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Abstract

:

Determining the dissolution rates of carbonate rocks is vital to advancing our understanding of cave, karst, and landscape processes. Furthermore, the role of carbonate dissolution is important for the global carbon budget and climate change. A laboratory experiment was setup to calculate the dissolution rates of two whole rock carbonate samples with different petrographic makeup (ooids and brachiopods). The carbonate rock samples were also explored under a scanning electron microscope to evaluate the textures that developed after dissolution The oolitic limestone dissolved at a rate of 1579 cm yr−1, and the pentamerous limestone (dolostone) dissolved at a rate of 799 cm yr−1. Both rocks did not dissolve evenly across their surface as indicated by scanning electron microscopy, it appears the allochems dissolved preferentially to the matrix/cement of the rocks and that some mechanical weathering happened as well. This work reports that the petrography and mineralogy of carbonate rocks is important to consider when exploring the cave, karst, and landscape evolution and that attention should be paid to the petrography of carbonate rocks when considering the global carbon budget.
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1. Introduction


Calculating the dissolution rate of carbonate rocks is vital for understanding cave, karst, and landscape processes. Recently there has also been a push to understand the role that karst processes may have on the global carbon budget in light of the continued climate change (e.g., [1,2]). Numerous approaches to calculating the dissolution rates of carbonate rocks have been applied over the past century which can be broadly placed into three categories: theory-based methods, field-based methods, and laboratory-based methods (e.g., [3,4,5])—explored in detail in the background section of the paper. To this point there has been relatively little attention paid to the petrology and petrography of these carbonate rocks as whole rocks (i.e., not powdered) in karstic studies. This study proposes a laboratory-based approach to quantifying carbonate rock (limestone and dolostone) dissolution rates through karstic processes while at the same time exploring the differential dissolution that happens to these whole carbonate rocks through karstic processes.



The approach described in this paper accounts for petrographic differences in carbonate rocks using powder x-ray powder diffraction (XRD) to determine their mineralogy and petrographic thin sections to describe the petrography of the rock. The dissolution rate of the carbonate rocks is determined using atomic emission spectroscopy (AES) of the water the rocks were dissolved in with CO2. Scanning electron microscopy (SEM) was further used to describe the micro-scale textures developed on the rock during dissolution and identify uneven dissolution of the allochems in the rocks which has been poorly explored. To this point there have not been any studies that have investigated the dissolution of whole carbonate rocks, their petrography, and their uneven dissolutional micro-textures. Hence, this paper attempts to address the nature of the karst environment on carbonate rocks holistically in a laboratory setting.




2. Background Information


Approaches to understanding the dissolution rates of carbonate rocks through attempts at first principles and modeling have advanced significantly over the last 60 years. Early attempts were made by Corbel [6] to calculate the denudation rates based on runoff in a watershed and determined that climate was the controlling factor of karstic denudation. While there were ultimately many issues with Corbel’s [6] attempts, it stimulated an interest in calculating dissolution rates and formed the basis for much of what is considered today in calculating carbonate rock dissolution rates [7,8].



While there are many nuances (explored below) to the methods used for measuring carbonate rock dissolution rates, this paper will broadly focus on three large sub-fields: theory, field methods, and laboratory methods. Ford and Williams [3], Gabrovšek [4], and White [5] provide an excellent introductory overview to many of these methods.



2.1. Theory-Based Methods for Dissolution


The kinetics of carbonate rock dissolution has been actively investigated since the 1960s and can be explored in detail in the reviews from Dreybrodt [9], Ford and Williams [3], Morse and Arvidson [10], Morse et al. [11], and White [5] and references therein of all of them. Of significant importance to larger scale karst processes and carbonate dissolution is White’s [12] model for theoretical maximal dissolution. This model [12] allowed for the accounting of precipitation, evaporation, temperature, CO2 concentration, and the density of the rock in determining the maximum possible dissolution rate of carbonate rocks. White’s [12] equation is used as the standard for calculating maximum theoretical dissolution rates [3,4].




