolved silica concentration initially increased to ~3800 mg/L in the column experiment, and ~1900 mg/L in the SFC experiment; thereafter, the concentration of silica in the fluids decreased to ~1300 mg/L in the columns and <300 mg/L in the SFC. The higher silica concentrations observed in the columns, compared to the SFC experiments, reflects the greater mass of mudstone in the columns as well as the longer residence time (Table 2). In both HFSC424 leachate flow experiments (Figure 2e), silica concentrations were always lower than the original HFSC424 leachates, and significantly lower than with the ‘young’ OPC leachate.




3.1.6. Changes in Other Cations


Dissolved iron tracked the dissolution of sulphate (see Section 3.1.1) with increases in [total Fe] up to ~250 mg/L in the 1:1 batch experiments, and in the first two days of the flow experiments, coinciding with the changes in sulphate concentrations. In all the flow experiments following the peak in [total Fe], the concentration in the reacted fluids decreased to <0.01 mg/L by ~16 d of flow (equivalent to ~50 pore volumes).



With the exception of Rb and Sr, which tracked the concentrations of Na and Ca, respectively, the concentrations of other cations analyzed (e.g., Al, Ba, Cs, Cu, Li, Mg, Mn, Ni, Pb) were either below detection or showed no significant change from the original leachates.




3.1.7. Changes in Anions


As previously mentioned, increases in sulphate concentration, due to presence of pyrite, were seen in the fluids that had low pH values. However, chloride, which is a component of the Horonobe groundwater and therefore present in the HFSC424 leachate, behaved in a conservative manner, remaining close to the concentration of the initial HFSC424 leachate. The other anions analyzed (Br, F, NO3–,NO2–, and PO43–) were either below detection or showed no significant change from the original leachates.





3.2. Solid Analysis


3.2.1. Batch Experiments


Samples from the 1:1 F:S batch experiments with the ‘young’ OPC leachate were analyzed by SEM, including EDS and XRD. There was evidence of primary material dissolution (removal of fine material present in the original mudstone), but SEM–EDS analysis found no evidence for the formation of secondary phases. XRD analysis (Figure S1) of the unreacted mudstone indicated the presence of jarosite and/or gypsum alongside the primary minerals. XRD analysis of the reacted solids (Figure S1) was less informative; the main peaks identified were those of the original primary minerals, though some peaks could be attributed to crystalline C-S-H phases, but the relative peak intensities were too low to make a definitive interpretation. In addition, since many C-S-H phases are amorphous gels, XRD is of limited value.



In the higher F:S ‘young’ OPC leachate experiments, again the absence of fines suggested primary mineral dissolution, but only in the experiments with the ‘evolved’ OPC leachates was evidence found by SEM EDS analysis for secondary C-(A-)S-H phases (Figure 3); semi-quantitative analysis gave Ca:Si ranging from 0.89 to 1.1. In the batch experiments with the HFSC424 leachates, no mineralogical evidence (SEM observations and analysis by SEM-EDS, and XRD) was found for the formation of any secondary C-S-H phases.




3.2.2. Flow Experiments


A summary of the evolution of the mineralogical analysis from the column experiment with the ‘young’ OPC leachate is shown in Figure 4. Section 1 of the column (~0–20 mm) under SEM analysis showed extensive precipitation of secondary C-S-H and C-A-S-H gel-like (hydrous) phases (Figure 4) with different Ca:Si ratios (from 0.5 to 1.4). However, SEM examination of the remaining sections of the column showed no evidence of further precipitation of any secondary phases, and only the presence of the primary mineral phases (Figure 4), some of which appeared to be free of fines, suggesting a degree of mineral dissolution.



The equivalent experiment was performed using the SFC with the ‘young’ OPC leachate (Figure 5). In Section 1 (~0–1.5 mm) under SEM observation, only primary minerals and diatom fragments present in the original mudstone [28] were visible (Figure 5); there was no evidence (SEM EDS element mapping) found for the formation of any secondary phases. However, in Section 2 (~1.5–3 mm), a variety of secondary C-S-H and C-A-S-H phases (Ca:Si 0.5–0.7) were observed (Figure 5). In examination by SEM of Sections 3–6 (3–10 mm), no secondary phase(s) were observed, and the primary mineral surfaces showed little sign of reaction.



