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a b s t r a c t 

There is a need to better understand reaction-induced changes in fluid transport in fractured shales, caprocks 

and reservoirs, especially in the context of emerging energy technologies, including geologic carbon seques- 

tration, unconventional natural gas, and enhanced geothermal systems. We developed a method for 3D calcite 

mapping in rock specimens. Such information is critical in reactive transport modeling, which relies on infor- 

mation about the locations and accessible surface area of reactive minerals. We focused on calcite because it 

is a mineral whose dissolution could lead to substantial pathway alteration because of its high solubility, fast 

reactivity, and abundance in sedimentary rocks. Our approach combines X-ray computed tomography (XCT) 

and scanning electron microscopy. The method was developed and demonstrated for a fractured limestone 

core containing about 50% calcite, which was 2.5 cm in diameter and 3.5 cm in length and had been scanned 

using XCT. The core was subsequently sectioned and energy dispersive X-ray spectroscopy was used to deter- 

mine elemental signatures for mineral identification and mapping. Back-scattered electron microscopy was 

used to identify features for co-location. Finally, image analysis resulted in characteristic grayscale intensities 

of X-ray attenuation that identify calcite. This attenuation mapping ultimately produced a binary segmented 

3D image of the spatial distribution of calcite in the entire core. To demonstrate the value of this informa- 

tion, permeability changes were investigated for hypothetical fractures created by eroding calcite from 2D 

rock surfaces. Fluid flow was simulated using a 2D steady state model. The resulting increases in permeabil- 

ity were profoundly influenced by the degree to which calcite is contiguous along the flow path. If there are 

bands of less reactive minerals perpendicular to the direction of flow, fracture permeability may be an order 

of magnitude smaller than when calcite is contiguous. These results emphasize the importance of charac- 

terizing spatial distribution of calcite in heterogeneous rocks that also contain a similar abundance of less 

reactive minerals. 

© 2015 Elsevier Ltd. All rights reserved. 
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1. Introduction 

Flow of acidic fluids through reactive fractures can dissolve min-

erals and increase fracture aperture, but the specific effect on perme-

ability depends on the spatial pattern of mineral dissolution and the

resulting fracture geometry. X-ray computed tomography (XCT) has

long been a primary method for non-destructive characterization of

rock specimens as it allows for the study of fracture geometry as well

as pore structure at resolutions ranging from nm to cm spatial scales

[1–8] . Although previous studies have used XCT data to characterize

mineral spatial distributions in porous rocks ( e.g. , [5,9–12] ), XCT

has not yet been applied to characterize calcite distribution along
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ock fracture surfaces. Here, we present a method for doing this by

oupling XCT imaging with scanning electron microscopy (SEM). 

In the simplest application, use of XCT data to identify distinct

ineral phases relies on using grayscale intensity in the recon-

tructed tomographic image to classify voxels. The success in doing

his depends on the dissimilarity of minerals’ X-ray attenuation

oefficients, which manifest as varying grayscale voxel intensities.

any minerals do have contrast in their X-ray attenuation coeffi-

ients, but one pair that presents a classification challenge is calcite

nd dolomite [9] . These minerals often co-occur in carbonate rocks.

ontrast enhancement of the XCT data may be required to accentuate

he small differences in X-ray attenuation of these two minerals.

se of proxy minerals (effectively internal standards) can also help

dentify unknown mineral phases by identifying minerals with

imilar X-ray absorption [12] . Mineral-specific X-ray attenuation

an be enhanced through use of dual energy scanning to perform

ifferential absorption imaging, a technique that relies on detecting

http://dx.doi.org/10.1016/j.advwatres.2015.07.023
http://www.ScienceDirect.com
http://www.elsevier.com/locate/advwatres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.advwatres.2015.07.023&domain=pdf
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harp variations in elemental mass attenuation as a function of X-ray

nergy. These so called absorption edges occur at energies where

lectrons are removed from specific shells of an element of interest,

hereby allowing for identification of specific minerals [9,10] . 

A common challenge in absorption tomography is that because

ost X-ray sources produce a polychromatic beam, reconstruction

rtifacts can be introduced, such as beam hardening [5] . Synchrotron

CT imaging allows for use of a high-energy monochromatic beam

nd is well suited for performing absorption tomography analyses.

ynchrotron imaging also allows for the possibility of combining

CT with other non-destructive detection methods, such as X-ray

uorescence [5] and X-ray microdiffraction [13] . However, syn-

hrotrons are not readily accessible to many researchers, so we must

ontinue to look for opportunities to extract more (or better) data

rom bench-top XCT scanners. 

