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Abstract  8 

Acid–rock dissolution in carbonates underpins many natural and engineered subsurface processes. 9 

Péclet–Damköhler (Pe–Da) scaling is traditionally used to relate dissolution patterns to reaction 10 

kinetics, advection, and diffusion, but it fails to explain contrasting patterns in fluid–rock systems 11 

with similar pH. This is because Da does not capture reaction-rate changes along the flow path, 12 

and the framework omits reaction capacity, which varies widely among fluid–mineral systems. 13 

Here we revisit this problem by retaining Pe to describe the advection–diffusion balance, replacing 14 

Da with a reactive persistence length (LE) representing the spatial extent of sustained reactivity, 15 

and introducing a reaction-front velocity (Vf) incorporating reaction capacity to describe front 16 

advance. Applying this framework to published experiments involving CO2-rich water, HCl, and 17 

EDTA injection into limestone and undersaturated brine injection into salt reveals a common 18 

progression of dissolution patterns in three-dimensional Pe–LE–Vf space despite chemical and 19 

mineralogical differences. These complementary physical measures capture both reactive-front 20 

advance and the spatial persistence of reactivity. 21 
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Introduction 24 

Acid-rock interactions leading to matrix dissolution in carbonate rocks are important in natural 25 

and engineering subsurface processes, including but not limited to karstification (Frisia and 26 

Borsato, 2010), rock diagenesis (Machel, 1999), dolomitisation (Machel, 2004), carbonate 27 

acidising (Fredd and Fogler, 1998b), and acid mine drainage (Dold, 2017). These interactions also 28 

matter in geological CO2 storage (Bachu, 2003), where dissolved CO2 produces carbonic acid that 29 

reacts with carbonate minerals, potentially altering pore structure and flow properties (Gaus, 2010; 30 

Vialle et al., 2014; Vafaie et al., 2023a). These reactions generate distinct patterns: uniform matrix 31 

dissolution, ramified porosity fingers or wormholes, and a spatially broad porosity wave 32 

progressing through the rock, known as compact dissolution. These patterns can govern the 33 

evolution of flow pathways, permeability, and reactive surface area. Forecasting dissolution 34 

regimes requires a quantitative understanding of how fluid reactivity evolves during transport 35 

through heterogeneous rock pore structures (Phillips et al., 2020; Vafaie et al., 2025). 36 

Dissolution patterns are conventionally classified in a dimensionless parameter space 37 

defined by the Péclet (Pe) and Damköhler (Da) numbers, which describe the relative importance 38 

of advection, diffusion, and reaction rates (Golfier et al., 2002; Fredd and Fogler, 1998b). A leading 39 

practical approach used in industry known as the global wormholing model is focused on empirical 40 

correlations between interstitial fluid velocity and the pore volumes required for wormhole 41 

breakthrough in a specific rock–fluid system (Buijse and Glasbergen, 2005; Talbot and Gdanski, 42 
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2008; Snippe et al., 2017; Snippe et al., 2020). Identifying fluid velocity as a key control on 43 

wormhole formation has been of value to these applications because injection rates are controlled 44 

by project operators. 45 

However, reliance on the empirical global wormholing model reflects the limited 46 

applicability of Pe–Da scaling across chemically distinct fluid–rock systems. Reaction rates 47 

change as fluid progresses through a domain, while systems differ substantially in their total 48 

reaction capacity before equilibrium is reached (Fredd and Fogler, 1998a,b; Vafaie et al., 2023b; 49 

Golfier et al., 2002). Conventionally, a single Damköhler number calculated from inlet chemistry 50 

and initial reaction properties characterises the entire rock domain (Noiriel et al., 2009; Vialle et 51 

al., 2014). Yet fluid progressively approaches equilibrium with the dissolving mineral, and changes 52 

in fluid composition and pore structure produce spatially varying dissolution rates (Kurganskaya 53 

and Luttge, 2021; Hale et al., 2022; Noiriel et al., 2009; Vafaie et al., 2023b). The finite penetration 54 

lengths of porosity fingers and compact dissolution fronts reflect this progressive loss of reactivity 55 

along the flow path. Thus, an inlet- or upstream-defined Da captures the initial transport-reaction 56 

balance but neither downstream reactivity evolution nor reaction capacity. Consistent with this 57 

limitation, CO2-rich water and HCl injection into carbonates (Vafaie et al., 2023b), EDTA injection 58 

into limestone (Fredd and Fogler, 1998b), and NaCl undersaturation experiments in salt packs 59 