2.2. Field-Based Methods for Dissolution


The major field-based methods for measuring the dissolution rates of carbonate rocks typically depend on: (1) Using limestone tables and measuring chances in mass (e.g., [13,14]); (2) using some sort of karrentisch/pedestals/differential weathering to physically measure landscape lowering (e.g., [4,15]); (3) hydrochemical analysis of watersheds to measure the makeup of discharging waters (e.g., [3,4,5]); or (4) microerosion meters to physically measure landscape lowering (e.g., [15,16]).



One of the most commonly used methods for observing the changes in mass of a sample is that proposed by Trudgill [13], which involved making a polished disc of rock which is placed in a dissolutional environment and then removed at some future date and weighed again to determine the amount of material dissolved (e.g., [3,4,14,15,17]). This method of measuring dissolution from a table has been applied extensively in cave settings, streams, and in soils (e.g., [3,4,14,15]). This method excels in that it places the rock sample in a more authentic dissolutional environment than the lab setting, albeit one at least somewhat altered to get the sample emplaced there [4,14,15]. The longer a sample is in place the more representative the dissolution rate becomes as climatic conditions begin to average out over time [4,14,15,17]. This method’s weaknesses are the time it takes to process a sample, ensuring uniform sample characteristics (e.g., density, size, smoothness), and ensuring even/equal treatment of the samples through the entire process [4,14,15,17]



The use of karrentisch/pedestals/differential weathering to measure limestone dissolution is simple as it only requires a direct measurement of the surface relative to a benchmark feature, be that a resistant mineral (e.g., quartz vein), a cap rock, or an anthropogenic feature [3,4,15, and references therein]. These methods can be used over short time scales (decades–centuries) if using anthropogenic features as the benchmark, or millennia if relative to a different rock/lithology or in regions where other direct methods would be difficult [4,15]. The use of different rocks as the benchmark may be problematic as all rocks weather to some degree and the timing of exposure may also be difficult to ascertain [4,15]. The use of anthropogenic material suffers from the possibility that the benchmark feature and the limestone may not have exposed and started dissolving flush to each other [4,15].



The hydrogeochemical analysis of water leaving a watershed can provide information about the amount of carbonate material dissolved in the watershed [3,4,5]. Corbel [6] first attempted to quantify this based on climatic variables, however he made too many simplifications in his model for it to really represent the reality of landscape scale karstic dissolution [7,8]. The modern advancement of this method excels in that continuous monitoring in the watershed can paint a full picture of changes of dissolution over time, however the method does not resolve the issues related to auto- and allogenic runoff nor do they account for any water that may enter the subsurface [3–5, and references therein].



The measurement of rock denudation by use of a microerosion meter allows for discrete measurements of landscape lowering over time [3,4,15]. These methods generally involve the placement of studs into the rock so that the microerosion meter can be placed at the same exact location over the length of the experiment—the probe then records the distance to the land surface from its stud benchmark to record the amount of landscape lowering that has happened [4,15]. This method provides high resolution, short-term denudation rates, however it is problematic when used on dissected surfaces, softer rocks which may be susceptible to mechanical damage from the process, and temperature change may impact the rock and studs [4,15].




2.3. Laboratory-Based Methods for Dissolution


Laboratory-based approaches to investigating the dissolutional behaviors of carbonate rocks are important in that they allow for a deconvolution of factors at play during dissolution due to a controlled setting. Initial approaches at calculating the dissolution rates of carbonate rocks in the laboratory setting are based on the rotating disc principle, in which a sample is spun in water and the water is monitored to determine the dissolution rate based on the ions released from dissolution; Dreybrodt [9], and the references therein, provides an excellent overview of this technique. Numerous studies have since applied this rotating disc technique to calculate the dissolution rate of carbonate rocks (e.g., [18,19]). Other studies have used powdered rock samples instead of intact rock (e.g., [20,21,22,23,24]), whereas others have used intact rock samples and flowed water through/around the samples (e.g., [25,26,27]).



