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Abstract: Hydraulic fracturing is widely used to exploit unconventional hydrocarbon sources, to enhance exploitation of geothermal energy 6 

and to aid in carbon sequestration through underground storage of captured CO2. The hydraulic fracturing fluids, which are commonly acidic, 7 

cause dissolution of minerals and desorption of elements which can lead to groundwater contamination. Batch reactor experiments were 8 

conducted to explore the interaction of simulated fracturing fluids with two end member compositions of basinal shales of the Bowland-9 

Hodder unit (Carboniferous, UK) whereby the impact of temperature, fluid acidity, and rock/fluid ratio conditions were investigated. The 10 

results demonstrate that the fluid acidity is mainly controlled by the oxidative dissolution of pyrite and the dissolution of calcite, impacting 11 

mobilisation and fate of major and trace elements. The dissolution of calcite and pyrite significantly dominates the leaching of Sr and As, 12 

respectively. Generally, increased fluid acidity and temperature facilitate element mobilisation due to enhanced mineral dissolution and ion 13 

desorption, whereas higher rock/fluid ratio (higher mass of carbonate minerals) raises the buffering capacity and may promote the 14 

immobilisation of some metal ions by adsorption and precipitation (e.g. Ba, Pb, Fe, Al, and Mn). Moreover, the surface topography of different 15 

minerals in polished shale sample sections after fluid-rock interaction indicates that mineralogical compositions may play an important role 16 

in determining the pore structure. This research identifies chemical reaction pathways of geochemical elements (including contaminants) in 17 

fracturing fluids over a range of fluid chemistries and environmental conditions, and helps to evaluate element mobilisation from shale 18 

reservoirs with differing mineralogies. 19 
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1 Introduction 21 

Advances and development in horizontal drilling and hydraulic fracturing technologies have enabled the exploitation 22 

of the burning-clean shale gas from deep and low permeability shale reservoirs [1], whereas the environmental risks 23 

(potential groundwater contamination) caused by hydraulic fracturing has led to considerable concerns [2-4]. Organic-24 

rich shale that has undergone sufficient burial acts as both the source and reservoir rock, and horizontal drilling alone is 25 

insufficient to achieve the economic exploitation of the gas resources because of the low permeability of shale reservoirs. 26 

Hence, high pressure (480 to 850 bar) hydraulic fracturing fluids are pumped and injected into the well to create fractures 27 

(migration paths) to increase the permeability of target shale reservoirs, and thus to stimulate the production of shale gas 28 

[5,6]. 29 

The typical constituents of hydraulic fracturing fluids for injection into the well include water, proppants, and 30 
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chemicals [7]. The Council of Canadian Academies [8] indicates that the mass of chemicals in 20,000 m3 of fracturing 31 

fluid constitutes approximately 100 m3 of acid, 1.5 million kg of proppant, 1,000 kg of friction reducer, 900 kg of 32 

disinfectant, and 0.3 m3 of corrosion inhibitor according to King [9]. Hydrochloric acid (HCl) is the major component 33 

of fracturing fluids and can dissolve the reactive minerals and initiate cracks in the shale formation, thus providing a 34 

dissolution space to maximise the growth and connectivity of the fracture networks [6,10-11]. Hence, the pressurised 35 

acidic fluids can physically fracture the target rock [12] and also dissolve minerals to increase the permeability [13]. Acid 36 

fracturing treatment is an effective method to stimulate the production of carbonate reservoirs. However, wormhole 37 

propagation induced acid leak-off should be controlled since it is the key to successful acid fracturing [14,15]. Water that 38 

returns to the surface after hydraulic fracturing and before production is referred to as flowback water, and the produced 39 

water returns from the formation [5]. The water (acid fracturing fluid)-rock interaction involves mineral dissolution, ion 40 

exchange, surface complexation and redox reactions, thus leading to the mobilisation of major and trace elements in 41 

aqueous environments and resulting in potential environmental and health issues (e.g., Ca, Fe, Mg, As, Cr, Ba, Pb, U, etc) 42 

[3,16-19]. Furthermore, the environmental conditions (reservoir temperature and rock/fluid ratio) play an important role 43 

in evaluating the water chemistry and environment during water-rock interaction [17]. Unconventional hydrocarbon 44 

production by hydraulic fracturing can boost the economy [20], but it may also pose risks to regional water quantity and 45 

quality [21-23]. 46 

The extent of fracture development upon hydraulic fracturing is not well understood and very hard to predict, but 47 

the risks of extending fractures into drinking-water aquifers is thought to be very low considering the depth difference of 48 

many hundreds of metres or several kilometres between the hydraulic fracturing target and the aquifers [24]. Potential 49 

groundwater contamination may result from surface leaks and spills from well pads and wastewater holding ponds, well 50 

sealing and integrity failures, and inappropriate wastewater disposal [5,25-27]. Long-term spills and leakages augment 51 

environmental risks. Moreover, more than three quarters of spills are likely to contain flowback and produced water, and 52 

the geochemical compositions and potential hazardous chemicals in fracturing fluids have raised major concerns [28-30]. 53 

Therefore, understanding the transport of elements and the composition of fracturing fluids is critical to optimise the 54 

treatment and management of both flowback water and produced water, and thus to minimise the impact on the 55 

environment. 56 

The element mobilisation mechanisms, mobilisation pathways, and mineral morphology during water-rock 57 

interaction are discussed in this paper. We conducted three series of five batch reactor experiments under different 58 

conditions for two shale samples. These samples cover the end-member mineralogical compositions of basinal shales of 59 
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the Bowland-Hodder unit, a Carboniferous deposit in the UK identified as a potential target for unconventional 60 

hydrocarbon exploitation [31]. 61 

A wide range of fluid acid concentrations, temperatures, and rock/fluid ratios have been tested to investigate element 62 

mobilisation and to gain insight into the chemical processes that take place during hydraulic fracturing fluid-shale 63 

interaction. Moreover, the alteration in surface morphology of polished shale sample sections by interaction of different 64 

minerals with fracturing fluids is discussed, thus enabling a better understanding of the kinetic dissolution of the main 65 

minerals. The aim of this paper is thus to gain insight into the mobilisation of elements caused by interaction of Bowland 66 

shale with simulated hydraulic fracturing fluids, through quantitative determination of geochemical fluid compositions 67 

and physical alteration based on surface topography from batch reactor experiments. Our findings identify the chemical 68 

reaction pathways involved and provides new knowledge that may help facilitate defining strategies to mitigate risks 69 

regarding potential groundwater contamination related to hydraulic fracturing activities. In terms of future work, we will 70 

focus on establishing more quantitative predictive rules on element mobilisation in porous and fractured shale samples, 71 

that link shale composition with fluid conditions. 72 

2 Methodology 73 

2.1 Material 74 

The shale samples in this study were collected from the National Geological Repository (NGR) at the British 75 

Geological Survey (BGS) in Keyworth. The two samples were taken from the Alston Formation, part of the basinal shales 76 

in the Bowland-Hodder Unit [31] of the Roosecote borehole (British National Grid Reference: 323040, 468660) in 77 

Cumbria (United Kingdom) from the depths of 618 m (2,027 ft) and 673 m (2,208 ft), and they are referred to in this 78 

manuscript as RC618 and RC673, respectively. The Roosecote Borehole was drilled by the Institute of Geological 79 

Sciences (IGS, now The British Geological Survey, BGS) in 1970-71 and serves as a stratotype section for the Bowland 80 

Shale Formation [32]. 81 

The stratigraphically informal ‘Bowland-Hodder unit’ [31] is based on the seismically defined unit of Fraser et al. 82 