(Golfier et al., 2002) produce similar dissolution patterns in different regions of conventional Pe–60 

Da space (Fig. 1). 61 
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 62 

Figure 1. Dissolution patterns from literature data plotted on the Pe-Da regime diagram of Golfier 63 

et al. (2002). Colours indicate the observed dissolution patterns in the experiments, including 64 

compact, conical (C), dominant (D), and ramified (R) wormholing, as well as uniform dissolution. 65 

The regime boundaries originate from a Darcy-scale numerical model based on mass-transfer-66 

limited dissolution. Salt-pack experiments reported by Golfier et al. (2002) fall within these fields, 67 

reflecting the consistency between the model assumptions and the NaCl dissolution system. In 68 

contrast, carbonate rock-acid systems involving CO2-rich water, HCl, and EDTA yield markedly 69 

different dissolution morphologies. 70 

In this study, we extend the current dissolution regime framework to incorporate reaction 71 

capacity alongside reaction kinetics and advective and diffusive transport behaviours, using 72 

physically based quantities that naturally emerge from the fluid dynamics involved in geological 73 

reactive transport. This involves replacing the Damköhler number with two complementary 74 
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quantities, known as the equilibration or reaction length and the reaction front velocity, and most 75 

commonly used in the field of geological fluid dynamics, that reflect the balance of reaction 76 

capacity and reaction kinetics against advective transport. These quantities are defined formally 77 

below. We use this framework to reanalyse literature data spanning a range of fluid-rock systems, 78 

including CO2-rich water, HCl, and EDTA solutions interacting with limestones, as well as NaCl 79 

undersaturation experiments on salt packs (Fredd and Fogler, 1998; Golfier et al., 2002; Snippe et 80 

al., 2020; Vafaie et al., 2023b). We show that the framework resolves current discrepancies in 81 

mapping dissolution regimes onto observed reaction patterns across a wide range of experimental 82 

fluid and mineral environments.  83 

Theory and Conceptual Framework 84 

Here, we revisit the framework for forecasting dissolution regimes by retaining the Péclet number 85 

as a descriptor of advective–diffusive transport and replacing the Damköhler number with two 86 

complementary quantities: the equilibration length or reaction length, 𝐿𝐸, and the reaction-front 87 

velocity, 𝑉𝑓, both commonly used in the field of geological fluid dynamics (Phillips, 2009). These 88 

quantities separate the effects of reaction kinetics and fluid reaction capacity, which are combined 89 

within the conventional Damköhler number. 90 

The Péclet number describes the relative importance of advective and diffusive transport 91 

(Oelkers, 1996), 92 

𝑃𝑒 = 𝑞𝐿 𝜑 ∙ 𝐷⁄ ,                                                                                                                               (1)                                                                                                                     93 
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where 𝑞 is the Darcy flux (m s-1), L is the characteristic flow length (m), 𝜑 is the rock porosity (-94 

), and D is the effective diffusion coefficient (m2 s-1).  95 

In Phillips’ (2009) formulation, the reaction source is parameterised using a bulk rate 96 

coefficient, γ, with units of inverse time (s-1). The corresponding reaction timescale is γ⁻¹. A fluid 97 

element moving at the mean interstitial velocity, u (m s-1) travels the characteristic distance,  98 

