Reply to Reviewer 1
Reviewer 1: The manuscript presents numerical experiments of reactive transport in a homogeneous porous medium, where dissolution and precipitation leads to porosity and conductivity changes. The Lagrangian particle tracking approach is implemented. The analysis focuses on the self-organization of the spatial distribution of concentration and the breakthrough curves, employing Shannon entropy as a measure of self-organization. The main results are: (1) The characterization of the mean and variance of conductivity and global reaction rate variations with time as a function of the Peclet number, including a scaling relationship. (2) A surprising channel behavior of the transport as a result of the reactions is found and characterized with Shannon entropy, shown also to scale with the Peclet number. (3) A thermodynamic explanation is presented for the self-organization behavior in the form of increased energy from hydraulic power. 

The manuscript is well written and clear. It offers novel physical insight and results which are of great interest to the hydrology community. I recommend acceptance following some minor revisions and questions as detailed below:

1. It would have been nice to see a comparison of a simple simulation without reaction to the analytical solution for validation of the numerical code. Perhaps a citation regarding validation can be provided?
[bookmark: _Hlk142467325]We sincerely appreciate the reviewer’s comment that is aimed at understanding the steps undertaken to validate the underlying particle tracking model. In the current work, two particle tracking models were employed – the Reactive particle tracker (RPT), used to simulate the dynamic reaction-transport interaction in the initially homogeneous porous medium and the Non-reactive particle tracker (NRPT), used to analyze the transport self-organization in the snapshots of the field as it undergoes reaction, which leads to the emergence of heterogeneity. 
Both of these models employ the Langevin stochastic differential equation (SDE) to simulate transport, while the main difference between the two is: in the NRPT, the particles move along the flow streamlines in discrete jumps of constant spatial duration, while the time that each jump takes is being summed up to determine the breakthrough time for each particle; in the RPT, the particles also move along the flow streamlines in series of discrete jumps of constant spatial duration, however, since the chemical reaction occurs in constant time intervals, last jump of each time interval usually will be shorter than the nominal jump distance. To be used in the context of a numerical simulation, the Langevin equation in both models is discretized using the straightforward Euler-Maruyama method [Kloeden (1992)]. See the manuscript draft for the complete definition of the Langevin SDE used in the model.
To perform validation of both models against known analytical solution, an important property of equivalence of the Langevin stochastic differential equation (SDE) and the well-known advection-diffusion differential equation (ADE) was employed [Risken (1996), Perez et al. (2019)]. This equivalence takes place when the statistical ensemble of particles considered in the solution of SDE is large enough. 
For the instantaneous injection of solute into a homogeneous medium, the solution for ADE is well-known and is given by the Gaussian distribution of solute concentration [Kreft and Zuber (1978), Table 2]. To validate the models, a large quantity of non-reactive particles was injected at the inlet of the field and then allowed to move along the X axis of the field (1D case), while their motion was governed by the 1D Langevin equation. Numerical convergence of the transport to the ADE analytical solution for the 1D instantaneous injection into a homogeneous medium was checked. Also, convergence of the Langevin SDE, as implemented in the model, to analytical solution was checked using tools from Stochastic differential calculus. 
The main conclusions from the convergence study are:
· The particle transport exhibits behavior identical to ADE for the validation scenario.
· Convergence rates correspond to theoretical values.
 See attached convergence reports for details.
A note on validation added to manuscript draft at l. 252-253 (see List of updates).

2. A sentence for motivation can be added – for example, how self-organization and Shannon entropy can be used for prediction.
We thank the reviewer for the opportunity to present the relevance of our work to the reader. Attached is the motivation sentence that gives potential applications of the thermodynamical framework:
Employing thermodynamic framework to investigate the dynamic reaction-transport interaction in porous media may prove beneficial whenever the need exists to establish relations between the intensification of the preferential flow path phenomenon, represented by the decline in Shannon entropy of the transport, to the amount of reaction that occurred in the porous medium and the change in its heterogeneity. This can be of considerable significance to implications of reactive-transport interaction in various geophysical applications and assist, for example, in estimation of efficient ways to remediate soil contamination, determination of optimal conditions for CO2 sequestration and estimation of oil extraction rates from the borehole.
This short paragraph was added to the draft at l.27 and l.784 (see List of updates).
3) In Figure 1 units are missing for the color bar values. 
Thank you for pointing out the missing units’ issue. The units of the hydraulic conductivity K are [cm/min] (as stated in the manuscript’s updated version, line 193). They were added in the caption for Figure 1. The draft was checked thoroughly to ensure all described parameters have units. See List of updates.
4) Figures 1, 2c and 2d all show that the heterogeneity that develops is very minor and for most practical purposes the media could still be considered homogeneous. How would the results of this work change if there were more significant changes in conductivity?
The reviewer is correct in pointing out the relatively small scale of the phenomenon presented in the paper draft. The initial state of the porous medium is completely homogeneous, and the heterogeneity that develops is indeed relatively minor. 
The trends presented in the paper draft could have been more pronounced quantitatively, had the simulation been allowed to run longer. The simulation was stopped soon after pore volume time was reached due to computational time limitations, since running the LPT code with large number of particles consumes considerable computational resources.
Had the model been allowed to run longer, the trends presented in the paper draft would have been more pronounced: further increase in heterogeneity would lead to bigger drop in Shannon entropy of the transport, as well as an increase in the Shannon entropy of the breakthrough times and the hydraulic power dissipated by the flow. The dependency of the reactive transport evolution and the thermodynamic quantities on the Pe number would remain identical.
This was added to the manuscript draft in l. 558 and l. 646 (see List of updates)