In addition to providing a means of characterizing mineral dis-

ributions, XCT is particularly well suited to distinguish void space

rom mineral matter and thus is an excellent tool for studying the

volution of geometry and apertures in reactive fractures [2–4,14,15] .

revious studies examining mineral dissolution along fracture path-

ays have highlighted the importance of calcite as a key reactive

ineral whose dissolution can control fracture permeability evolu-

ion (see e.g. , [16] and references therein). Calcite is highly soluble

n acidic conditions and it is kinetically fast reacting [17] . In many

edimentary rocks, it is sufficiently abundant that its dissolution can

ead to a large increase in the volume of void space thereby enlarging

ow pathways. Advancements in experimental protocols now permit

or high-resolution 3D imaging of mineral dissolution within a high-

ressure vessel in the context of a flow experiment [18] , which allows

or an even more complete understanding of how μm-scale mineral

eterogeneity controls permeability evolution along a fracture during

alcite dissolution. Recent studies have demonstrated non-intuitive

ydraulic-chemical-mechanical feedbacks during dissolution along 

racture pathways. Examples include dissolution of critical asperities

eading to fracture closure [19–21] , particle mobilization resulting in

racture clogging [22,23] , the occurrence of aperture growth versus

losure being dependent on complex confining stress-pH relation-

hips [24] , and the development of reaction front instabilities in frac-

ured rocks being a function of both the initial aperture distribution

nd influent fluid chemistry [18,25] . 

Understanding the coupled processes that govern reactive flow

n fractures has become a high priority with new developments in

ubsurface resource utilization, including geologic CO 2 sequestration,

nconventional natural gas extraction, and geothermal energy pro-

uction. For the case of geologic CO 2 sequestration, the low perme-

bility caprock formations that overlie the injection reservoir and

revent the upward migration of CO 2 may be susceptible to disso-

ution by the CO 2 -acidified brine. Confirming the long-term storage

ecurity of injected CO 2 therefore requires the ability to accurately

odel CO 2 -water-rock interactions, and the resultant evolution of

aprock integrity [26–29] . 

Although the ability to image materials has recently advanced at a

airly rapid pace, computational capabilities ( e.g. , parallel computing)

ave advanced even faster. Reactive transport models have been de-

eloped that account for reaction-induced changes in fluid transport

n fractured and porous media [30–36] . The computational power

f these models is driving the need to characterize natural hetero-

eneities in mineral spatial distributions at the μm to cm scale in

rder to improve predictive capabilities. 

Here, we present a method for coupling XCT imaging with SEM to

etermine 3D calcite spatial distribution within natural rock samples.

his characterization method relies on the ability to determine min-

ral elemental compositions via energy dispersive X-ray spectroscopy

EDS) of thin sections. Backscattered electron (BSE) imaging is used to

o-locate the section in the 3D XCT image. The EDS mineral mapping

s then correlated with grayscale pixel intensity of the XCT image to
nfer 3D mineral spatial distribution in the rock sample. The method

as developed, and is demonstrated here, to determine calcite distri-

ution within a carbonate-rich caprock specimen. We focused solely

n identifying calcite as it is both ubiquitous in many relevant sedi-

entary rocks and has been demonstrated to be a key factor in de-

ermining fracture permeability evolution during contact with acidic

uids [16] . 

To demonstrate how this calcite segmentation method would be

seful, we applied a 2D steady state flow model to simulate flow

n hypothetical fractures undergoing calcite dissolution. Four model

cenarios were considered. In three of these, calcite is distributed

long the fracture as informed by the XCT-SEM calcite identifica-

ion analysis described herein. The other scenario assumed that an

quivalent amount of calcite is homogeneously distributed along

he fracture face. Comparison of the predicted permeability changes

elps to understand the influence of accounting for realistic spatial

istributions of calcite along a reactive fracture when investigating

issolution-driven changes in fracture geometry. 

. Methods 

.1. Rock specimen, XRD analysis, and XCT scan 

The rock core used to develop and demonstrate the combined

maging method is from the Amherstburg limestone in northern

ichigan and was collected from a depth of 928 m. The Amherst-

urg is a low permeability fossiliferous wackestone. This formation

erves as the primary caprock for a pilot CO 2 injection project that

as conducted as part of the U.S. Department of Energy’s Midwest

egional Carbon Sequestration Partnership [37] . Core specimens from

his limestone have been previously studied in reactive core flood-

ng experiments with CO 2 -acidified brine [4,23] , and the fractured

ores were subjected to XCT scanning as part of those studies. In this

aper, we present a follow-up analysis of one of those experimental

ores. The core was scanned on a MicroXCT-400 scanner (Xradia, Inc.,

leasanton, CA) with an X-ray beam energy and power of 150 keV and

0 W, respectively, at rotational increments of 0.14 °. The selected op-

ics provided a 3D reconstructed image with a resolution of 27 μm in

ll dimensions. The 3D XCT dataset (shown in Fig. SI-1) was contrast-

djusted to enhance the grayscale pixel contrast between calcite and

olomite prior to performing the mineral segmentation. 