𝐿𝐸 = 𝑣 𝛾⁄ ,                                                                                                                                     (2)                                                                                                       99 

during this time. Therefore 𝐿𝐸 (m), known as the reaction front width, is the distance over which 100 

the fluid approaches equilibrium with the solid. We will also refer to this as the reaction persistence 101 

length to better reflect the focus of its use in this analysis. 102 

Equivalent bulk rate coefficients γ are not conventionally reported for fluid-mineral 103 

systems included in the present dataset. Calculating them would also require estimates of the 104 

accessible reactive surface area, which are uncertain and not reported consistently among the 105 

experiments (Noiriel et al., 2009).  We therefore use a proxy of the reaction persistence length 106 

scale calculated as, 107 

𝐿𝐸 = 𝑣 𝑘𝑟⁄ ,                                                                                                                              (3) 108 

where 𝑘r is the more conventionally used reaction rate constant adopted for the relevant fluid-109 

mineral system at the experimental temperature and fluid composition.  110 

For proton-promoted carbonate dissolution, the reaction-rate constant is written as, 111 

𝑘r = 𝑘(𝑇) ∙ 10−𝑝𝐻,                                                                                                                        (4) 112 
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where 𝑘(𝑇) is the temperature-dependent coefficient for the proton-promoted reaction mechanism 113 

(s-1). The kinetic parameters used to evaluate 𝑘(𝑇)  are taken from Palandri and Kharaka (2004) 114 

and 10−𝑝𝐻 represents the hydrogen-ion activity of the inlet fluid. For the EDTA–calcite system, 115 

the surface kinetic parameter is calculated from the values reported by Fredd and Fogler (1998c), 116 

for the protonated EDTA species dominant at pH 4. For the undersaturated NaCl system, the halite 117 

kinetic parameters are taken from Palandri and Kharaka (2004) and corrected to the experimental 118 

temperature using the Arrhenius equation. 119 

Because 𝑘r is not necessarily equivalent to the bulk equilibration coefficient γ used by 120 

Phillips (2009), we use 𝐿𝐸 as a comparative measure of the reactivity persistence rather than the 121 

thickness of the reaction zone, although these properties should be proportional to each other. Low 122 

𝐿𝐸 values indicate that the reaction is rapid relative to advection, causing fluid reactivity to be 123 

consumed close to the inlet. High 𝐿𝐸values indicate that advection is rapid relative to reaction 124 

kinetics, allowing the fluid to remain reactive farther along the flow path.  125 

Adopting the concept of reaction-front propagation driven by fluid supply and 126 

stoichiometric consumption (Phillips, 2009), the propagation of the reactive zone is captured by 127 

the reaction-front velocity, 128 

𝑉𝑓 =  𝑞 ∙ 𝐶𝑚𝑎𝑥 𝑚. 𝑛⁄ ,                                                                                                                         (5) 129 

where 𝐶max is the maximum fluid reaction capacity under the given chemical conditions (mol m-130 

3), 𝑚 is the stoichiometric coefficient representing the number of moles of reactant consumed per 131 
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mole of mineral dissolved, and 𝑛 is the solid molar density (mol m-3), which specifies the amount 132 

of dissolvable solid per unit bulk volume as, 133 

𝑛 = 𝜌𝑠(1 − 𝜑) 𝑀𝑠⁄                                                                                                                          (6) 134 

where 𝑀𝑠 is the molar mass (kg mol-1) and 𝜌𝑠 the density (kg m-3).  135 

We demonstrate this predictive framework against experimental data from the literature. A 136 

key parameter in this evaluation is 𝐶max, which depends on the fluid–rock system and is defined 137 

consistently:  138 

- for strong-acid systems (HCl), as the inlet proton concentration, assuming complete 139 

consumption of acidity according to reaction stoichiometry,  140 

- for CO2-rich systems, 𝐶𝑚𝑎𝑥 is defined as the equilibrium calcite dissolution capacity of the 141 

injected fluid at the imposed temperature and CO2 pressure. This value is calculated from the 142 

increase in dissolved calcium between the CO2-equilibrated inlet solution and the solution after 143 

equilibrium with calcite. PHREEQC calculations give 𝐶𝑚𝑎𝑥 = 24.8 (mol m-3) for the conditions 144 

of Vafaie et al. (2023b) and 23.92 (mol/m3) for the single-phase experiments of Snippe et al. 145 