In the SFC experiment using the HFSC424 leachate (Figure 6) in Section 1 (~0–2.5 mm) and Section 2 (~2.5–5 mm), unlike the equivalent experiment with the ‘young’ OPC leachate (Figure 5), only primary minerals, which were relatively free of fines, were present. Additionally, there was no mineralogical evidence (SEM observations and SEM-EDS element mapping) for the precipitation of any secondary C-S-H phases, though occasional very rare crystals with zeolitic-type compositions were detected by SEM-EDS analysis.



All of the solids from the flow experiments were also examined by XRD, but the results were inclusive with the main peaks present belonging to the primary minerals (e.g., SFC experiment with the ‘young’ OPC leachate, Figure S2), and as in the batch experiments, although some peaks could be attributed to C-S-H phases, the relative peak intensities were again too low to make a definite interpretation.






4. Discussion


4.1. Chemical Evolution and Buffering Behavior


In this study, using samples of Horonobe mudstone, both OPC and LAC leachate types showed a similar behavior with regard to pH trends (see Figure 2a and Section 3.1). The longer term reduction in pH was not as large as seen in some other studies of argillaceous clays, such as the Opalinus claystone (OPA) [13], but unlike the Horonobe mudstone, OPA also contained significant dolomite that reacted to form calcite and precipitate Mg-hydroxides, which aided the reduction in pH. However, the longer-term pH changes were similar to those seen in other studies using OPC type leachates with a variety of mineralogies [24,25,26].



With regard to the behavior of both Na and K (Figure 2b,c) in the absence of any identifiable K- or Na-bearing secondary precipitates, the initial decreases in their concentrations observed in both the batch experiments and the early stages of the flow experiments suggests possible ion exchange reactions with the clays in the mudstone. In the flow experiments, the latter recovery of [Na] and [K] (Figure 2b,c) suggests that all the accessible exchangeable sites may have been occupied. In the case of the Horonobe mudstone, Koetoi formation, studied here, smectite typically represents ~10 wt% of the primary minerals [27,28]. Ion exchange has been identified in other studies on argillaceous clays [13,34], in which it was demonstrated to have a significant impact on the fluid chemistry, but it was not possible to confirm the ion exchange by cation exchange capacity analysis in these experiments due to the small solid sample size (in particular for the flow experiments) available.



The trend in [Ca] (Figure 2d,e) was thus complicated by the apparent ion exchange reactions. The observed increases in [Ca] in the 1:1 F:S batch experiments (both ‘young’ OPC and HFSC424 leachates) and the initial stages of the flow experiments were likely due to ion exchange. However, with both ‘young’ OPC and HFSC424 leachates, the latter Ca concentrations in the flow experiments and those in the higher F:S batch experiments decreased, which would indicate the precipitation of Ca-bearing phase(s). In contrast, in all the batch experiments with the ‘evolved’ OPC leachate, [Ca] in the reacted fluids was always lower than the original leachate, again suggesting the formation of Ca-bearing secondary phase(s). Taken together with the changes in silica concentrations in the experiments, it is likely that the secondary phase(s) would be C-S-H phases.



The continued presence of dissolved silica in the flow experiments suggests that there was continued dissolution of the primary silicate phases present in the mudstone, and this was most significant with the highly alkaline ‘young’ OPC leachate.




4.2. Mineral Dissolution and Precipitation Processes


In terms of mineralogical observations, in all the experiments there was SEM evidence for primary mineral dissolution (Figure 3, Figure 4, Figure 5 and Figure 6), but only in the flow experiments with the OPC leachate and in some of the higher F:S batch experiments was secondary phase formation observed. These were comprised of C-(A)S-H phases of differing morphologies (see Figure 3, Figure 4 and Figure 5), from ‘gel-like’ to more ‘fibrous’ phases and C-S-H ‘balls’, of varying Ca:Si ratios. In the experiments with the HFSC424 leachates, there was little analytical mineralogical evidence to support secondary phase formation.



As noted above, the changes in [Ca] and the relationship with dissolved silica suggests the formation of Ca-silicate phases in most of the experiments, most likely secondary C-S-H and C-A-S-H phases, though they were only directly observed in the experiments with the OPC leachates. The elevated silica concentrations most likely reflect the dissolution of the primary amorphous silica and aluminosilicate minerals.



Aluminum concentrations would be expected to increase alongside silica due to dissolution of the primary aluminosilicates, so the absence of Al in the fluids suggests the preferential dissolution of the amorphous silica or possible incorporation in secondary minerals, such as C-A-S-H phases or zeolites.