[33] consisting of two parts separated by the Emstites leion marine band. The upper unit (“Upper Bowland Shale”) 83 

comprises latest Brigantian – Pendleian (locally Arnsbergian) of post-rift sequences deposited during periodic 84 

transgressions in combination with deltaic sequences. The lower unit (“Lower Bowland Shale”) consists of syn-rift 85 

sediments (Chadian–Brigantian) deposited during the formation of the Pennine Basin (Fig. 1) The Roosecote core was 86 

drilled in the northern part of the Craven Basin and samples RC618 and RC673 were taken from the Alston Formation 87 

(Lower Bowland Shale, Fig. 1). 88 
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 89 

Fig. 1. The Roosecote 1 Borehole. A: chrono- and lithostratigraphy alongside the downhole gamma response [31,34] with indication of 90 

sample depths; B: Carboniferous palaeogeography of the Pennine Basin with location of the Roosecote 1 Borehole; C: Idealized cross-section 91 

throught the Millstone Grit and Bowland Hodder Unit as a key for the schematic colouring of A (following Hennissen and Gent [35] 92 

modification of Andrews [31]). Csrt. = chronostratigraphy, Quat. = Quaternary. 93 

2.2 Sample preparation 94 

For the different series testing experimental parameters, we need ensure the shale sample has the representative 95 

mineralogical composition. After drying, grinding (using an agate mortar and pestle), sieving (<125 μm), and mixing, a 96 

uniform mineral content can be expected for powdered samples. The powdered samples were used in batch reactor 97 

experiments to investigate geochemical element mobilisation by interaction with acidic fluids. Additionally, the powders 98 

were used for X-ray diffraction (XRD) analysis to determine their mineralogical composition. Bulk sample powders were 99 

scanned over a sampling range of 2.5 to 70 °2θ with a step size of 0.0066 and a scan speed of 0.023 °2θ per second, and 100 

a PANalytical X’Pert Pro was applied for these analyses by using Cu K-α radiation at 40 kV and 40 mA. Analysis of the 101 
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peak intensities on the sample X-ray diffractograms allow semi-quantitative analysis (using DIFFRAC. EVA-XRD 102 

software) for determining of the mineralogical composition (Fig. 2). Moreover, two non-milled pieces of solid shale 103 

samples were embedded in epoxy resin, and the sections were finely polished and coated with carbon in preparation for 104 

Mineral Liberation Analysis (MLA) and SEM (scanning electron microscope) analysis. During automated MLA-SEM 105 

analysis, the Back-Scattered Electron (BSE) signals and Energy Dispersive X-ray spectra (EDS) of the grains are 106 

collected. The average BSE grey value of each measurement region relates to a mineral of unique average atomic number, 107 

and different mineral components (the mineral identification is based on the chemical composition referenced to a 108 

database of minerals) and mineral boundaries can then be identified and established based on the BSE images (Fig. 3) 109 

[36]. MLA measurements of different minerals are normalized to 100%. MLA measurements allow the identification of 110 

mineralogical components and mineral morphology of the two polished shale samples before and after interaction with 111 

acidic fluid. It is noted that the coated carbon was gently removed using diamond powder (after imaging before reaction) 112 

before placing the two samples in the acidic solution for chemical reaction. Upon completion of the chemical interaction 113 

experiment, carbon was re-applied onto the cross section of the two reacted samples for subsequent MLA measurements. 114 

Furthermore, the mineral-surface topography was investigated in these two reacted samples with 3D imaging by using a 115 

Zeta-20 Optical Microscope. The focus of the objective lens is moved with Z-stage, and the 3D scanning microscopy of 116 

the shale surfaces can be observed by measuring the different vertical heights from the cross section. This information is 117 

subsequently used to generate the reconstructed 3D colour images. The optical profiler cannot provide the surface 118 

chemical compositions, but the minerals observed by optical microscope can be identified by comparison with the MLA 119 

measurements and SEM results. A colour scale is used to represent different heights, the highest height is denoted by the 120 

brightest colour, and a lower topography profile is with a darker colour. It seems that the colour represented heights of 121 

epoxy resins and quartz are almost the same, and the quartz is therefore selected as a reference in this paper to compare 122 

the variations in heights of minerals after acidic treatment (Fig. A.1A and Fig. A.1B). 123 

2.3 Batch reactor experiments 124 

In order to estimate mobilisation of inorganic elements from shale during hydraulic fracturing activities, bench scale 125 

batch reactor experiments were conducted to test the interaction of simulated fracturing fluids with the Bowland-Hodder 126 

shale at a variety of conditions (a schematic of the experimental apparatus is shown in supplementary material, Fig. A.2), 127 

i.e. fluid acidity, temperature, and rock/fluid ratio, as well as two end member mineralogical compositions from the 128 

Bowland shale (one with high calcite content, and one with high pyrite and clay content) (Table 1). Hydrochloric acid is 129 

the major constituent of fracturing fluid [7,37], and the solution in our experiments was prepared by Milli-Q water, and 130 
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the fluid pH was adapted by adding small amounts of concentrated or diluted HCl (trace metal grade). The fluids with 131 

stating pH of 2-5 were used to investigate fluid acidity on element mobilisation. Additionally, the fluids with starting pH 132 

of 1 were also used to further desorb the metals, thus facilitating the identification of reaction pathways leading to 133 

geochemical element mobilisation and maximising the evaluation of the effects of hydraulic fracturing on environmental 134 

impacts. The experiments testing the impact of fluid acidity and temperature were conducted at a constant solid to liquid 135 

ratio of 1:100 (2 g shale powder in 200 mL solution, which is similar to ratios used in Lavergren et al. [38] and Wang et 136 

al. [17]), whereas rock/fluid ratios systematically varied experiments were carried out to evaluate the impacts of changes 137 

in rock-fluid contact on elemental mobilisation at a constant fluid pH of 1.0 and ambient temperature of 60 °C (The 138 

temperature is selected to simulate the hydraulic fracturing conditions for Bowland shale production in the UK [31], and 139 

the experiments are conducted at atmospheric pressure since the geochemical reactions are not really influenced by 140 

pressure). In addition, a blank control was conducted (without adding shale particle) and test results demonstrate that 141 

element concentration is very close to zero after the interaction of the glass reactor with fracturing fluid (100 h) (Table 142 

A.1 and A.2). 143 

Table 1 Summary of experiments (elemental analysis). 144 

  RC618  RC673  

Variable No. 
Starting HCl 

(mol/L) 

Temperature 

(°C) 

rock/fluid ratio 

(g/mL) 

Starting 

pH 
No. 