(2020). 146 

- for EDTA systems, as the inlet chelating agent concentration, assuming a 1:1 stoichiometric 147 

complexation with calcium, and  148 

- for NaCl undersaturation experiments, as the saturation deficit, i.e., the difference between the 149 

equilibrium solubility and the inlet concentration. 150 
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As such, 𝐶max provides a consistent measure of the fluid’s capacity to dissolve minerals 151 

across different chemistries. 152 

Data and Analysis Approach  153 

We integrate published dissolution experiments spanning a range of fluid-rock systems to 154 

assess how reactive length scale and reaction-front velocity describe the evolution of dissolution 155 

patterns. The dataset includes (i) CO2-rich water and HCl interactions with Pont du Gard limestone 156 

(Vafaie et al., 2023b), (ii) single-phase CO2-rich water injection into Estaillades limestone (Snippe 157 

et al., 2020), (iii) NaCl undersaturation experiments in Hele-Shaw salt packs (Golfier et al., 2002), 158 

and (iv) EDTA injection into Indiana limestone (Fredd and Fogler, 1998). For the Snippe et al. 159 

(2020) dataset, we include only the three single-phase experiments that reached wormhole 160 

breakthrough. We exclude the experiment without observed breakthrough and all multiphase 161 

experiments.  162 

For each experiment, the Péclet number, Pe, is calculated from the measured flow rate, 163 

characteristic flow length, porosity, and effective diffusion coefficient. The reaction-rate constant, 164 

𝑘r, and maximum fluid reaction capacity, 𝐶𝑚𝑎𝑥, are determined using the system-specific 165 

definitions described above. The reactivity persistence scale, 𝐿𝐸, is then calculated from the 166 

measured flow rate, porosity, and reaction-rate constant, while the reaction-front velocity, 𝑉𝑓, is 167 

calculated from the measured flow rate, 𝐶𝑚𝑎𝑥, the solid molar density of the dissolving mineral, 168 

n, and the appropriate stoichiometric coefficient, m. Dissolution patterns reported in the original 169 

studies (compact, wormholing, dominant, ramified, or uniform) are retained without 170 

reinterpretation. A summary of the calculations is provided in Table 1.  171 
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 Table 1. Summary of literature experiments reanalysed in this study. Parameters include rock 172 

type, injected solution, pH, initial porosity (𝜑), Darcy flux (𝑞), Péclet number (Pe) reaction rate 173 

constant (𝑘r), maximum fluid reaction capacity (𝐶𝑚𝑎𝑥), reactivity persistence scale (𝐿𝐸), reaction-174 

front velocity (𝑉𝑓), and dissolution pattern (DP). Dissolution patterns include compact (C), conical 175 

wormholes (CW), dominant wormholes (DW), ramified wormholes (RW), and uniform dissolution 176 

(U), as reported in the original studies. 177 

Study Rock Solution pH 
𝝋 

(-) 

q 

(m s-1) 
Pe 

𝑪𝒎𝒂𝒙 

(mol m-3) 

𝒌𝒓 

(1 s-1) 

𝑳𝑬 

(m) 

𝑽𝒇 

(m s-1) 
DP 

Vafaie et al. 
(2023b) 

           

L CO2 3.1 0.29 5.1 ∙ 10−6 255 24.8 6.8 ∙ 10−6 2.6 ∙ 10−2 6.7 ∙ 10−9 DW 

 L CO2 3.1 0.24 5.1 ∙ 10−6 224 24.8 6.8 ∙ 10−6 3.1 ∙ 10−2 6.3 ∙ 10−9 CW 

 L HCl 3.1 0.26 5.1 ∙ 10−6 381 7 6.8 ∙ 10−6 2.9 ∙ 10−2 9.1 ∙ 10−10 C 

 L HCl 3.1 0.29 5.1 ∙ 10−6 397 7 6.8 ∙ 10−6 2.6 ∙ 10−2 9.4 ∙ 10−10 C 

Snippe et 

al.(2020) 

           

L CO2 3.2 0.28 1.8 ∙ 10−6 135 23.92 5.2 ∙ 10−4 1.2 ∙ 10−2 2.2 ∙ 10−9 DW 

 L CO2 3.2 0.26 4.0 ∙ 10−6 303 23.92 5.2 ∙ 10−4 3.0 ∙ 10−2 4.8 ∙ 10−9 RW 

 L CO2 3.2 0.27 2.0 ∙ 10−5 1.5 ∙ 103 23.92 5.2 ∙ 10−4 1.4 ∙ 10−1 2.4 ∙ 10−8 RW 

Golfier et al. 