To examine the relationship between the reacted fluid chemistry and mineralogy, the PHREEQCv3 geochemical code [31] was used to calculate mineral saturation indices (SI) in the reacted fluids. This showed that in the 1:1 OPC leachate batch experiments, C-S-H phases were likely to be undersaturated, i.e., SI < 0 (Figure 7a), whereas in the higher F:S, OPC leachate batch experiments C–S–H phases were saturated (i.e., SI > 0). The SI calculations also suggested that zeolites (e.g., phillipsites and analcime) could be possible secondary phases (i.e., SI > 0) in these batch experiments (Figure 7a). The degree of saturation decreased with higher F:S ratios, and in some of the 100:1 F:S experiments, some zeolites, e.g., analcime, were undersaturated. However, no mineralogical evidence was found for the precipitation of zeolites. It is worth noting that a previous review of bentonite alteration by alkaline fluids [7] concluded that the available thermodynamic data for zeolites used in models tend to overestimate their stability.



In addition to C-S-H, M-S-H (magnesium silicate hydrate) have been identified in other studies [35,36,37] as potential products of cement-clay interactions (including LAC), though in some studies [15,18] they were only observed on the cement side of the interface and not within the mudstone. However, in the experiments conducted here, there was no mineralogical evidence found for their precipitation. The saturation state calculations suggested that only in the flow experiments with the ‘young’ OPC leachates were M-S-H phases saturated (Figure S3). In the batch experiments with all three fluids, only in the 100:1 F:S experiments (Figure S3) were some M-S-H phases found to be saturated.



In the flow experiments, the mineralogical observations showed that with the ‘young’ OPC leachates, there had been dissolution of the primary minerals and subsequent secondary C-(A-)S-H formation. The SI calculations for the reacted fluids (Figure 7d) indicated that, like the higher F:S OPC leachate batch experiments, C-S-H phases were likely to be saturated (i.e., SI > 0). However, unlike the batch experiments, most zeolites were undersaturated. In addition, the degree of undersaturation increased with time, i.e., number of pore volumes, which was a similar pattern to the batch experiments, where in the 100:1 F:S experiments, some zeolites were unsaturated (Figure 7a). The assessment of mineral saturation also showed that the primary mineral phases were slightly undersaturated, suggesting continued dissolution (i.e., SI < 0).



In the ‘evolved’ OPC batch experiments, the SI calculations suggested that as with the ‘young’ leachate, the C-S-H phases were undersaturated in the 1:1 experiments (i.e., SI < 0), but that as the F:S ratio (and pH) increased, they approached or exceeded saturation (i.e., SI > 0), and indeed C-S-H phases were observed in the higher F:S experiments (Figure 2b). Again, zeolites, although not observed, were predicted to be saturated in the 1:1 experiments, becoming less saturated with higher F:S ratios.



In the batch experiments with HFSC424 leachates, no mineralogical evidence was found for precipitation of any secondary phases. The saturation state calculations found that only in the reacted fluids from the 100:1 F:S experiments (Figure 7c) were some C-S-H phases close to saturation (i.e., SI > 0). In addition, zeolites were again identified as potential secondary phases in both the 10:1 and 100:1 experiments (Figure 7c), though unlike with the OPC leachate, zeolites were more saturated in the higher F:S experiments.



The saturation state calculations for the fluids from HFSC424 leachate flow experiments (Figure 7e), indicted that in the early fluids, like the 1:1 and 10:1 batch experiments, that C-S-H phases were undersaturated (i.e., SI < 0). In addition, as with the 100:1 batch experiments, in the later fluids some C-S-H phases were close to saturation (i.e., SI ~0) or even slightly saturated, which suggests that they could have precipitated, though no mineralogical evidence was found. Mass balance calculations for the precipitation of possible C-S-H phases, based on the difference in [Ca] between the incoming HFSC424 leachate and the reacted fluids, suggested that the maximum possible mass of C-S-H that could have formed would have been very low (i.e., Hillebrandite-type C-S-H < 0.01 g, Tobermorite 14Å-type < 0.02 g). The SI calculations also indicated that zeolites, as with the 1:1 batch experiments, were undersaturated (i.e., SI < 0). In the later fluids (Figure 7e), some zeolites, e.g., Ca-phillipsite, were slightly saturated, which was the same as the batch experiments (Figure 7c). Although no zeolites were seen in this study, other studies with LAC leachates [15] found that as well as C-S-H phases, zeolitic phases could also form in experiments with LAC leachates, but those studies [15] were conducted above ambient temperatures, which would have increased dissolution of the primary minerals, potentially leading to higher saturation states for both C-S-H and zeolitic phases. Primary mineral phases were undersaturated throughout, again suggesting continued dissolution.