Starting HCl 

(mol/L) 

Temperature 

(°C) 

rock/fluid ratio 

(g/mL) 

Starting 

pH 

fluid acidity 1 10-1 60 2:200 1.1 16 10-1 60 2:200 1.2 

2 10-2 60 2:200 1.9 17 10-2 60 2:200 1.9 

3 10-3 60 2:200 2.7 18 10-3 60 2:200 3.0 

4 10-4 60 2:200 3.6 19 10-4 60 2:200 3.8 

5 Milli-Q water 60 2:200 5.2 20 Milli-Q water 60 2:200 5.1 

temperature 6 10-1 25 2:200 1.2 21 10-1 30 2:200 1.0 

7 10-1 30 2:200 1.2 22 10-1 40 2:200 1.0 

8 10-1 40 2:200 1.1 23 10-1 50 2:200 1.2 

9 10-1 50 2:200 1.1 24 10-1 70 2:200 0.9 

10 10-1 70 2:200 1.1 25 10-1 60 20:200 1.1 

rock/fluid 

ratio 

11 10-1 60 20:200 1.1 26 10-1 60 4:200 1.0 

12 10-1 60 4:200 1.0 27 10-1 60 0.8:200 1.0 

13 10-1 60 0.8:200 1.0 28 10-1 60 0.4:200 1.0 

14 10-1 60 0.4:200 1.0 29 10-1 60 0.2:200 1.0 

15 10-1 60 0.2:200 1.0      

Each powdered sample was added to a 200 mL solution in a 250 mL closed batch reactor on a hotplate stirrer, where 145 

the suspension was continuously stirred using a Teflon-coated magnetic stirrer bar. Each experiment was run for a total 146 

of 100 hours, and aliquots (2 mL) were sampled at 0, 1, 3, 7, 23, 27, 31, 54, 77, 100 h and filtered through 0.22 μm 147 

polyethersulfone (PES) membranes for further analysis. Hence, the change in pH, as well as the change in geochemical 148 

composition of the fluids was recorded over ten time steps in these batch reactor experiments. A total of 1 mL extracted 149 

fluid was used for pH analysis by using a Fisher Scientific accumet benchtop pH meter and another 1 mL extracted fluid 150 
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was acidified and diluted 10 times with ultrapure HNO3 (2%) for elemental analysis using inductively coupled plasma 151 

optical emission spectroscopy (ICP-OES) and inductively coupled plasma mass spectrometry (ICP-MS), detailed below. 152 

The results enable quantification of the extent of geochemical element mobilisation based on the experimental conditions. 153 

The results of these experiments, obtained by measuring the elemental concentrations in the fluids, establish the impact 154 

of those variables on the effect and rate of leaching, and thus potential contamination. Hence, the data will determine the 155 

extent of leaching, mobilisation of elements, and potential contamination by mobilisation of heavy metals. 156 

Furthermore, the surface morphology and topography before and after rock/fluid interaction were observed using 157 

two non-milled samples (Table 2). 158 

Table 2 Summary of experiments (MLA and SEM analyses). 159 

No. Sample Starting HCl (mol/L) Temperature (°C) Starting pH 

30 RC618 10-1 60 1.1 

31 RC673 10-1 60 1.2 

2.4. Analytical techniques of elemental mobilisation 160 

The major elements in our sampled fluids from the batch reactor experiments (Ca, Fe, Al, K, Mg, Na) were 161 

quantitatively analysed over ten time steps by ICP-OES. A standard solution (Fisher Chemicals, 100 mg/L) and 2% 162 

ultrapure HNO3 were used to make calibration solutions (0.1, 1, 3, 5, 7, and 10 mg/L). Moreover, ICP-MS is used for 163 

trace elemental analysis (Ti, Li, Be, V, Cr, Mn, Co, Ni, Cu, As, Se, Rb, Sr, Mo, Ag, Cd, Cs, Ba, Tl, Pb, U) in the final 164 

fluids collected at 100 h. The calibration solutions (20, 40, 100 μg/L) were prepared by using a standard ICP-MS Multi-165 

Element Solution (SPEX CertiPrep) (10 mg/L). 166 

3 Results and Discussion of Major Elements Mobilisation 167 

3.1 Sample characterisation 168 

The XRD results and the semi-quantitative analysis indicate that quartz (61.1%), illite (18.9%), and pyrite (18.0%) 169 

are the three main components in the shale sample from 618 m depth (RC618), and calcite (2.0%) is only present at a low 170 

abundance (Fig. 2). The shale sample from 673 m depth (RC673) is composed of quartz (88.8%) and calcite (11.2%) (Fig. 171 

2). The results indicate that sample RC618 has a significant content of pyrite and clay (illite), whereas sample RC673 has 172 

a noticeable content of calcite. 173 
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Fig. 2. Powder X-Ray Diffractograms: I=illite; Q=quartz; C=calcite; P=pyrite. 175 

 
 

Fig. 3. MLA image of shale samples before reaction: (a) MLA measurement of RC618; (b) MLA measurement of RC673. 

Table 3 MLA data of shale RC618 and RC673 before reaction. 176 

  RC618 RC673 

 Mineral Formula Weight Mineral Formula Weight 

 Quartz SiO2 13.2% Quartz SiO2 91.1% 

 Calcite CaCO3 0.1% Calcite CaCO3 8.7% 

 Pyrite FeS2 11.2% Pyrite FeS2 0.2% 

 
Illite 

ሺK, H3OሻሺAl, Mg, Feሻ2 
(Si, Al)4O10[ሺOHሻ2, (H2O)] 46.6% 

     

 Barite BaSOସ 5.0%      

 Apatite Ca5ሺPO4ሻ3(F, Cl, OH) 0.3%      

 Rutile TiO2 0.1%      

 Gypsum CaSO4∙2H2O 0.3%      

 
Quartz-Illite mix 

SiO2∙ሺK, H3OሻሺAl, Mg, Feሻ2 
(Si, Al)4O10[ሺOHሻ2, (H2O)] 15.6% 

     

 
Pyrite-Kaolinite mix FeS2∙Al2(OH)4Si2O5 7.6% 

     

 Diadochite Fe2(PO4)(SO4)OH∙5H2O 0.1%      

The MLA measurement of RC618 shows the heterogeneous distribution of minerals quartz, illite and pyrite (Fig. 177 
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3a; Table 3). The total pyrite content (including mixture with Kaolinite) equals 18.8 weight %, which is very similar to 178 

the semi-quantitative XRD result of 18.0%. Moreover, illite and quartz are the main mineral components in RC618, 179 

interspersed throughout the sample (Fig. 3a). The MLA measurements for RC673 (Table 3) show that the sample has a 180 

lower mineralogical heterogeneity than RC618; it is quartz-rich (91.1 weight %) and has a higher content of calcite (8.7 181 

weight %) than RC618, and only a small content of pyrite (0.2 weight %) (Fig. 3b). These MLA results for RC673 are 182 

very similar to the XRD measurements. Moreover, uniformly interspersed and widely distributed quartz and calcite have 183 

been observed in RC673 (Fig. 3b). 184 

3.2 Variation of pH during fracturing fluid-shale interaction 185 

Previous studies have indicated that two of the most reactive minerals in shale include calcite (CaCO3), because of 186 

its dissolution in acidic fluids, and pyrite (FeS2), because of its oxidative dissolution in oxygenated fluids [16-17,39]. 187 

The pH remains fairly stable or even decreases in experiments with sample RC618 (Fig. 4a and b). Moreover, 188 

hydrochloric acid was not added to the fluid in experiment No. 5 (Milli-Q water, starting pH of 5.2), but the fluid pH 189 

significantly dropped at the start of the experiment (Fig. A.3A). Subsequently, the fluid acidity stabilized at a low pH, 190 

with a value of 2.8 at the end of the experiment (Fig. 4a). This pH behaviour is interpreted to be caused by pyrite oxidative 191 

dissolution in RC618, which can lower the fluid pH due to the generation of sulfuric acid (Eqs. 1-3) (e.g. [40]). 192 

Additionally, the fluid pH was even stronger in experiments conducted at a higher temperature implying that elevated 193 

temperature promotes the oxidative dissolution of pyrite (Fig. 4b). These results are confirmed by the high iron 194 

concentrations measured in the fluids, discussed below (Fig. 6). Furthermore, an increased solid to liquid ratio, with 195 

higher contents of calcite and clay (e.g. solid to liquid ratio of 20 g: 200 mL, the contents of calcite and illite are 0.4 g 196 

and 3.8 g according to XRD data), causes a buffering effect with increase of pH (Fig. 4c). 197 

In experiments with RC673, the pH increased rapidly at the start of the experiments, i.e. from 1.9 to 7.1 (Fig. A.4A 198 

and Fig. 5a), probably caused by the calcite in the sample which neutralizes the acid (Eq. 4) (e.g. [13,41]). In the 199 

experiments with starting fluid pH of 1.0, the amount of calcite in the RC673 sample is not sufficient to neutralise the 200 

acid, resulting in a low pH throughout the 100 hours duration of the experiment (Fig. 5b). However, a significantly high 201 

solid to liquid ratio contains enough calcite (e.g. 20 g shale sample with RC673 roughly contains 2.2 g calcite) to cause 202 

rapid neutralisation of the solution at the start of the reaction (Fig. 5c and Fig. A.4C). Therefore, the acidity- and alkalinity-203 

generating reactions will primarily control the pH of the fracturing fluids, and subsequently affect element mobilisation. 204 
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Fig. 4. pH before and after (100 h) water/rock interaction (RC618). Fig. 5. pH before and after (100 h) water/rock interaction (RC673).