5)  It was not clear to me how the concentration in Fig. 3 is defined. In line 556 it is stated that it is the number of particles visiting a cell. Shouldn't that be normalized by the total number of particles?
We thank the reviewer for pointing out the need for clarification of the definitions in the manuscript draft. The concentration of particles in a cell is not normalized by the total number of particles, but rather by the number of particles that would pass through cell in case of a completely homogeneous distribution (equilibrium state) . This number is equal to the total number of the injected non-reactive particles  divided by the number of computational cells in the direction transverse to flow (y-axis) : . Thus, in a completely homogeneous case, each cell will see an identical number of particles passing through each computational cell.
Therefore, the relative non-reactive tracer concentration  is defined as the deviation of the number of particles in a cell from the state of a completely homogenous particle distribution (equilibrium state). Here, c is defined as the decimal logarithm of the number of particle visitations in a cell,   , while  is the decimal logarithm of the number of particle visitations in equilibrium state, where the particles are distributed homogeneously in a field   (logarithmic scale here is used for clearer color plot representation of results). Finally,   , the decimal algorithm of particle visitation number in a cell relative to (or normalized by) particle visitations in the equilibrium state.  
From the standpoint of transport self-organization, the completely homogeneous case represents lack of self-organization, where each cell sees an identical number of particles. This case corresponds, therefore, to the maximum possible Shannon entropy in our system. Transport self-organization increases along with the deviations from equilibrium, as shown by a decreasing Shannon entropy. 
The definition of the relative non-reactive tracer concentration was reformulated for clarity, and appears in l. 572-578 (see List of updates)


6) Line 712 states that a few paths carry the larger part of the injected particles. Does Figure 3 support this? What does a path with 0.2 value mean?  How many more particles (in terms of percentage) are in that path compared to the 0-value path?
This is indeed an important comment by the reviewer which will allow us to strengthen this issue in our current work. Yes, Figure 3 supports this, since, in correspondence with the definitions brought in the answer to Question (5), the significant deviations of the relative non-reactive tracer concentration   from the equilibrium value of 0 represent either the paths where much less particles pass relatively to the equilibrium state (negative values of )  or the paths where much more particles pass relatively to the equilibrium state (positive values ). Considering the temporal evolution of , as shown in Figs. 3 (a-d), one clearly sees an intensification of these deviations from the equilibrium value of 0 with time. In Figure 3(d), that corresponds to 0.96 of pore volume time, there are a few paths that correspond to  and below, while some of the others correspond to   and above.
For  . Thus, in this case we have 58% more particles that visited the cell than in the case of a completely homogeneous particle distribution in the field. 
For  . Thus, in this case we have 61% less particles that visited the cell than in the case of a completely homogeneous particle distribution in the field. 
For  . This case corresponds to a completely homogeneous particle distribution in the field (equilibrium state). 
The maximum deviations in particle distribution from the equilibrium state are actually larger than +0.2 / -0.4 (deep red/blue areas), but colormap ranges have been adjusted for clarity. These deviations could have been bigger, depending on the choice of termination time / reaction enhancement.
The sentence in l. 712 has been reformulated as follows:

As the reactive processes in the field advance, the evolving variations in the hydraulic conductivity of the field create an autocatalytic feedback mechanism that leads to an emergence of finger-like preferential flow paths. These paths interact, competing for the available flow, so that eventually some paths carry a significantly larger portion of particles compared to the state of equilibrium, while others carry a much lesser part, as seen from the increasing concentration gradients in the direction transverse to flow.
Appears in the manuscript draft in l. 744 (See list of updates).