4.3. Implications of Static vs. Dynamic Experiments


As can be seen by the comparison between the results of the batch and flow experiments, the 1:1 batch experiments are analogous to the initial conditions observed in flow experiments and thus representative of the early stage reactions. However, if the host rock contains a minor but highly reactive phase(s) that dominates early stage reaction but is not representative of the long-term evolution, as is the case with the Horonobe mudstone (i.e., dissolution of jarosite and/or gypsum), the low F:S batch experiments are liable to lead to unrealistic conclusions being drawn. In this case, the flow experiments give a better representation of the likely longer-term reactions, since transient reactions (i.e., initial changes in pH) are more easily identified. In addition, although the changes in [Na] and [K] suggested that ion exchange may have occurred in both batch and flow experiments, the higher concentrations of Na and K after ~20 d in the flow experiments suggest that it may only have a transient effect on the fluid chemistry.



The results from the fluid dominated, higher F:S ratio experiments were similar to the latter conditions seen in the flow experiments and give an indication of the longer-term evolution. However, as with the lower F:S batch experiments, there is the possibility of incorrect conclusions being drawn about the long term behavior if one of the species required for secondary phases formation is present only in one component (fluid or solid), and thus in the case of batch experiments it is finite. This is clearly illustrated in the higher F:S batch experiments with the ‘young’ OPC fluids, where extremely high concentrations of dissolved silica (Figure 3f) were present once the Ca from the original leachate was exhausted (Figure 3f).



The use of different configurations for flow experiments can also give better insight into the sequence of the reaction. In this study, the small flow cell (SFC) had advantages over the columns, for the fast reactive clay system evaluated here, in being able to better capture the spatial changes.



Batch reactors are well suited to long duration studies, being simpler and easier to maintain, and since they will tend towards equilibrium they are essential to the understanding of the long-term fluid–rock interactions. Flow experiments by introducing transport allows the investigation of the spatial and temporal extend of reactions, as well as being able to identify transient processes. In addition, they can be used to identify (key) components, which if constrained by availability, could influence the reaction sequence. Thus, the combination of static and dynamic approaches together with the linking of batch and flow data sets can provide an ideal mix of experimental methods with which to explore the long-term evolution of the alkaline fluid/mudstone system and identify key parameters and constraints. In addition, the configuration of the flow experiments, particularly in terms of length and sampling scale, needs to be appropriate to the (likely) reactivity of the experimental system under investigation. It is also recognized that laboratory experiments tend to yield faster reaction rates (due to use of crushed samples in the lab and the lower permeability, porosity, etc., in the field) compared to those observed in the field [38] and that allowance must be made for this when designing the experiments and extrapolating lab results to the field.




4.4. Implications for Spatial and Temporal Evolution


In terms of the spatial extent of the reactions, although there was evidence for continued dissolution of the primary minerals, i.e., trends in silica concentration, and the lack of fines in the reacted solids seen under SEM, the zone of precipitation in the flow experiments was limited to only the first few tens of millimeters in the case of the columns and ~3 mm for the SFC. Although the extent of the zone of precipitation was physically shorter in the SFC experiment compared to the column, comparison of the mass of Horonobe mudstone present in each set-up showed the actual extent of the reaction in each case to be similar. Section 1 of the column contained ~0.7 g of mudstone, whilst the first two sections of the SFC combined together contained ~0.6 g. One of the benefits of using dynamic flow experiments compared to the static batch experiments is in the determination of the extent of the zone of precipitation. In particular, the use of the SFC with its greater cross-sectional area and the ability to prepare thinner sliced samples is advantageous in this study, since it demonstrated that there was a slight delay before the precipitation of secondary phases, likely due to the need for silicate release from primary mineral dissolution and C-(A-)S-H nucleation.



Column experiments have been previously conducted [39], using samples of crushed smectite and OPA, to determine the extent of reaction using a similar simplified OPC leachate to this study, and although larger columns were used than those in this study, even after an 18-month duration the precipitation zone extended only ~20 mm into the OPA, where C-A-S-H phases were observed. The flow experiments presented here were of relatively short duration (<3 months) and were conducted at higher flow rates (potentially increasing the available Ca); nevertheless, the extent of the precipitation zone was similar, being observed only in the first sections (i.e., up to ~20 mm in the column, and ~3 mm with the SFC). The results of this study are also consistent with previous modelling and experimental studies on the extent of the reactions in argillaceous rocks [8,17,40], which all concluded that the zone of precipitation would be limited to only a few centimeters for in situ experiments and even more limited in the case of laboratory experiments [41]. Thus, the available data suggests that for mudstones, the extent of mineral precipitation is likely to be limited to the centimeter scale.