FeS2ሺsሻ+3.5O2ሺaqሻ+H2O→Fe2++2SO4
2-+2H+                            (1) 205 

Fe2++0.25O2+H+→Fe3++0.5H2O                                (2) 206 

FeS2+14Fe3++8H2O→15Fe2++2SO4
2-+16H+                            (3) 207 

CaCO3(s)+2H+→Ca2++H2O+CO2                              (4) 208 

3.3 Mobilisation of major elements 209 

3.3.1 Fluid acidity effect 210 

Our experimental results show that fluid acidity has a significant impact on iron (Fig. 6a) and calcium mobilisation 211 

(Fig. 7a) in pyrite-rich and calcite-rich rocks, respectively. Harrison et al. [3] consider that the main contributor of 212 

dissolved Fe in the experiments is pyrite rather than clays based on the comparison of the dissolution rate of different 213 

minerals. The interaction of shale with Milli-Q water (No. 5) showed that the oxidative dissolution of pyrite was the 214 

driving force for acid generation [42] and thus increased fluid acidity. It subsequently triggered dissolution of carbonate 215 

and clay (e.g. calcite and illite), resulting in the mobilisation of the major elements (Fig. 6a). Furthermore, the solubility 216 

of Fe is highly pH-dependent; the precipitation Fe(III)-(oxy)hydroxides commonly occurs in neutral and alkaline 217 

environments [43], and thus limits the extent of pyrite dissolution [3] and makes calcite less reactive by the formation of 218 

a surface coating [44]. However, there is insufficient calcite in RC618 to buffer the acidity both from the initial fluid and 219 

that generated by pyrite oxidative dissolution, thus leading to a low pH (<3) in the fluids (No. 1-5) after reaction (Fig. 220 

4a). The results demonstrate that elevated fluid acidity significantly facilitates the mobilisation of iron, and the Fe 221 

concentration increased 131% from 78 mg/L (No. 5, starting pH of 5.2) to 180 mg/L (No. 1, starting pH of 1.1) after 100 222 
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h (Fig. 6a). Williamson and Rimstidt [45] consider that higher pH can lead to faster pyrite dissolution. In order to explain 223 

the increased Fe concentration in stronger acid, two possible chemical pathways are presented. First, both Fe3+ and O2 224 

are the two most reactive oxidants for pyrite oxidation (Eqs. 1-3) in aqueous solutions, and the pyrite oxidation rate due 225 

to the presence of Fe3+ is at least two orders of magnitude higher than those due to oxygen dissolved solutions at low 226 

pH [46]. Importantly, Wei et al. [47] indicate that Fe-hydroxide precipitates at pH 3.5-4.0. Hence, lower pH reduces iron 227 

passivation on pyrite surfaces, increasing ferric ion solubility which acts as the main oxidant that accelerates the 228 

dissolution of pyrite. Second, pH driven iron desorption from organic matter at lower pH aqueous solution is also a 229 

possible chemical pathway that can raise the Fe concentration [48]. Therefore, we consider that lower fluid acidity will 230 

enhance Fe mobilisation in shale, and similar experimental observations have been recorded during the interaction of 231 

fracturing fluids with shale [17]. 232 

The presence of calcium in solution is assigned to the dissolution of calcite, whereas Al, K, and Na are probably 233 

derived from interaction with clays (illite) [49]. The leaching of Ca from shale occurs rapidly and stabilizes within 1 h 234 

from the start of the reaction, whereas the change in elemental concentration as a function of reaction time indicates an 235 

increasing trend for Fe, and to a lesser extent, Al and K concentrations in experiments with RC618 (e.g. Fig. A.5A, A.5B 236 

and A.5C). This can be explained by the much faster dissolution of calcite in comparison to aluminosilicates and pyrite 237 

[50]. With decreasing fluid acidity, the Ca concentrations remained similar in the different batch experiments (No. 1-5, 238 

Fig. 6a), implying that the calcite in RC618 (2.0% according to XRD data) was completely dissolved during reaction 239 

because the solutions remained acidic for the entire duration of the reaction. Mg is present in dolomite (CaMg(CO3)2) 240 

and often in clay, and it also commonly substitutes for Ca in calcite [51]. The presence of Mg in our fluids is mainly due 241 

to dissolution of aluminosilicate and/or calcite since the MLA and XRD measurements suggest a lack of dolomite in our 242 

samples (Fig.3 and Table 3). The increasing Mg concentration (RC618) with increasing fluid acidity suggests that Mg 243 

mobilisation probably mainly originates from the dissolution of the clay matrix (illite). The linear correlation between 244 

Mg and Al shown in Fig. 8a supports this interpretation. 245 

The major cation released from RC673 is calcium (Fig. 7a). The acid concentration has a great impact on calcium 246 

mobilisation, with the lowest fluid starting pH (No. 16, 0.1 mol/L HCl) causing the highest Ca concentration (350 mg/L) 247 

in solution after 100 h. The experiment with the highest starting pH (No. 20, Milli-Q water) has the lowest Ca 248 

concentration (13 mg/L) in solution after reaction (Fig. 7a). The acid concentration significantly affected the extent of 249 

calcite dissolution, and the high reactivity of calcite [52] resulted in the rapid release of Ca within 1 h after reaction even 250 

in the high rock/fluid ratio (20 g: 200 mL) experiments (Fig. A.6A, A.6B, and A.6C). The rapid dissolution of calcite in 251 
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acidic fluids coincides with a rapid pH increase, thus verifying the buffering capacity of calcite [3,50]. Furthermore, the 252 

alkalinity induced metal hydroxide precipitation and higher pH driven adsorption will enable the immobilisation of some 253 

metal ionic species in fracturing fluids [17,53-55] (see section 3.3.3 and 4.3). Increased mobilisation of Mg in RC673 254 

was also triggered by stronger acidic fluids, with the highest Mg concentration (3.3 mg/L) after 100 h in the strongest 255 

acidic fluids, in contrast to 0.4 mg/L Mg after 100 h in the lowest acidity fluid (Fig. 7a). It seems that Mg release is 256 

strongly correlated with Ca mobilisation for RC673. The linear correlation between Mg and Ca (Fig. 8b) indicates that 257 

the release of Mg is mainly derived from calcite dissolution since Mg is commonly incorporated in calcite as an accessory 258 

element [49]. Assuming that all Mg comes from calcite dissolution, 0.94 mol % of Mg (referring to MgCO3) is likely to 259 

be in calcite, and this is a reasonable value for burial calcite in shale (the MgCO3 in Mg-calcite ranges between about 260 

0-32 mol% [56]). A higher Fe concentration is also observed in RC673 at lower fluid acidity (Fig. 7a). The minor 261 

percentage of Al (Fig. 7a) and the significant difference in leaching rate between aluminium and calcium (Fig. A.6A) 262 

suggests that aluminium release is probably derived from minor amounts of clay impurities in the rock matrix and the 263 

results show that increased acidity significantly promoted the mobilisation extent of Al in the fluids. 264 
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Fig. 6. Elemental composition of the fluids in the experiments with 

RC618 at different test conditions after 100 hours reaction time. 