Several studies have investigated the role of petrology, petrography, and mineralogy on the dissolution rate of carbonate rocks, with the most common analysis attempting to distinguish between limestone and dolostone (e.g., [19,28,29]), dolostones and dolomite (e.g., [18]), and within various limestone types (e.g., [20,21,22,23,25]). Furthermore, it does appear that crystal face and orientation may also impact the dissolution rate of carbonate minerals (e.g., [29,30,31]). These studies have demonstrated that petrography, mineralogy, and crystal orientation does have a potentially significant impact on the dissolution rates of carbonates.



Many studies have attempted to quantify the dissolution kinetics of calcium carbonate as related to biotic and abiotic calcium carbonate (e.g., [23,32,33,34,35,36,37]). Cubillas et al. [23] report that biological calcium carbonate may have a slower dissolution rate, this appears to be due to biogenic carbonates containing organic matter.



The role that a sample’s surface has on the dissolution rates of minerals has been discussed in the literature (e.g., [38,39,40,41,42,43]). The relative importance of modeling dissolution rates assuming an even diffusion boundary layer versus a more complicated surface (often defined by the Brunauer-Emmett-Teller theory (BET)) [40] is poorly constrained [38,39,41]. The preparation of carbonate samples to measure the BET may actually artificially inflate their surface area [23]. Levenson et al. [25] reported that in truly phreatic environments that perhaps only the nominal surface area of the sample is important when considering dissolution rates, but notes that this may not be accurate in the vadose environment. Pedrosa et al. [42] and Fischer et al. [43] provide an excellent overview of the role that surface morphology contributes to the dissolution of rocks, ranging from roughness, grain size and distribution through boundary conditions.



It is important to note that across all of the reports discussed in this section that none of them consider how a rock as a whole will behave in the karstic dissolutional environment, therefore there still remains much work to be done to fully explore what role petrography has on the dissolution on carbonate rocks.




2.4. Dissolutional Mico-Textures


The development of micro-scale dissolution textures on carbonate rocks undergoing dissolution has advanced greatly in the last two decades. These micro-scale structures and features generally have the same shapes and patterns of larger, classical karren [44]. Several studies have viewed the mico-textural developments under scanning electron microscopy (SEM) (e.g., [20,23,24,25,45,46,47]), atomic force microscopy (e.g., [48,49]), and x-ray microtomography (e.g., [29,50,51]).



Polished rock surfaces may actually help to accelerate dissolution where the polished surface intersects a pore; this phenomenon may help to explain the often apparent disconnect between laboratory and field methods [48]. Furthermore, the mechanical removal of fine-grained carbonate minerals/allochems from a limestone may also accelerate the rates of overall weathering and help explain in part some of the differences between field observations and laboratory observations of carbonate rock dissolution rates [25,49].



General observations of these micro-textures have shown that in the cases where carbonate rocks have fine (micrite) and coarse (spar) calcite fractions that the finer fraction has preferentially dissolved, or been removed from the rock [20,51].



Much work remains to be done to evaluate the micro-textures that develop on whole carbonate rocks and the role that petrography has on developing preferential dissolutional features.




2.5. Climate Change


The role of karstic dissolution of carbonate rocks by carbonic acid has led to much discussion and debate about the relative importance of the process on the global carbon budget; Liu et al. [1] and Martin [2] provide an excellent overview of this discussion. It is well established that the dissolution of carbonate rocks by carbonic acid removes carbon dioxide from the atmosphere, at least on the short-term scale (e.g., [2,3,52,53,54,55]), the lingering question is what the ultimate fate of the bicarbonate ion may be and how long the carbon remains sequestered (e.g., [2,56,57]). Numerous studies have documented that the dissolution of carbonates does sequester carbon on relatively long-time scales (e.g., [58,59,60,61,62]). Yuan [53] demonstrated the potential impact of karstic dissolution as a mechanism to sequester carbon using an average denudation rate from around the world and applying it to all of the world’s karst areas, he came up with a total of 6.08 × 108 tons/year of sequestered carbon due to karst processes. Gombert [52] demonstrated the potential impact of karst on the carbon budget using White’s [12] theoretical maximum dissolution equation and came up with a total of 3 × 108 tons/year of sequestered carbon due to karst processes. While the total amount of carbon sequestered by karst processes may not represent a major component in the global carbon budget, it is nonetheless worth considering and noting as society deals with addressing and mitigating against anthropogenic climate change.