The experiments with the HFSC424 LAC leachates showed much less overall reaction compared to the OPC leachates, particularly in terms of the lack of observation of secondary phases.



There have been few other experimental studies [15,17,18,42] that have considered the impact of the use of LACs. The data available from this and these previous studies demonstrate that the primary objective of reducing pH and minimizing clay mineral dissolution can be achieved. However, some authors [17] have suggested that given the limited extent of reaction between OPC and argillaceous host rocks, the use of LACs is not necessary. Indeed, the use of OPC may favor secondary phase formation, especially that of C-S-H phases, which may then reduce transport of the leachates by reducing the permeability and porosity and so further limit the extent of CDZ. However, as well as changing the transport properties of the host rock, the secondary minerals formed by the reaction of OPC leachates with the host rock may also alter the sorption capacity with respect to radionuclides. Both C-S-H phases, and zeolites if present, may not exhibit an equally strong sorption capacity as the pristine host rock minerals, so reducing the potential for radionuclide retardation by sorption. In addition, sorption onto C-S-H can vary with Ca:Si ratio; for example, Cs sorbs well onto C-S-H phases with a low Ca:Si ratio [43]. This balance between reduced alteration and radionuclide migration may be an important consideration when deciding on the use or not of LACs. As well as influencing the radionuclide migration, the formation of secondary phases may limit access to the underlying reacting minerals by reducing the reactive surface area, since the secondary minerals will form a ‘skin’ on the primary mineral [17] but also by reducing the available porosity and permeability of the flowing system. The nature of this ‘skin’ of secondary minerals is not well characterized and will depend upon which secondary phases are precipitated, i.e., C-S-H and/or zeolites; the crystallinity of these secondary phases (for example C-S-H phases often initially form as gels becoming more crystalline with time [7]), which may affect fluid diffusion to the mineral surface; and also on the persistence of the skin, since the secondary phases formed may re-dissolve as the alkaline fluid chemistry evolves with time.



Flow experiments as used in this study can be useful here as the sequence of primary mineral dissolution, secondary mineral precipitation, and persistence can be directly observed. However, the experiments presented here employed crushed materials with high surface areas that will have enhanced the rate reaction and primary dissolution and are time limited.





5. Conclusions


In summary, both batch and flow-through experiments were conducted, reacting Horonobe mudstone with ordinary Portland cement (OPC) and low alkali cement (LAC) leachates to gain new insights into the reaction of host rock and such leachates. Typically, in the long term, pH decreased only slightly for all the leachates investigated. Major changes in the fluid chemistry were limited to a decrease in [Ca] due to precipitation of secondary C-(A-)S-H phases and the presence of dissolved silica from the continued dissolution of primary minerals.



The ‘young’ OPC leachate experiments showed the greatest reaction and alteration of the mudstone, but the zone of precipitation of C-(A-)S-H phases in the flow experiments was limited to only the first few tens of millimeters in the case of the columns, and ~3 mm for the small flow cell. Ion exchange reactions may have initially altered the fluid chemistry, but thereafter the reactions were dominated by primary mineral dissolution and the precipitation of secondary phases, particularly C-(A-)S-H.



It should be noted that unlike OPC there is no standard LAC composition, and that different compositions of LAC have been considered by different radioactive waste disposal implementers. It is also worth considering that disposal sites may have a combination of both OPC and LAC cements used for construction, so the effects of a mixed leachate or different spatially distributed leachates as well as different LAC compositions may need to be investigated and understood.



The results presented here demonstrate that a combination of both batch and flow-through experiments can provide the insights required for the understanding of the key geochemical interactions and the impact of transport, allowing the spatial as well as temporal evolution of the alkaline leachate/mudstone system to be successfully investigated. However, these experiments employed crushed materials, so the use of intact samples and in situ experiments with lower more realistic flow rates, together with data from monitoring boreholes in existing underground structures where cement and concretes have been deployed, is required to understand fully the spatial extent of the reactions to evaluate mineral evolution and the effect on radionuclide migration.