Fig. 7. Elemental composition of the fluids in the experiments with 

RC673 at different test conditions after 100 hours reaction time. 
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Fig. 8. Mg mobilisation under different experimental scenarios after 100 hours reaction time: (a) Mg vs. Al concentration in RC618; (b) 

Mg vs. Ca concentration in RC673. 

3.3.2 Temperature effect 265 

The experiments aimed at investigating the effect of temperature were conducted with a starting fluid pH of 1.0, 266 

and a rock to fluid ratio of 2 g: 200 mL (Table 1). Reactions are commonly faster at higher temperature following the 267 

Arrhenius equation [57]. The results indicate a general trend of slightly increased leaching of elements at higher 268 

temperature in RC618 samples after a reaction time of 100 h (Fig. 6b), whereas temperature had only little influence on 269 

elemental release in experiments with RC673 (Fig. 7b). In the RC618 experiments, the Fe concentration was 129.9 mg/L 270 

at 25 °C after 100 h, increasing to 234.5 mg/L at 70 °C. The elevated temperature caused a marked increase in Fe 271 

concentration, implying the oxidative dissolution of pyrite was facilitated and accelerated by increased temperature (Fig. 272 

9a). Wang et al. [17] also propose that temperature has a great impact on pyrite oxidation during water-rock interaction. 273 

Fe mobilisation in RC673 cannot be detected using ICP-OES since the pyrite content is very low (only 0.2% by MLA 274 

measurement), and the data of Fe mobilisation for RC673 was only obtained at the end of our experiments by using ICP-275 

MS with a lower detection limit (Fig. 7b). A similar phenomenon was also observed in the leaching of Al, with Al release 276 

in RC618 experiments increasing from 35.3 mg/L to 81.2 mg/L for a temperature increase from 25 °C to 70 °C (Fig. 9b). 277 

These results illustrate that the elevated temperature will potentially provide a favourable scenario for the dissolution of 278 

aluminosilicate minerals. However, in experiments with RC673, only small differences were observed in calcium (Fig. 279 

9c), as well as magnesium and aluminium release (Fig. A.7A and A.7B). Our experiments show that temperature strongly 280 

impacts the oxidative dissolution of pyrite, and to a lesser extent, the dissolution of aluminosilicate. Furthermore, our 281 

results demonstrate that the acid concentration (for pH in the range of 1 to 5) influences the dissolution of calcite to a 282 

much greater extent than temperature (in the range of 30 to 70 °C). 283 
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Fig. 9. Elemental mobilisation for RC618 and RC673 (0.1 mol/L HCl) at temperatures of 25-70 °C: (a) Fe mobilisation through reaction 

time; (b) Al mobilisation through reaction time; (c) Ca mobilisation through reaction time. 

3.3.3 Rock/fluid ratio effect 284 

The experimental tests conducted to assess the effect of the rock to fluid ratio were conducted at 60 ºC with a starting 285 

fluid pH of 1.0. High rock to fluid ratios result in increased contact area between reactive minerals and fracturing fluid. 286 

A high rock to fluid ratio strongly facilitates water-rock interaction, and the results show higher element concentrations 287 

in the solutions (Fig. 6c and 7c). The Fe concentration in RC618 increased 5905% from 21.2 mg/L (No. 11, 0.2 g: 200 288 

mL) to 1273 mg/L (No. 15, 20 g: 200 mL). Similarly, the concentration of Al increased 5995% from 6.3 mg/L to 384 289 

mg/L. It should be noted that the Fe and Al concentrations do not show a linear correlation. This may be caused by the 290 

amount of dissolved calcite (high rock to fluid ratio), which further buffered the solution (Fig. 4c) and decreased the 291 

mobilisation of Fe and Al. Interestingly, the Ca concentration in RC618 increased proportionally with the mass of the 292 

shale sample after 100 h (Ca concentration increased from 6.9 mg/L to 572 mg/L, Fig. A.8), this is because the fluids 293 

maintained a low pH (<1.4, Fig. A.3C) throughout the reaction time, which led to the complete dissolution of the 294 

carbonate minerals (e.g. calcite) in the shale. 295 

Higher rock/fluid ratio enables a higher buffering capacity of the shale sample, especially when the content of 296 

carbonate minerals is high in the shale formation. The experiments with RC673 show that fluid pH neutralization occurred 297 

in the experiment with 20 g shale sample in 200 mL solution with starting fluid pH of 1.0 at 60 ºC (Fig. 5c). The carbonate 298 

mineral content increases proportionally with the amount of shale, thus providing enough buffering agent to neutralise 299 

the acid. As a consequence, the Ca concentration increases from 36.7 mg/L (for 0.2 g: 200 mL) to 1790 mg/L (for 20 g: 300 

200 mL). Furthermore, the increased contact area between shale and water not only benefited the leaching of calcium but 301 

also favoured the mobilisation of Mg, since Mg concentration is strongly dependent on the dissolution of calcite (section 302 

3.3.1). The Mg concentration increases from 0.4 mg/L to 14.4 mg/L with the increase of rock to liquid ratio from 0.2 g: 303 

200 mL to 20 g: 200 mL. In contrast, the concentrations of Fe and Al in RC673 present a different trend, with the highest 304 

rock/fluid ratio (20 g: 200 mL, final pH equals to 6.9 at the end of reaction) mobilising the lowest concentration of Fe 305 
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and Al (0.07 and 1.0 mg/L), respectively (Fig. 7c). Since carbonate minerals have a pH buffering effect, the alkalinity 306 

generated by the dissolution of calcite may remove some metal ions in aqueous solutions through formation of precipitates 307 

at higher fluid pH. The oxidation rate of Fe(II) to Fe(III) increases with increasing fluid pH (e.g. [58]), and subsequent 308 

precipitation of Fe-hydroxide is expected. Furthermore, Lee et al. [53] indicate a decreased activity of Al3+ at pH>5 is 309 

consistent with the formation of solid amorphous Al(OH)3. Seo et al. [59] found that the dissolved Al started to be 310 

removed around at pH 4.5 and indicated that most of it was removed at pH 5.5. The fluid pH in the experiment with the 311 

highest rock/fluid ratio in this study reached 6.9 after 100 h. Therefore, we consider that this pH environment is favourable 312 

for the formation of the hydrolysis product of the Fe- and Al-hydroxides, thus probably resulting in a negative impact on 313 

hydrocarbon production by pore blocking. Furthermore, previous studies have shown similar results [3,41,43,55,60]. 314 

4 Results and Discussion of Trace Element Mobilisation 315 

4.1 Fluid acidity effects 316 

The extent of trace element mobilisation in the RC618 experiments was significantly higher than those of RC673 317 

(Fig. 10a and b). The results indicate a general trend of significantly increased release of trace elements at higher acid 318 

concentration in RC618 and RC673 experiments after a reaction time of 100 h (Fig. 10a and b). Actually, acid driven 319 

forces of solvation deconstruct the mineral lattice and mobilise the trace elements during mineral dissolution. Moreover, 320 

lower fluid pH enhances the desorption of metal elements as a result of more H+ ions competing for adsorption sites on 321 

sediment surfaces. 322 

Manganese can substitute Ca in the calcite structure [61,62]. The Eh-pH diagram (e.g. [63]) demonstrates that Mn 323 

speciation is redox sensitive and pH-dependent. High pH and strong oxidation favours hydrous oxides of Mn3+ and 324 