Several authors have also speculated on what role this karstic dissolution might have between the modern day and the last glacial maximum and how it may have impacted the start and end of the glacial cycles [63,64,65,66]. To complicate this issue of carbon dioxide and karstic processes, sulfuric acid, common in hypogene systems, may also be used for limestone dissolution, however its use results in the release of carbonate dioxide back into the atmosphere [2,56].



Much still remains to be done to determine what roles karstic processes exactly play in the global climate discussion, but there is little doubt that they do play a meaningful part. This work seeks to add to that growing knowledge by reporting on how the relative dissolution rates of limestones by carbonic acid vary based on their petrography.




2.6. CO2 Storage and Injection


In light of continued climate change, CO2 has been injected into various carbonate reservoirs to sequester the carbon (e.g., [67,68,69,70]). These reservoirs are subsequently modified due to the presence of the CO2 (e.g., [71,72,73,74,75]). Studies have demonstrated that the injection of CO2 into these deep-seated reservoirs results in reorganization of the porosity and permeability of these units (e.g., [71,72,73,74,75]). The role of the petrology in this reorganization is poorly constrained, though based on a study by Seyyedi et al. [75], it appears that ooids preferentially dissolve relative to their surrounding cements. The work discussed in this paper may have implications for understanding how reservoirs that have been injected with CO2 may respond and reorganize.





3. Methods


3.1. Samples Used


Two samples were analyzed for this project: oolitic limestone, and pentamerous limestone (dolostone). Calcite was previously used as a proof of concept for the experimental setup as described below [76]. The oolitic limestone was purchased from Ward’s Science (part number 470026-100) and was collected from Bedford, IN, USA. The pentamerous limestone was also purchased from Ward’s Science (part number 470026-070) and was collected from Rochester, NY, USA.




3.2. Sample Description


The oolitic limestone and pentamerous limestone were both described using standard petrographic techniques. Both samples were made into thin sections that were 30-μm thick and vacuum embedded with blue epoxy. Point counts using 100 random points across the slide were conducted using a mechanical stage on a Nikon Labophot-Pol. Representative photomicrographs of each limestone were taken using a Axiocam 105 camera mounted on the microscope.



Both rocks were also analyzed under powder x-ray diffraction (XRD) to determine their mineralogy. The powder XRD analysis was conducted on a Shimadzu Lab XRD-6100 at the University of Arkansas-Fort Smith. Samples were prepared in a mortar and pestle and ground until they easily passed through a 45 μm mesh. XRD patterns were obtained as follows: continuous mode, 0.020° per step, 2° 2 θ per minute, over 10–70° 2 θ, with CuKα radiation. While this XRD analysis describes only a small part of the rock it provides context for the general mineralogy of the rock.




3.3. Sample Preparation


One sample of each the oolitic and pentamerous limestone were cut down to ~2 cm cubes using a rock saw, dried for 24 h in a 100 °C oven, and then coated with marine epoxy. One side of each sample was hand polished using 150/220 mesh silicon carbide grit, followed by 600 mesh silicon carbide grit, and completed with 1000 mesh silicon carbide grit in preparation of the dissolution experiment. Samples were re-polished between each experimental replicate. The area of the polished surfaces was calculated from a high-resolution scan of the samples in ImageJ. Styrene bars were glued to the sides of the samples to hold them in the sample carrier using cyanoacetate glue.