(2002) 
           

50 g/l 

S NaCl - 0.36 2.8 ∙ 10−5 6.9 ∙ 103 5.3 0.598 1.3 ∙ 10−4 6.2 ∙ 10−9 C 

S NaCl - 0.36 2.8 ∙ 10−4 6.9 ∙ 104 5.3 0.598 1.3 ∙ 10−3 6.2 ∙ 10−8 CW 

S NaCl - 0.36 4.4 ∙ 10−4 1.1 ∙ 105 5.3 0.598 2.1 ∙ 10−3 9.9 ∙ 10−8 CW 

S NaCl - 0.36 5.5 ∙ 10−4 1.3 ∙ 105 5.3 0.598 2.6 ∙ 10−3 1.2 ∙ 10−7 DW 

S NaCl - 0.36 1.1 ∙ 10−3 2.7 ∙ 105 5.3 0.598 5.2 ∙ 10−3 2.5 ∙ 10−7 RW 

S NaCl - 0.36 1.4 ∙ 10−3 3.5 ∙ 105 5.3 0.598 6.4 ∙ 10−3 3.1 ∙ 10−7 RW 

150 g/l 

S NaCl - 0.36 2.8 ∙ 10−5 6.9 ∙ 103 3.59 0.598 1.3 ∙ 10−4 4.2 ∙ 10−9 C 

S NaCl - 0.36 2.8 ∙ 10−4 6.9 ∙ 104 3.59 0.598 1.3 ∙ 10−3 4.2 ∙ 10−8 CW 

S NaCl - 0.36 4.4 ∙ 10−4 1.1 ∙ 105 3.59 0.598 2.1 ∙ 10−3 6.8 ∙ 10−8 DW 

S NaCl - 0.36 5.5 ∙ 10−4 1.3 ∙ 105 3.59 0.598 2.6 ∙ 10−3 8.5 ∙ 10−8 DW 

S NaCl - 0.36 1.1 ∙ 10−3 2.7 ∙ 105 3.59 0.598 5.2 ∙ 10−3 1.7 ∙ 10−7 RW 

S NaCl - 0.36 1.4 ∙ 10−3 3.4 ∙ 105 3.59 0.598 6.4 ∙ 10−3 2.1 ∙ 10−7 RW 

230 g/l 

S NaCl - 0.36 8.3 ∙ 10−5 2.1 ∙ 104 2.22 0.598 3.9 ∙ 10−4 7.8 ∙ 10−9 
C/C
W 

S NaCl - 0.36 1.6 ∙ 10−4 4.1 ∙ 104 2.22 0.598 7.7 ∙ 10−4 1.6 ∙ 10−8 
C/C
W 

S NaCl - 0.36 2.8 ∙ 10−4 6.9 ∙ 104 2.22 0.598 1.3 ∙ 10−3 2.6 ∙ 10−8 DW 

S NaCl - 0.36 5.5 ∙ 10−4 1.3 ∙ 105 2.22 0.598 2.6 ∙ 10−3 5.2 ∙ 10−8 RW 

S NaCl - 0.36 1.4 ∙ 10−3 3.4 ∙ 105 2.22 0.598 6.4 ∙ 10−3 1.3 ∙ 10−7 RW 

S NaCl - 0.36 1.7 ∙ 10−3 4.1 ∙ 105 2.22 0.598 7.7 ∙ 10−3 1.6 ∙ 10−7 RW 

            

Fredd and 

Fogler (1998b) 
           