Mn4+ which are relatively insoluble [59,63]. In RC618 experiments, the fracturing fluids prepared with Milli-Q water 325 

and 0.1 mol/L HCl have a final pH of 2.8 and 1.1, and leading to Mn mobilisation of 845 μg/L  and 932 μg/L , 326 

respectively, after 100 h (Fig. 10a). In addition, the Mn concentration in experiments with RC673 also reached the highest 327 

value (312 μg/L ) under the strongest acid concentration (0.1 mol/L HCl). However, generated alkalinity by calcite 328 

dissolution within higher starting fluid pH (1.9, 3.0, 3.8, and 5.1, No. 17-20) caused rapid neutralisation of the acid after 329 

100 h (final fluid pH=7.1, 8.4, 8.6, and 8.6, Fig. 5a) and terminated further Mn release (13.9, 1.6, 1.3, 1.7 μg/L). This 330 

behaviour confirmed that Mn mobilisation is very responsive to pH and it is more leachable in a lower pH (acid) 331 

environment [49,64], demonstrating that higher pH potentially provides a favourable scenario for Mn oxidation and the 332 

formation of poorly soluble Mn-bearing precipitates [47,53,55,59]. Nickel is a siderophilic and chalcophilic element and 333 

is a common element in pyrite [42]. The Ni concentration in fracturing fluid slightly increased from 965 μg/L (starting 334 
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fluid pH of 5.2) to 1004 μg/L (starting fluid pH of 1.1) with the increase of acid concentration (Fig. 10a). Copper was 335 

previously documented with a strong association with sulphur (it may be an impurity in pyrite) [65], and Cu can also be 336 

adsorbed on the surface of organic matter [48]. Therefore, pH driven mineral dissolution and desorption probably 337 

increases Cu concentration (in experiments with RC618) from 349 μg/L (starting fluid pH of 5.2) to 508 μg/L (starting 338 

fluid pH of 1.1), and similar elevated concentrations of Cu under strongly acidic conditions were also observed in 339 

experiments with RC673 (Fig. 10b). Barium mobilisation may be related to clays such as illite [66]. Our results 340 

demonstrate the increased leaching of Ba at low pH (Fig. 10a). Previous studies indicate that Ba release enhanced by 341 

acidic conditions may be due to the replacement of adsorbed Ba by a hydrogen ion and the dissolution of some of the 342 

coprecipitated hydrous oxides, whilst greater competitive adsorption at exchange sites by other metal ions (e.g. Fe, Mn, 343 

and Al) further favour Ba release [67]. The strongest acid concentration (No. 1, starting fluid pH of 1.1) causes the highest 344 

mobilisation of Ba (620 μg/L), and the experiment with Milli-Q water has the lowest Ba concentration of 36.6 μg/L 345 

after 100 h (Fig. 10a). A similar relationship is noted for Pb, as lower starting pH correlates with a higher Pb concentration 346 

after 100 h (Fig. 10a). The strongest acid concentration results in the highest Pb mobilisation of 431 μg/L. 347 

  

Fig. 10. Trace element mobilisation under different acid concentrations at temperatures of 60 °C with a constant rock/fluid ratio of 2 g: 

200 mL: (a) elemental mobilisation in experiments with RC618; (b) elemental mobilisation in experiments with RC673. 

Furthermore, pyrite can incorporate large amounts of arsenic (up to 10.0 wt %) [68], and the dissolution of pyrite is 348 

an important pathway for arsenic mobilisation [69,70]. In experiments with RC618, arsenic was the most abundant trace 349 

metal detected in fracturing fluids, the leaching of As is positively correlated with Fe release (Fig. 11a), thus suggesting 350 

that As mobilisation is potentially caused by the oxidative dissolution of pyrite. The release of As was significantly 351 

influenced by fluid acidity, with the highest As concentration (1376 μg/L) at the strongest acid concentration after 100h. 352 

Additionally, in experiments with RC673, strontium was the most abundant trace metal in fracturing fluids, and results 353 

indicate that the Sr release was controlled by acid concentration (Fig. 10b). The Sr concentration in fracturing fluids 354 

increases with increasing fluid acidity. Harrison et al. [3] suggested the release of Sr was primarily attributed to the 355 
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dissolution of carbonate minerals since it is commonly substituted in carbonate minerals [71]. In Luo et al's research [19], 356 

a higher concentration of Sr was also found in a higher concentration of Ca aqueous solution. Furthermore, the linear 357 

correlation of Sr with Ca demonstrates that the leaching of Sr is likely the result of calcite dissolution (Fig. 11b). 358 

Furthermore, it is noted that the concentration of the remaining elements in the experiment is shown in the supplementary 359 

material (Fig. A.9-A.11). 360 
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Fig. 11. As and Sr mobilisation under different experimental scenarios after 100 hours reaction time: (a) As vs. Fe concentration in RC618; 

(b) Sr vs. Ca concentration. 

4.2 Temperature effects 361 

Our findings indicate that increased temperature provides a favourable condition for trace element mobilisation in 362 

the RC618 experiments, and the mobilisation of the trace elements demonstrates a slight increase with increasing 363 

temperature (Fig. 12a). The adsorption of metal ions is generally a spontaneous exothermic process [72]. Therefore, an 364 

increase in temperature is unfavourable for adsorption, thereby reducing the adsorption capacity and promoting the 365 

leaching of trace elements at exchange sites. Elevated temperature also favours oxidative dissolution of pyrite and 366 

dissolution of aluminosilicate minerals (as discussed in section 3.3.2), thereby potentially promoting the mobilisation of 367 

some incorporated or substituted trace elements into the fracturing fluids. 368 

Quartz was the main mineral after complete dissolution of calcite in RC673, and temperature influenced the pH of 369 

the fluids, from 0.9 to 1.2 after 100 h (Fig. 5). Huang et al. [73] indicate that little measureable adsorption takes place in 370 

this acidic pH region since the surface charge of quartz was low. Hence, at this pH scenario, it seems that elevated 371 

temperature has little effect on the fate of the trace element including the leaching and fate of accessory trace elements 372 

of calcite (Mn and Sr) (Fig. 12b). The maximum difference of Mn concentrations from experiments at different 373 

temperatures was 2.4%, and the maximum difference for Sr was 1.7%. 374 
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Fig. 12. Trace element mobilisation under different temperatures at acid concentration of 0.1 mol/L HCl with a constant rock/fluid ratio 

of 2 g: 200 mL: (a) elemental mobilisation in experiments with RC618; (b) elemental mobilisation in experiments with RC673. 