In addition, this research concentrated on the chemical and mineralogical effects within the mudstone and did not study the impact on the radionuclide migration, so further work with the altered mineral assemblage is required to determine the extent of the impact on the radionuclide behavior. The data from the experiments here can provide ‘test cases’ for the validation and calibration of reactive transport geochemical models, which can then be used to model the longer term evolution of the fluid rock interactions beyond what is possible experimentally. The experiments presented here suggest, together with other studies of argillaceous rocks, that in a mudstone, similar in composition to the Horonobe mudstone studied here, that the zone of greatest reaction in the CDZ is likely to be limited in extent, perhaps on the scale of centimeters.
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Figure 1. Schematic of flow set-up, with inset detail of small flow cell (SFC). Note: ‘O-rings’, porous disks, and filters were fitted to both sides of the SFC. 
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Figure 2. Changes in fluid chemistry with time. (a) pH batch and flow experiments; (b) [Na] batch and flow experiments; (c) [K] batch and flow experiments; (d) [Ca] batch experiments; (e) [Ca] and [SiO2] flow experiments; (f) [SiO2] batch experiments (inset shows ‘young’ OPC 10:1 data). Diamonds on the vertical axis indicate initial leachate concentrations. In the graphs where both batch and flow data are shown together (a–c), the single points indicate data from batch experiments, and the lines the flow experiments. Legend text: yOPC—‘young’ OPC leachate; eOPC—‘evolved’ OPC leachate; HFSC—HFSC424 leachate. For batch experiments, the F:S is indicated. 
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Figure 3. Secondary electron (SE) image and SEM-EDS analysis of reacted mudstone. Batch experiment 10:1 F:S with the ‘evolved’ OPC leachate. The white squares (a–c) in the SEM image indicate areas used for SEM-EDS analysis, and the corresponding figures (a–c) show the presence of primary minerals (a) and secondary C-S-H (b,c). 
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Figure 4. Summary of mineralogy, column experiment with the ‘young’ OPC leachate. Arrows indicate direction of flow; numerals refer to Section numbers; each Section (apart from Sections 1 and 19) ~15 mm long. All SEM photos are secondary electron (SE) images. White squares (a,b) in the SEM image from Section 1 indicate areas used for SEM-EDS analysis of C(A)-S-H phases. 
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Figure 5. Summary of mineralogy, SFC experiment with the ‘young’ OPC leachate. Arrow indicates direction of flow; numerals refer to Section numbers. Each section was ~1.5 mm long. All SEM photos are secondary electron (SE) images. The white square in the SEM image from Section 2 indicates the area used for SEM-EDS analysis of C(A)-S-H phases. 
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Figure 6. Summary of mineralogy, SFC experiment with the HFSC424 leachate. Arrow indicates direction of flow; numerals refer to Section numbers. Each section was ~2.5 mm long. All SEM photos are secondary electron (SE) images. 
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Figure 7. Indicative C-S-H and zeolite mineral saturation indices (SI) with time, together with pH. (a) Batch experiments with ‘young’ OPC leachate. (b) Batch experiments with ‘evolved’ OPC leachate. (c) Batch experiments with HFSC424 leachate. (d) Column experiment with ‘young’ OPC leachate. (e) Column experiment with HFSC424 leachate. Batch experiments are plotted from low to high F:S ratio for comparison with the flow experiments (C-S-H in blue, zeolites in red, pH in green). Shaded grey line indicates equilibrium state, i.e., SI = 0; below this line minerals will tend to dissolve, and above it they may precipitate. 
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Table 1. Initial concentrations of ions in the fluids used for the experiments.
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Leachate Type

	

	
Components (mg/L)




	
pH at 24 °C

	
Na

	
K

	
Ca

	
SiO2

	
Cl–

	
SO42–






	
‘young’ OPC leachate

(Na-K-Ca-OH)

	
13.4

	
1500

	
7300

	
60

	
–

	
–

	
–




	
‘evolved’ OPC leachate (saturated Ca(OH)2)

	
12.5

	

	

	
800

	
–

	
–

	
–




	
HFSC424 leachate

	
11

	
3300

	
1330

	
94

	
370

	
3300

	
760




	
Horonobe ground water, borehole 07-V140-M03

	
7.9

	
2960

	
160

	
80

	
–

	
3400

	
585











[image: Table] 





Table 2. Comparison of the physical parameters for the different flow equipment.
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	Column
	Small Flow Cell (SFC)





	Total mudstone weight (g)
	10.3
	3.14



	Length (mm)
	300
	10



	Cross-sectional area (mm2)
	44
	314



	Volumetric flow rate (mL/h)
	~0.5
	~0.5



	Residence time (h)
	~15
	~3.5
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