3.4. Experimental Setup


The experimental setup described below is based roughly on the rotating sample experiments which has been modified as described below and in Leesburg et al. [77] and Emmons et al. [76] (Figure 1). A sample holder made of styrene was glued together using cyanoacetate to fit inside of a 1 L beaker and hold the rock sample. A 1-L beaker cover was cut to accept the sides of the sample holder and have three holes drilled into it to accept: a fritted glass tube to supply CO2, a conductivity probe, and a rubber cork that could be removed to collect discrete samples through a 5 mL volumetric pipette. The borosilicate beaker was filled to 800 mL with deionized water and placed on a stir plate and set to 200 rpm with the sample, sample holder, conductivity probe, and CO2 supply in the beaker. CO2 was released into the system at ~1 psi to ensure continued saturation of H2CO3 in the solution. Conductivity was recorded once every minute using a MicroLab FS-522. The conductivity probe was calibrated using six standards. Conductivity was used as a proxy for calcium ion concentration to allow for an approximate view of when the water began approaching saturation. The entire experimental apparatus was sealed with Parafilm at all of the seams to reduce evaporative loss and ensure a high CO2 environment. The room where the experiments were conducted was held at a constant 20 °C. pH was not recorded with conductivity for these experiments because buffer solution leaks from pH probes under continued use and results in skewing of the conductivity data [76]. As CO2 was constantly supplied, the water remained acidic over the length of the experiment. Prior work by Emmons et al. [76] demonstrated that the plastic used for the sample holders, styrene, do not dissolve over the timescales used in this project based on recorded conductivity.



Experiments were run until the slope of the conductivity of the sample water began to decrease, ensuring that the quickest rate of dissolution was captured by the experiments. This meant each experiment ran for approximately 6000 min. Four runs of each experiment were conducted. 5 mL aliquots of water from the experimental setup were collected once every 360–720 min using a volumetric pipette and bulb. 5mL of a fixative solution was also added to the collected water samples to ensure that the CaCO3 did not precipitate out and to add KCl to the solution to reduce interference when conducting the atomic emission spectroscopy. The fixative solution contained 1 g of KCl and 10 mL of 12M HCl, dissolved in 990 mL of deionized water. The 50:50 mix of the sample and the fixative were stored at room temperature in labeled 4 dram borosilicate glass vials with a screw top lid lined with rubber until analysis via AES.




3.5. Atomic Emission Spectroscopy


Sample aliquots were analyzed on a Perkin-Elmer 2380 Atomic Absorption Spectrophotometer in emission mode using an acetylene-nitrous oxide flame set to a wavelength of 422.7 nm, with a 0.2 nm slit. All samples and calibration curves were run in random order in triplicate to account for instrument drift. The calcium calibration curve was created from five calcium standards.




3.6. Calculation of Dissolution Rates


Dissolution rates were calculated based on the line-of-best fit obtained for each sample using AES data. The data used for this calculation were the average of each experimental run for a given sample. The observed slope of each sample, initially expressed as the concentration of [Ca]2+ per unit time, allowed the dissolution rate to be calculated using Equation (1) as previously described by Herman and White [18]:


  D i s s o l u t i o n   R a t e =  V A    d c   d t    



(1)




where the volume of the solution (V), the surface area of the exposed rock (A), and the change in concentration of dissolved ions per unit time (dc/dt) permits the calculation of dissolution rate. Furthermore, expressing both these results and the density of the sample in molar concentrations, dissolution rate per a period unit of time is easily calculated (further calculations can be found in Supplementary Material, Table S1). While at first glance the use of only [Ca]2+ concentration data allows the dissolution rate of limestone to be calculated, the difference of the slopes obtained between calcium concentration and conductivity can be used to approximate the relative abundance of other ions and help the distinction between limestone and dolostone.




3.7. Scanning Electron Microscopy


Both sets of samples were viewed under a SEM. The JOEL JSM-7200F Field Emission SEM at Marshall University’s Imaging Core was used for this analysis. Two samples of the oolitic and pentamerous limestone were each viewed under the SEM, one sample each pre-dissolution and one sample each post-dissolution to determine if there was any preferential dissolution happening within the two limestones. All samples were sonicated in 99% ethanol for 10 min and oven dried before being placed in the SEM to remove any contaminants from their surface. Samples were attached to a stainless-steel stub using carbon tape; they did not receive a sputter coating. They were viewed at magnifications from 40×–1000× at 3.0 kV.





4. Results


4.1. Sample Descriptions


4.1.1. Oolitic Limestone


Based on the petrographic analysis the oolitic limestone is a grainstone/sorted oosparite (Figure 2). Point count analysis (n = 100) determined that the rock was in order of relative abundance: 61% ooids/coated grains, 17% calcite spar, 11% foraminifera, 6% porosity, 5% brachiopod, and 1% trilobite. XRD analysis determined that the rock is 100% calcite.