4.3 Rock/fluid ratio effect 375 

In RC618 experiments, significant release of Mn, Ni, Cu, As, and Sr (7816, 8813, 3833, 8046, and 2493 μg/L, No. 376 

11) was observed at the rock/fluid ratio of 20 g: 200 mL. The highest release of Mn and Sr in the RC673 experiments 377 

was 700 and 3227 μg/L (No. 25). Generally, increased rock/fluid ratio (increased contact area) leads to a relatively 378 

higher mobilisation of trace elements from shale (Fig. 13a and b). However, an opposite trend of the mobilisation of Ba 379 

and Pb was observed (Fig. 13a), whereby the highest rock/fluid ratio results in the lowest concentration of barium (68.9 380 

μg/L ) and lead (7.9 μg/L ). It should be noted that illite is usually negatively charged mainly due to the tetrahedral 381 

isomorphic substitution of Si4+ by Al3+ [74], and the migration of positively charged metal ionic species will therefore 382 

be affected through electrostatic interactions. If there are less H+ ions available in the fracturing fluids, this benefits 383 

adsorption of heavy metals because of competitive adsorption of hydrogen ions and metal ions, and further elevated pH 384 

may induce the precipitation of metal ions by the formation of metal hydroxides. Therefore, the mobility of different 385 

metal ions is significantly affected by the hydration of elements and the surface properties of clay minerals [75]. Actually, 386 

the mobility of barium is limited in clays due to a strong cation exchange selectivity for Ba [76-78], and higher pH (Fig. 387 

4c) favours the adsorption of Ba onto clay surface as a result of less H+ ions competing for adsorption sites on mineral 388 

surfaces. Hence, higher fluid pH observed at higher rock/fluid ratio (section 3.2) results in decreased Ba concentration in 389 

the fluids. Furthermore, sulphate is generated in fluids during the ongoing oxidative dissolution of pyrite, and the 390 

precipitation of barite is also a possible pathway that can decrease the Ba concentration [17]. The release of Pb is 391 

potentially restricted by adsorption at the surface of and/or co-precipitation with iron and manganese oxides [3,49,79]. 392 

Moreover, He et al. [74] found and proposed that Pb2+  shows a strong affinity for illite based on their adsorption 393 

experiments at varying pH since the ion radius of Pb2+  (1.32 Å ) is very similar to that of K+  (1.33 Å ), and the 394 
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mobilisation of Pb in our study at the highest rock/fluid ratio also confirms the affinity of Pb to illite (Fig. 13a). A higher 395 

rock/fluid ratio leads to higher pH and potentially causes more negative surface charges. Hence, both higher fluid pH and 396 

similar ionic radius between Pb2+ and K+ will provide a favourable scenario for the replacement of K+ by Pb2+ in 397 

the interlayer of illite. Our results illustrate that higher rock/fluid ratios will potentially immobilise some cations through 398 

adsorption. 399 

The highest rock/fluid ratio of 20 g: 200 mL in the RC673 experiments provided enough calcite to neutralise the 400 

acid (pH 6.9), whereas the fluid pH was below 1.3 for a lower rock mass (≤4 g) in the experiments (Fig. 5c). As discussed 401 

in section 4.1, to some extent, Sr release could indicate the dissolution extent of calcite, and thus more Sr is released in 402 

the experiment with higher rock/fluid ratios (Fig. 13b). The Sr concentration in the fluids continuously increased from 403 

67.3 (0.2 g: 200 mL, No. 29) to 3226.8 μg/L (20 g: 200 mL, No. 25). The Mn concentrations released by 20 g shale (700 404 

μg/L) and 4 g shale (622 μg/L) in the fluid were not much different (Fig. 13b), and this was probably due to the higher 405 

pH conditions that are favourable for Mn oxidation as discussed in section 4.1. 406 

   

Fig. 13. Trace element mobilisation at different rock/fluid ratios, temperature of 60 °C and acid concentration of 0.1 mol/L HCl: (a) 

elemental mobilisation in experiments with RC618; (b) elemental mobilisation in experiments with RC673. 

5 Morphology and topography of minerals after interaction with acidic fracturing fluids 407 

5.1 MLA/SEM analysis of the surface morphology after treatment with acidic fluids 408 

The MLA measurements can be used to make an evaluation of mineral distribution before and after reaction. The 409 

two solid samples were exposed to 200 mL acidic fluids (0.1 mol/L HCl) at a temperature of 60 °C. In the experiments 410 

with RC618 and RC673, the starting fluid pH was 1.1 and 1.2, respectively. After 100 h rock/fluid interaction, the fluid 411 

pH was 1.1 for both. Hence, almost no change in fluid pH, in contrast to some results from the experiments with shale 412 

powder, which can be explained by the difference in sample surface area. 413 

After exposure to the acidic fluids, a large amount of secondary fractures on the shale surface (RC618) were 414 

observed (Fig. 14a), in comparison with the MLA measurement before reaction (Fig. 3a). Previous studies indicated that 415 
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clay hydration by water intake always produces water-induced fractures in shale [80,81], and these secondary fractures 416 

probably enhance the total rock permeability [82]. Clay minerals are hydrophilic, and Wang et al. [83] indicated that 417 

spontaneous imbibition of water is caused by the capillary effect (dominated by micro cracks and pores), and subsequent 418 

clay hydration induced internal stresses [84] will initiate micro cracks and affect the structural integrity (including 419 

mechanical properties) of the shale. The mineral composition (Table 4) exhibits the fully dissolved calcite, whereas the 420 

variations in illite and pyrite were not significant. This is probably due to different mineral dissolution kinetics as 421 

discussed in section 3.3.1. 422 

Complete dissolution of calcite (Table 4) on the polished surface of shale RC673 was observed after interaction with 423 

acidic fluid (Fig. 14b). Clear and widely distributed dissolution pores were left after dissolution of calcite (Fig. 14b). 424 

These dissolution pores can potentially provide large amounts of nucleation points to trigger further formation and 425 

propagation of cracks in shale reservoirs [85], thus maximising the formation of fracture networks. 426 

 

 

Fig. 14. MLA image of shale samples after reaction: (a) MLA measurement of RC618; (b) MLA measurement of RC673. 

Table 4 MLA data of shale RC618 and RC673 after reaction.

  RC618 RC673 

 Mineral Formula Weight Mineral Formula Weight 

 Quartz SiO2 14.4% Quartz SiO2 99.8% 

 Calcite CaCO3 0.0% Calcite CaCO3 0.0% 

 Pyrite FeS2 11.5% Pyrite FeS2 0.2% 

 
Illite 

ሺK, H3OሻሺAl, Mg, Feሻ2 
(Si, Al)4O10[ሺOHሻ2, (H2O)] 44.8% 

     

 Barite BaSOସ 4.5%      

 Apatite Ca5ሺPO4ሻ3(F, Cl, OH) 0.01%      

 Rutile TiO2 0.1%      

 Gypsum CaSO4∙2H2O 0.0%      

 
Quartz-Illite mix SiO2∙ሺK, H3OሻሺAl, Mg, Feሻ2 17.4% 
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(Si, Al)4O10[ሺOHሻ2, (H2O)] 

 
Pyrite-Kaolinite mix FeS2∙Al2(OH)4Si2O5 7.3% 

     

 Diadochite Fe2(PO4)(SO4)OH∙5H2O 0.0%      

SEM images of shale RC618 were taken to analyse mineral morphology before and after reaction. Pyrite crystals 427 

found in shale RC618 have several shape characteristic of aggregate, nodular and irregular (Fig. 15a-d), which are similar 428 

to the classification of pyrite grains by Yoshiya et al. [86]. Although the difference in pyrite grains cannot be observed by 429 

SEM images, the dissolution of pyrite grains was confirmed by the surface topography of pyrite (see section 5.2). The 430 

newly formed fracture due to clay hydration can be observed (Fig. 15d), which is similar to the fracture demonstrated in 431 

Fig. 14a. Hydration of clay weakens the cementation between particles and decreases the internal friction angle and 432 

compressive strength, and hydration stress by water adsorption will further facilitate the formation of micro-cracks in 433 

shale [83]. 434 

Calcite is widely distributed in shale RC673, the SEM images demonstrate the complete dissolution of calcite after 435 

interaction with acidic fluid. This altered the surface morphology of the polished shale sample, and well-developed micro-436 

fractures can then be identified (Fig. 15f and h). A very small amount of pyrite grains (Table 4) showed local abundance, 437 

and the distributed pyrite grains can still be detected on the shale surface after 100 h reaction with acidic fluid (Fig. 15h). 438 

The main shape characteristics of pyrite grains were hexagonal and aggregate in shale RC673 (Fig. 15h). The preferential 439 

dissolution of calcite (Fig. 15f and h) implies that calcite grains are much more reactive than pyrite grains in acidic 440 

solutions, thus rapidly enhancing the porosity of the shale. The difference in the surface morphology of calcite and pyrite 441 

grains confirms a faster release of calcium, and this also suggests that Sr could be rapidly mobilised at the initiation and 442 

early stage of fracturing activities. 443 
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Fig. 15. SEM images of the different minerals morphology before and after reaction (100 h) with acidic fluid: (a-d) SEM images of RC618; 

(e-h) SEM images of RC673. 