 L EDTA 4 0.18 1.5 ∙ 10−7 15 250 6.7 ∙ 10−4 1.22 ∙ 10−3 1.7 ∙ 10−9 C 

 L EDTA 4 0.18 3.7 ∙ 10−7 37 250 6.7 ∙ 10−4 3.0 ∙ 10−3 4.1 ∙ 10−9 CW 

 L EDTA 4 0.18 8.8 ∙ 10−7 88 250 6.7 ∙ 10−4 7.3 ∙ 10−3 9.9 ∙ 10−9 DW 

 L EDTA 4 0.18 2.2 ∙ 10−6 220 250 6.7 ∙ 10−4 1.8 ∙ 10−2 2.5 ∙ 10−8 RW 

 L EDTA 4 0.18 1.5 ∙ 10−5 1.4 ∙ 103 250 6.7 ∙ 10−4 1.2 ∙ 10−1 1.7 ∙ 10−7 RW 

 L EDTA 4 0.18 4.4 ∙ 10−5 4.4 ∙ 103 250 6.7 ∙ 10−4 3.6 ∙ 10−1 5.0 ∙ 10−7 U 

 178 
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Results and Discussion  179 

When dissolution behaviour from all analysed studies is expressed in terms of reaction-front 180 

velocity (𝑉𝑓),  reactivity persistence scale (𝐿𝐸), and Péclet number (Pe), the data form a coherent 181 

pattern across different fluid-rock systems (Fig. 2). This organisation is consistent across the 182 

diversity of chemistries considered and despite the wide range of dissolution morphologies 183 

originally reported. Dissolution regimes occupy distinct regions within the 𝐿𝐸 − 𝑉𝑓 − Pe space.  184 

The correlation is the most sensitive to variation in 𝐿𝐸 − 𝑉𝑓 , forming a diagonal sequence 185 

from compact to wormholing and ultimately to uniform dissolution with increasing 𝐿𝐸  and 𝑉𝑓. 186 

Compact dissolution is confined to low reactivity persistence scales and front velocities, where 187 

fluid reactivity is consumed near the inlet and the reactive front advances slowly. As 𝐿𝐸  and 𝑉𝑓 188 

increase, the fluid remains reactive over a greater distance and supplies sufficient reaction capacity 189 

for localised dissolution pathways to develop. Within this intermediate region, the wormhole 190 

morphologies show a general progression from conical to dominant and then ramified structures. 191 

At the highest 𝐿𝐸  and 𝑉𝑓 , reactivity persists over a longer distance in the porous medium, and the 192 

reaction front advances more rapidly, favouring distributed and ultimately uniform dissolution. 193 

The impact of the Péclet number is less strong across the parameter space.  Figure 2 shows 194 

that although Pe provides insight into the balance between advective and diffusive transport, it 195 

does not clearly distinguish dissolution regimes. Similar dissolution patterns occur over broad and 196 

partly overlapping ranges of Pe. Within individual experimental datasets, increasing flow rate 197 

generally increases 𝑃𝑒, 𝐿𝐸, and 𝑉𝑓, promoting a progression towards more spatially distributed 198 

dissolution. However, this does not imply that Pe has a negligible influence. Extending the Pe 199 
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range within individual fluid–rock systems would help determine how stronger diffusive 200 

redistribution at lower Pe and stronger advective transport at higher Pe modify the regime 201 

organisation. 202 
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Figure 2. Distribution of dissolution patterns in terms of the Péclet number (Pe), reactivity 204 

persistence scale (𝐿𝐸) , and reaction-front velocity (𝑉𝑓) for carbonate and salt dissolution 205 

experiments. The dataset includes aqueous solutions with dissolved CO2, HCl, and EDTA injected 206 

into limestone samples, as well as undersaturated aqueous NaCl solutions injected into salt packs. 207 

(a) Three-dimensional representation of the experimental data in Pe–𝐿𝐸–𝑉𝑓 space. (b) Projection 208 

onto the 𝐿𝐸–𝑉𝑓 plane. (c) Projection onto the Pe–𝑉𝑓  plane. Marker shapes identify the experimental 209 

datasets, while marker colours represent the reported dissolution patterns. The shaded background 210 

regions indicate the broad progression from compact dissolution through wormholing to uniform 211 

dissolution. The boundaries between these regions illustrate the organisation of the experimental 212 

data and the inference of general regime boundaries.  213 

The consistent spatial organisation of the data indicates a common physical control arising 214 

from combined effects of reaction kinetics, fluid reaction capacity, and advective transport, directly 215 

linking to the dissolution morphology. Figure 3 illustrates the mechanistic interpretation of this 216 

framework. At low 𝐿𝐸 and 𝑉𝑓, reaction rapidly consumes the available fluid reactivity near the 217 

inlet, while the limited supply of reaction capacity results in slow propagation of the reactive zone. 218 