4.1.2. Pentamerous Limestone (Dolostone)


Based on petrographic analysis the pentamerous limestone (dolostone) is a dolograinstone/unsorted biodolosparite (Figure 3). Point count analysis (n = 100) determined that the rock was, in order of relative abundance: 61% brachiopod, 21% spar, 16% echinoderm, and 2% porosity. XRD analysis determined that the rock is approximately 72% dolomite, and 27% calcite, with 1% quartz, because the official name of the sample from Ward’s Science is Pentamerous Limestone this paper will continue referring to it in that way with a parenthetical note that it is actually a dolostone.





4.2. Dissolution Rates


4.2.1. Oolitic Limestone


The oolitic limestone in this study exhibited a rather fast dissolution rate of 1579 cm/Kyr, the dissolved sample quickly reaching equilibrium at approximately 6000 min (Figure 4A). In the laboratory scale without extrapolation, this value could be viewed as approximately 0.0018 mm removed from the sample surface per hour. Experimentally, it was observed that it takes ~120 min, given the described method for reproducible and quantitative data to be observed as the water becomes saturated with H2CO3; the initial dissolution kinetics shown in Figure 4B. Both conductivity data and calcium concentration data (Figure 4C) demonstrate good agreement on the dissolution kinetics of the sample, as the comparative slopes between samples are similar using both types of data. The reproducibility of the obtained slopes between each experiment was found to be approximately 19.3 relative standard deviation percent (RSD) in regards to calcium concentration and only 9.2 RSD for conductivity data. Results for individual experimental replicates for both calcium ion and conductivity data can be found in Supplementary Material, Figures S1 and S2, respectively.




4.2.2. Pentamerous Limestone (Dolostone)


In comparison to the previously mentioned oolitic limestone, the pentamerous sample exhibited a far lower dissolution rate of 799 cm/Kyr, this being 0.00091 mm per hour. The initial dissolution kinetics remained similar at ~120 min, however, at only ~180 min there was a significant difference in dissolution rates, with the pentamerous limestone dissolving at a much lower rate (Figure 4A,B). Reproducibility for these experiments in reference to calcium concentration and conductivity data was 17.2 and 4.2 RSD, respectively. Results for individual experimental replicates for both calcium ion and conductivity data can be found in Supplementary Material, Figures S3 and S4, respectively. Figures of merit associated with both samples along with data used in their dissolution calculations are summarized in Table 1.





4.3. Micro-Textures


4.3.1. Oolitic Limestone


The oolitic limestone was polished before the experiment and analyzed under SEM (Figure 5A). The sample pre-dissolution was a smooth, texture-less surface, with the exception of the minimal porosity in the rock. After dissolution in the experimental apparatus for ~6000 min the sample developed a complicated surface texture (Figure 5B,C). It appears from the photomicrographs that the ooids preferentially dissolved during the experiment, while leaving the cements in positive relief. The cements did dissolve given their textures, however not to the same degree that the ooids did.




4.3.2. Pentamerous Limestone (Dolostone)


The pentamerous limestone (dolostone) was polished before the experiment and analyzed under SEM (Figure 5D). The sample pre-dissolution was a smooth, texture-less surface. After dissolution in the experimental apparatus for ~6000 min the sample developed a complicated surface texture (Figure 5E,F). It appears from the photomicrographs that the brachiopods in the samples dissolved slightly more so than the surrounding matrix of the rock. It also appears that some of the matrix may have been physically/mechanically removed from the sample given the euhedral crystal faces; when physically handling the samples after dissolving, it was possible to feel some silt-sized grains come off of the rock.