5.2 Surface topography of minerals after treatment with acidic fluids 444 

Analysis of topographical features on sectioned shales will help to investigate the alteration in surface morphology 445 

and porosity. A 3D optical profiler (Zeta-20 Optical Microscope) was used to examine the topography of the shale 446 

polished surfaces and heterogeneity of surface minerals after reaction with acidic fluids. The complete dissolution of 447 

calcite can be observed by using the 2D image (Fig. A.1A), whereas the dissolution pores appeared in the form of noise 448 

in the 3D images (Fig. A.1B). This may happen if the local slope of the dissolution pore (left by dissolved calcite) exceeds 449 

the allowed maximum slope since the reflected light will be sent outside the objective of the microscope. 450 

It seems that the internal structure damage (spalling of illite) in shale RC618 results in a rougher surface (Fig. 16a-451 

c) compared to the surface of shale RC673, which consists mainly of quartz (Fig. 16d). This is due to the water adsorption 452 

by clay-rich shale that can generate local internal stress and thus cause spalling and induce fractures [80,84]. The regions 453 

of porosities left by the collapse of clay will increase the contact area between pyrite and the acidic fluid, and probably 454 

enhancing further oxidative dissolution of pyrite. The pyrite grains observed in Fig. 16a correspond to the pyrite grains 455 

shown in Fig. 15b, the height of pyrite was significantly higher than that of illite. Different surface heights of pyrite and 456 

quartz (Fig. 16a-d) illustrate that the position of the aggregate and hexagonal pyrite grains are lower, which means that 457 

pyrite grains are more dissolved. The Fe concentration due to pyrite dissolution by shale RC618 and RC673 in the fluids 458 

was 28.4 mg/L and 0.1 mg/L after 100 h reaction (approximately 1.1 and 4.1×10-3 mm3 of pyrite have been dissolved), 459 

respectively (No. 30 and 31, Table A.3). A hexagonal pore structure formed after the dissolution of hexagonal pyrite 460 

grains, to some extent, suggesting the mineral shape will influence the pore geometry (Fig. 16d). Therefore, the 461 

mineralogical compositions, and the shape and spatial distribution of reactive minerals may play an important role in 462 

determining the pore geometry and pore network after rock/fluid reaction. Furthermore, calcite dissolves faster than pyrite 463 

since both pyrite and calcite grains were in the same water environment (Fig. 16d). This confirms a faster kinetic 464 

dissolution of calcite [50], and it is also consistent with the rapid mobilisation of calcium as observed in section 3.3.1. 465 
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Fig. 16. 3D colour surface profiles of different minerals after acidic treatment in shale RC618 and RC673. 

Conclusions 466 

Several series of batch reactor experiments were carried out to determine elemental mobilisation from simulated 467 

fracturing fluids over a range of fluid chemistries and other conditions. The underlying chemical mechanisms behind 468 

element mobilisation involve mineral dissolution and element desorption at interfacial contacts, and strongly dictate the 469 

chemistry of flowback water. Moreover, the morphology and topography of the altered zone in the shale matrix 470 

(Carboniferous Bowland-Hodder unit, UK) enable a better understanding of pore generation and the kinetic dissolution 471 

of the main minerals during water-rock interaction. Our main conclusions are: 472 

(1) The oxidative dissolution of pyrite can lower the fluid pH, and authigenous calcite in the shale acts as a buffering 473 

agent since it dissolves due to reaction with the acid. The acidity- and alkalinity-generating reactions will primarily 474 

balance the pH of the fracturing fluids, and subsequently affect the geochemical composition of the fracturing fluids. 475 

(2) Elevated fluid acidity has a major influence on element mobilisation as in general, a low pH significantly favours 476 

the mobilisation of major elements (Ca, Mg, Fe, Al, K, Na). Calcite is found as the most reactive mineral amongst the 477 

main minerals observed in the shale samples; the leaching of Ca from shale occurs rapidly and stabilizes shortly after the 478 

initiation of the reaction. In contrast, the Fe release originating from the dissolution of pyrite demonstrates an increasing 479 

trend with time, and to a lesser extent, the mobilisation of Al and K, as well, derived from illite. 480 

A higher acid concentration favours the mobilisation of trace elements (Mn, Ni, Cu, As, Sr, Ba, Pb) through mineral 481 

dissolution and pH-driven desorption. The release of As and Sr is positively correlated with the mobilisation of Fe and 482 
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Ca, respectively, suggesting that the leaching of As and Sr is likely originated from the dissolution of pyrite and calcite, 483 

respectively. 484 

(3) An increase in temperature enhances oxidative dissolution of pyrite, and to a lesser extent, dissolution of 485 

aluminosilicates. Our results demonstrate that the acid concentration (for pH in the range of 1 to 5) influences the 486 

dissolution of calcite to a much greater extent than temperature (in the range of 30 to 70 ºC). The extent of calcite 487 

dissolution in this temperature range is about the same, thus the difference in the release of its accessory element of Mn 488 

and Sr is small. In addition, it seems that a higher temperature favours desorption, thereby reducing the adsorption 489 

capacities and promoting the leaching of trace elements at the exchange sites. 490 

(4) Higher rock/fluid ratio increases water-rock contact, which results in a higher concentration of most elements 491 

released in the simulated fracturing fluid. However, high rock/fluid ratio (elevated mass of carbonate minerals) also 492 

increases the capacity to generate alkalinity, which could possibly accelerate the adsorption of some trace metals because 493 

of decreased competition for exchangeable sites (e.g. Ba and Pb). Furthermore, the alkalinity generation (pH increase) 494 

can probably provide a favourable scenario for the immobilisation and removal of some metal ions through the formation 495 

of hydrolysis products (e.g. Fe-, Al-hydroxides) and oxidative precipitation (e.g. Mn oxides). 496 

(5) The newly formed macroscopic fractures after water-rock interaction are probably due to the generated local 497 

internal stresses during clay hydration. The mineralogical composition and the shape and spatial distribution of reactive 498 

minerals potentially play an important role in determining the pore geometry and pore network after water-rock 499 

interaction. The mineral topography demonstrates the preferential dissolution of calcite, related to the rapid mobilisation 500 

of calcium. Moreover, the dissolution pores may act as nucleation points for crack formation. 501 

(6) The contaminants released in drinking water is a major health concern, and the World Health Organization (WHO) 502 

has proposed guideline value for drinking water. Elements such as Pb, Mn, Ba and As have concentration guidelines in 503 

waters (10 μg/L, 0.4 mg/L, 1.3 mg/L, and 10 μg/L, respectively) [87]. Therefore, their mobilisation is an important 504 

observation. 505 
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