List of manuscript updates:

l. 27 - Motivation sentence added: 

Employing thermodynamic framework to investigate the dynamic reaction-transport interaction in porous media may prove beneficial whenever the need exists to establish relations between the intensification of the preferential flow path phenomenon, represented by the decline in Shannon entropy of the transport, to the amount of reaction that occurred in the porous medium and the change in its heterogeneity. This can be of considerable significance to implications of reactive-transport interaction in various geophysical applications and assist, for example, in estimation of efficient ways to remediate soil contamination, determination of optimal conditions for CO2 sequestration and estimation of oil extraction rates from the borehole.


l. 167-180 – eqs. (1)-(2) rewritten, text updated:

When the low pH water (pH level of 3.5) enters the calcite porous medium, initially saturated and in chemical equilibrium with the resident fluid (pH level of 8), dissolution of calcite occurs, accompanied by the production of calcium and carbonic acid, as represented by the following equations

CaCO3(s) ↔ Ca(2+) + CO3(2-)      (1) 

CO3(2-) + 2H+ ↔ H2CO3              (2)

Here, the carbonate ion CO3(2−), that appears due to dissolution of CaCO3 in water, recombines with two hydrogen ions H+ to produce carbonic acid. The deprotonation reaction (2) represents the sum of the two acid equilibria of the carbonic acid [Manahan (2000)]. The fluid pH level is assumed to be bounded by that of the resident fluid. The reaction is assumed to be fully reversible, therefore the opposite precipitation reaction is also possible, given that the pH conditions are favorable. The injected fluid is a source of both Ca(2+) and H+. We assume an abundance of Ca(2+) in the fluid, thus making the reaction (1) non rate-limiting. Therefore, the rate-limiting reaction is (2), that is controlled by the available hydrogen ions H+. This is consistent with experimental observations [Singurindy and Berkowitz (2003)]. Combining both equations along the lines of Edery et al. (2021), we obtain the following simplified equation

A ↔ B


l. 252-253: A sentence regarding the transport validation added:

The transport part of the model has been validated against the well-known case of one-dimensional instantaneous injection in homogeneous medium, for which analytical solution exists [Kreft and Zuber (1978)].


l. 272-273 – A sentence added:

Since Ca(2+) is not the rate-limiting factor, reaching local equilibrium in the cell amounts to equilibrate the carbonates there.


l.297-299 – Sentence rewritten:

In order to overcome constraints, associated with computational costs, reaction enhancement has also been considered. For this purpose, the change in the cell volume (9) due to a certain amount of reaction is increased by several orders of magnitude.


Figure 1 – Caption updated:

Units added to K-K0.

l. 558-564 – A sentence added:

The relatively small scale of the phenomenon presented in this study must be pointed out. The initial state of the porous medium is completely homogeneous, and the heterogeneity that develops is relatively minor. The trends presented could have been more pronounced quantitatively, had the simulation been allowed to run longer. The simulation was stopped soon after pore volume time was reached due to computational time limitations, since running the LPT code with large number of particles consumes considerable computational resources. Had the model been allowed to run longer, the mean conductivity and the heterogeneity trends are expected to further increase, while the dependency of the reactive transport evolution on the Peclet number is expected to remain identical.

l. 572-578 – Definition reformulated:

The emergence of transport self-organization in the reacting field is evident from the Figures 3a-d that present the decimal logarithm of the relative non-reactive tracer concentration  in the snapshots of the field that undergoes reactive process at Pe=0.38, for different values of the dimensionless time .  is defined as the ratio of the total number of non-reactive particle visitations in a cell to the number of particle visitations in a cell in the equilibrium state (represented by perfect mixing in the field). Here, the number of particle visitations in the equilibrium state is defined by , which corresponds to the case of a uniform particle injection in the completely homogeneous field, where the same number of particles visits each cell in the field.

l. 594-601 – Sentence added:

The deviations of the decimal logarithm of the relative non-reactive tracer concentration, shown in Figures 3a-d, from the equilibrium value of 0 represent either the paths where less particles pass relatively to the equilibrium state (negative values of ) or the paths where more particles pass relatively to the equilibrium state (positive values of ). Considering the temporal evolution of , one clearly sees an intensification of these deviations from the equilibrium value of 0 with time. In Figure 3d (=0.96), there are a few paths that correspond to the decimal logarithm of  and below (61 per cent less particles that visited the path than in the case of a completely homogeneous particle distribution in the field), while some of the others correspond to the decimal logarithm of  and above (58 per cent more particles that visited the path than in the case of a completely homogeneous particle distribution in the field).





l. 646-648 – A sentence added:

Here, again, the relatively small scale of the presented phenomenon must be pointed out, although the apparent tendencies are clear. Had the model been allowed to run longer, further increase in heterogeneity would lead to a more pronounced decrease in the Shannon entropy of the transport. The Peclet scaling property is expected to remain identical.

l. 744-747 – Sentence reformulated:

These paths interact, competing for the available flow, so that eventually some of the paths carry a significantly larger part of the injected particles than the others, as seen from the increasing concentration gradients in the direction transverse to flow.

l. 784-790- A motivation sentence added:

To conclude the current study, employing thermodynamic framework to investigate the dynamic reaction-transport interaction in porous media may prove beneficial whenever the need exists to establish relations between the intensification of the preferential flow path phenomenon, represented by the decline in Shannon entropy of the transport, to the amount of reaction that occurred in the porous medium and the change in its heterogeneity. This can be of considerable significance to implications of reactive-transport interaction in various geophysical applications and assist, for example, in estimation of efficient ways to remediate soil contamination, determination of optimal conditions for CO2 sequestration and estimation of oil extraction rates from the borehole.
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