5. Discussion


5.1. Dissolution Rates


The controlled nature of the described approach and the reduction of extraneous variables associated with field-studies allowed considerably high amounts of reproducibility between experiments to be obtained. This rugged approach gives reliable and applicatory dissolution data which have direct bearing on acid-associated carbonate dissolution. Moreover, the cost-effectiveness and throughput of this approach can enable the further modeling of carbonate dissolution in a variety of different samples. Experimental dissolution rates of both the oolitic and pentamerous limestones are, as one would expect, higher than values obtained by other methods (e.g., [4,52]) due to the constant influx of CO2. In comparison to a similar approach by Martinez and White [28], which also had constant saturation of CO2, observed results are within the same order of magnitude. However, as this technique allows rapid results with highly reproducible data, relative dissolution rates between samples can be readily documented. The absolute dissolution rate of the oolitic limestone sample, 1579 cm/Kyr, is far higher than the real-world 100′s of mm/Kyr scale commonly found in theoretical and field calculations. This data, however, compared to dissolution rates that are gathered on the field or samples processed with the same method, allow relative dissolution rates to be calculated without prohibitive instrumentation.



A comparison of the oolitic and pentamerous limestones demonstrates that calcium dissolution for the oolitic sample was almost twice as fast as the pentamerous sample, 98% faster. Moreover, conductivity data reveal that the oolitic limestone sample dissolved approximately 96% faster, with great agreement with the data obtained by AES. These results suggest that even limestones with higher amounts of dolomite (in the case of the pentamerous limestone) can have accurate relative dissolution rates calculated with only the use of a conductivity probe. As previous reports have suggested field reports exceeding 600 µm/cm under highly carbonated waters [78], the results obtained in this experiment are in line with real-world conditions.




5.2. Micro-Textures


Both the carbonate rocks started with a featureless surface prior to dissolution (Figure 5A,D). Both samples picked up complicated textures following ~6000 min of dissolution in the experiment (Figure 5B,C,E,F). In the case of the oolitic limestone it appears that all fabrics in the rock dissolved, however the ooids seemed to dissolve preferentially to the matrix of the rock. In most of the ooids their core was in positive relief suggesting that the core was less dissolvable than the coatings. The coatings of the ooids themselves are made of fine-grained carbonates (e.g., [79]) allowing for a possible increase in surface area for dissolution or for possible mechanical weathering of the material [49,80].



In the pentamerous limestone (dolostone) it appears that all of the fabrics dissolved. The brachiopods themselves appear to have dissolved significantly whereas the surrounding matrix does not appear to have dissolved as much. However, it does appear that there may have been some mechanical weathering of the matrix in the rock given the euhedral crystal faces. This mechanical/physical weathering superimposed on the dissolution of the rock can be significant [49,80]. It was possible to physically feel some of the silt-sized grains come free from the sample when handling it post-dissolution.



The SEM imagery of the samples was useful to determine that the two samples investigated in this study did not dissolve uniformly from a polished surface. It appears that the allochems in the rocks preferentially dissolved (brachiopods and ooids), while the cement and matrix did not dissolve as readily.




5.3. Implications


Prior studies looking at the dissolution rates of carbonates focus on rock powders or have not focused on what is happening between the constituent components of the rock. This study documents that at least these two rocks do not dissolve evenly across their surface, apparently due to their fabric make-up and in the case of the pentamerous rock, perhaps differences in their mineralogy. The role of mechanical weathering at the micro-scale in the dissolution of carbonate rocks cannot be discounted and should be explored greater in the future.



This has significant implications for understanding the dissolution rates of carbonate rocks, both from a denudation/weathering perspective and a climate perspective. Understanding the denudation and dissolution rates of carbonates is important to understanding cave, karst, and landscape evolution. Cave and karst studies typically ignore the role of petrology and petrography on the formation of karst, this small-scale laboratory experiment suggests that it may be important to consider.



Climatic studies have focused on the role of the dissolution of carbonate rocks on the global carbon budget—there is little doubt that it plays an important role (e.g., [2]). The next step to take in looking at the carbon budget and carbonate dissolution is what role petrology, petrography, and mineralogy has on the amount of carbon sequestered. Larson and Mylroie [63] speculated on the importance of calcite versus aragonite dissolution in sequestering carbon, but there remains much to be determined looking at other carbonate minerals and the petrography of the rocks.