For a small sample from the imaged core, X-ray diffraction (XRD)

as used to identify the primary minerals present in the rock and the

ietveld method (JADE) was used to provide semi-quantitative com-

ositional estimates for these minerals. XRD analysis was performed

n a Bruker D8 Discover X-Ray Diffractometer. The Amherstburg core

as found to contain primarily calcite (51 wt.%) and dolomite group

inerals ( i.e. , Ca(Mg,Fe,Mn)(CO 3 ) 2 ) (30 wt.%) with minor amounts of

uartz (8 wt.%), fluorite (6 wt.%), clay minerals (4 wt.%), and anhydrite

1 wt.%). Since the core examined in this study exhibited visible het-

rogeneity throughout the 3.5 cm segment (see Fig. 1( a) and (b)), we

id not expect to replicate the compositional assemblage estimated

y XRD analysis through our combined XCT-SEM analysis. However,

his resulting inventory of minerals was used later to guide interpre-

ation of the elemental analyses from X-ray spectroscopy. 

.2. BSE-EDS analysis 

Fig. 1 outlines the procedure by which 3D calcite segmentation

as achieved through a combined XCT-SEM image analysis method.

s shown in Fig. 1( a), after the final 3D XCT scan of the core, it was

ectioned and imaged using a scanning electron microscope. All SEM

maging was performed at the Image Analysis Center at Princeton

niversity using a Quanta environmental SEM with an incident beam

nergy of 15 keV. Using the SEM in backscattered electron mode,

 BSE image of size 0.25 mm 

2 was generated at a magnification of
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Fig. 1. Depiction of the calcite segmentation method in this study: (a) the original core and the subsequent sectioning and SEM imaging, (b) the 3D XCT image of the core and the 

co-location of the SEM-imaged section in a 2D XCT slice, (c) development of a ‘learning tile’ to train the calcite segmentation algorithm, (d) full 3D calcite segmentation of the XCT 

data set. (For interpretation of the references to color in the text, the reader is referred to the web version of this article.) 
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Fig. 2. (a) BSE image of 2D section of the core, (b) EDS elemental maps overlaid on BSE image, (c) calcite voxels identified in XCT data set (interior of red triangle). A larger 

contiguous calcite pixel region beyond that shown in panel (c) was used to determine a characteristic grayscale range of calcite XCT pixels. (For interpretation of the references to 

color in this figure legend, the reader is referred to the web version of this article.) 
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36 ×, as shown in Fig. 1( a). In this image, we identified distinct fea-

ures, such as fracture boundaries and unique pore geometries that

ere later used to register the location with the corresponding 2D

CT image. 

EDS, which detects characteristic X-ray emissions from the speci-

en as a result of the electron beam, was then used to map surface el-

mental composition of an area roughly the size of 0.1 mm 

2 at a reso-

ution of ∼3 μm 

3 , hereafter referred to as the “learning tile”. The right

and side of Fig. 1( a) shows the EDS maps for calcium (Ca devoid of

g, red), magnesium (Mg, blue), and silicon (Si, green) after applying

 bicubic smoothing filter to remove noise from the element maps.

e used the EDS mapping to identify calcite in the BSE image by lo-

ating areas where Ca was the only metal present. The only other ele-

ental signatures present at those locations were carbon and oxygen,

hereby confirming that the Ca map corresponded to locations where

alcite was present. Ca was also present at all locations where Mg

as recorded, suggesting that the Mg EDS map corresponded to the

ineral dolomite ( Ca Mg (CO 3 ) 2 ). Quartz was identified by locating re-

ions where only Si and O were present. Although XRD data shows

he presence of (Fe,Mn)-dolomite, anhydrite, fluorite, and clays,

hese minerals were not observed within the examined learning tile

egion. 

.3. Calcite identification and image segmentation 

Distinct features that were visible in the BSE image were matched

ith the identical features in 2D slices of the XCT image in order to

egister the location of the learning tile region ( Fig. 1( b)). We chose a

ection near the edge of the core along the fracture and looked for the

harp mineral boundary observed in the BSE and XCT images shown

n Fig. 1( a). Knowledge of the approximate location along the core

here the thin section was taken allowed us to more quickly narrow

own the location. 