These conditions produce compact dissolution (Fig. 3b). At intermediate 𝐿𝐸  and 𝑉𝑓 fluid reactivity 219 

persists farther into the porous medium and the reactive zone advances more rapidly. Under these 220 

conditions, small variations in pore structure and permeability can direct the reactive flow into 221 

preferential pathways, promoting wormhole formation (Fig. 3c). At high 𝐿𝐸  and 𝑉𝑓 values, 222 

reactive fluid is transported over larger distances, and sufficient reaction capacity is supplied to 223 
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advance the front across a broader area. Consequently, dissolution becomes less localised and 224 

approaches a uniform regime (Fig. 3d). 225 
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Figure 3. Conceptual illustration of transport–reaction coupling in porous media. (a) Reactivity 227 

persistence scale (𝐿𝐸) and reaction-front velocity (𝑉𝑓) defenition, where 𝐿𝐸 represents the spatial 228 

extent over which reactivity is sustained, and 𝑉𝑓 quantifies front propagation rate between two 229 

front positions (x1 and x2). (b) Low 𝐿𝐸 − 𝑉𝑓: reaction dominates over transport, leading to compact 230 

dissolution. (c) Intermediate 𝐿𝐸 − 𝑉𝑓: transport and reaction are balanced, promoting localised 231 

flow and wormhole formation. (d) High 𝐿𝐸 − 𝑉𝑓: transport sustains reactivity over longer 232 

distances, resulting in more distributed and uniform dissolution.  233 

Additional experiments would allow the framework to be tested for wider range of conditions, 234 

particularly for carbonate systems interacting with CO2-rich fluids, for which the available data 235 

remain relatively limited (Vialle et al., 2014; Menke et al., 2017; Léger et al., 2022). Controlled 236 

experiments that systematically vary flow conditions while maintaining consistent chemistry and 237 

lithology would help assess the robustness of the identified regime transitions and extend the 238 

framework to a broader range of reactive transport conditions. Our ongoing work aims to address 239 

this objective by combining dissolution experiments with real-time imaging over a broad range of 240 

flow rates, enabling direct tracking of reaction-front evolution and comparison with the regime 241 

organisation identified here. 242 

Conclusions  243 

This study reanalyses dissolution experiments across multiple fluid-rock systems to identify key 244 

controls on dissolution patterns in porous media. Across large variations in fluid chemistry, 245 

lithology, and experimental conditions, the analysed systems show a consistent organisation when 246 
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expressed in terms of reactivity persistence scale (𝐿𝐸),  and reaction-front velocity (𝑉𝑓), and Péclet 247 

number (Pe). Compact dissolution occurs at low 𝐿𝐸 and low 𝑉𝑓, followed by a progression through 248 

conical, dominant, and ramified wormholing as fluid reactivity persists farther into the porous 249 

medium and the reaction front advances more rapidly. Uniform dissolution occurs at highest 𝐿𝐸 250 

and 𝑉𝑓, where reactivity is distributed over a broader region of the porous medium.  251 

This consistent progression indicates that the persistence of fluid reactivity and the rate of 252 

reaction-front propagation capture common physical controls on dissolution-pattern development 253 

across chemically and structurally different systems. By separating the effects of reaction kinetics 254 

and fluid reaction capacity, the 𝐿𝐸 − 𝑉𝑓 framework provides a more physically interpretable 255 

description of dissolution behaviour than conventional Péclet-Damköhler scaling alone. The 256 

identified regime organisation enables prediction of dissolution morphology and provides a basis 257 

for evaluating how changes in flow and reaction conditions influence the transition from compact 258 

to localised and ultimately distributed dissolution.  259 

Further controlled experiments, particularly for carbonate systems interacting with CO2-260 

rich fluids, will allow the framework to be tested over a wider range of conditions and strengthen 261 

its application to the design, optimisation, and risk assessment of subsurface processes, particularly 262 

geological CO2 storage. 263 
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