The importance of the method and procedure described in this paper is significant as it allows for the understanding of rock dissolving processes by controlling for them in a lab setting. The lab setting may not match the real world perfectly, but it provides for a way to control the system. Furthermore, this paper reports that the methods and procedures described within it work for both limestone and dolostone opening the way for additional studies. It is critical that an experimental design for carbonate dissolution to be inexpensive, reproducible, and timely to allow future studies to better access relative carbonate dissolution across a variety of samples and localities. There remains much work to be continued investigating the behavior of the dissolution of whole carbonate rocks both from the perspective of total dissolution rates and the micro-textures developed during dissolution which suggest differential dissolution/weathering.




5.4. Future Considerations


Future investigations need to further document the role that petrography and mineralogy has on the dissolution of limestone. This study is a preliminary attempt at that to document that the petrography does seem to be important on the dissolution rates of limestones through whole rock dissolution experiments. Carbonate rocks of additional petrographic makeup, age, and mineralogy need to be analyzed to determine if the observations in this report continue to hold as to the relative dissolution rates and textures developed. Moreover, the additional analysis of different ionic species (e.g., magnesium) could also provide insight on the differential dissolution observed between samples. It would also be useful to place these samples in the field environment as rock-tablets (e.g., [13,14]) and compare the rates of dissolution and the differential textures developed and if they are similar, this would be useful in documenting how significant of a role the petrology, petrography, and mineralogy of carbonate rocks have on the global carbon budget outside of a laboratory setting.





6. Conclusions


Determining the dissolution rate of carbonate rocks is important to our understanding of cave, karst, and landscape processes along with understanding of the global carbon budget. This study reports that the petrography and mineralogy of carbonate rocks does impact their dissolution rate in the laboratory setting. Furthermore, this work demonstrates that not all of the constituent parts of carbonate rocks dissolve evenly and that there may also be some mechanical/physical weathering happening around the grains, all suggesting that the carbonate rock petrography may be more important in understanding karst processes than commonly considered by karst researchers. Laboratory dissolution experiments are important in that they allow for a deconvolution of factors controlling the dissolution of carbonate rocks, while this method was also demonstrated to work with both limestone and dolostone. Much work remains to be done to determine if the observations in this study exist in the natural environment and what relative importance they play in the development of karst and global carbon budget.
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Figure 1. A diagrammatic representation of the experimental setup. Conductivity of the water was constantly monitored to determine when the water began approaching saturation. Discrete aliquots were collected and analyzed using atomic emission spectroscopy to determine the concentration of calcium in the water over time to calculate a dissolution rate. The rock samples were analyzed both pre- and post-dissolution on an SEM to determine if preferential dissolution was taking place. Refer to the text for more detailed information on the experimental setup. 
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Figure 2. A representative photomicrograph of the oolitic limestone in plane-polarized light. The width of the photomicrograph is 3 mm. 
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Figure 3. A representative photomicrograph of the pentamerous limestone (dolostone) in cross-polarized light. The width of the photomicrograph is 3 mm. 
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Figure 4. Dissolution data obtained through the course of the experiment demonstrating (A) conductivity over time, (B) conductivity at the start of the experiment and (C) calcium concentration data. The individual trial data can be found in the Supplemental Materials. 
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Figure 5. Representative SEM photomicrographs of the oolitic and pentarmerous rocks, pre- and post-dissolution. (A) Pre-dissolutional textures of the oolitic limestone. (B,C) Post-dissolutional textures of the oolitic limestone. (D) Pre-dissolutional textures of the pentamerous limestone (dolostone). (E,F) Post-dissolutional textures of the pentamerous limestone (dolostone). 
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Table 1. Summary of all dissolution data obtained with both limestone samples and their respective figures of merit.
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	Sample
	Density (g/cm3)
	Surface Area

(cm2)
	Denudation Rate (cm/Kyr)
	Absolute Error (cm/Kyr)
	Ca2+ Slope (ppm/min)
	Conductivity Slope ((µs/cm)/min)
	Ca2+ RSD %
	Conductivity RSD %





	Oolitic
	2.71
	5.495
	1579
	305
	0.056
	0.1495
	19.3
	9.2



	Pentamerous
	2.81
	4.855
	799
	137
	0.026
	0.0763
	17.2
	4.2
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