Once the learning tile region was found in the XCT image, the

DS mapping was used to identify areas that correspond to calcite

 Fig. 1( c)). Because the X-ray attenuation for calcite does not cor-

espond to a single ‘characteristic’ grayscale value, we analyzed

he set of grayscale values for the voxels located within the areas

dentified as calcite. This process is demonstrated in Fig. 2 with

ig. 2( c) showing a region in the XCT data that corresponds to

alcite. We chose this contiguous region (extending beyond the

imited selection identified in Fig. 2( c)) of XCT data to determine a

istribution of grayscale values corresponding to calcite. The distri-

ution, which is given in the inset of Fig. SI-1 in the supplementary

nformation, was approximately Gaussian, so we chose to use the

ean grayscale value from this data plus or minus two standard

eviations ( μcal ± 2 σ ) to determine threshold grayscale intensities

or binary classification of voxels as either calcite or not calcite . This

alcite segmentation approach was then applied to the entire set of
mherstburg core XCT data to generate a 3D map of calcite within

he core ( Fig. 1( d)). 

.4. 2D steady state flow modeling 

The model system was a hypothetical fracture in which the ad-

acent surfaces of the fracture had calcite distributed according to a

elected 2D slice from the 3D calcite-segmented image. We investi-

ated three 2D sections (designated as fractures A, B, and C) parallel

o the original experimental fracture. The three segmented fracture

urfaces differed in the calcite content and the degree to which cal-

ite is contiguous along the direction of flow. For comparison, a fourth

cenario was examined using a fracture with spatially uniform calcite

istribution (fracture U). 

Flow simulations were conducted to investigate permeability evo-

ution for equivalent increases in fracture volume. For all of the frac-

ure scenarios, the base case was flow in a fracture with a uniform

perture of 50 μm. The next two cases corresponded to a doubling

“2 ×”) and ten-fold increase in fracture volume (“10 ×”). For frac-

ure U, the fracture enlargement was spatially uniform, representing

he scenario where calcite is present everywhere at some constant

ercent. For fractures A, B, and C, the fracture was enlarged only at

ixels that contained calcite according to the binary calcite segmen-

ation maps. The spatial resolution for flow modeling was reduced

o 108 μm to improve computational efficiency. This grid resolution

aptures larger mineral grains and contiguous regions of calcite, but

s too coarse to differentiate intermixed mineralogy with grain sizes

elow 27 μm. We did not perform reactive transport modeling in the

tudy, but instead chose this simple approach of eroding calcite with

o time dimension. This approach represents reaction progress for

 dissolution scenario where a certain volume of calcite is dissolved

long a fracture pathway and assumes stable reaction fronts and ho-

ogeneous calcite dissolution. 

The flow modeling approach used in this study follows the work of

ames and Chrysikopoulos [38] , for 2D single-phase steady state flow

n a variable aperture fracture. We have previously used this approach

o describe fluid transport in fractures with spatially variable disso-

ution patterns [8,39] . Flow is induced by setting constant pressure

oundary conditions at the inlet and outlet of the fracture so as to

reate a constant pressure drop across the flow path. No-flow bound-

ry conditions are assigned to the lateral boundaries of the fracture

nd along the fracture walls, since it is also assumed that there is no

ow into or out of the rock matrix. The pressure at each grid cell is

alculated by solving the governing flow equation through use of a

ve-point central finite difference numerical approximation. The ve-

ocity within each grid cell is assumed uniform across the aperture

imension. 

Fracture permeability, k , is inferred by first relating the volumetric

ow rate, Q , for a given differential pressure, �P , to an equivalent

ydraulic aperture, b , according to the cubic law for flow between
h 
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Fig. 3. Transverse averages of calcite content (vol.%) along the length of the core (blue). 

The dashed line is the average vol.% calcite in the entire core. (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this 

article.) 
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two parallel plates [40] 

b h = 3 

√ 

12 μLQ 

�P w 

(1)

where μ is the viscosity of the fluid, L is the length of the fracture, and

w is the fracture width. This hydraulic aperture is then used to esti-

mate fracture permeability by combining the cubic law with Darcy’s

law 

k = 

b 2 
h 

12 

(2)

3. Results and discussion 

3.1. Calcite segmentation 

Visual inspection of the XCT image of the Amherstburg core re-

veals obvious mineral spatial heterogeneity in the rock ( Fig. 1( a)).
Fig. 4. Color map showing regions of contiguous calcite along 2D fracture pathways for the

region. (d) XCT data 2D section (Fracture B). (For interpretation of the references to color in t
arine fossils and sediment banding are evident. When the calcite

egmentation algorithm was applied to the full 3D XCT data set, a

inary 3D image of calcite was generated, as shown in Fig. 1( d). By

oxel counts, the overall percentage of calcite within the core was

etermined to be 39 vol.%. Given that the segmentation method may

ot capture 100% of the calcite present in the core (see Section 3.3 ),

his estimate of calcite content is reasonable in comparison to the

RD measurement of 51 wt.%, assuming the density of the core is ap-

roximately uniform such that vol.% 

∼= 

wt.%. Fig. 3 shows the resulting

alcite content along the length of the core. This particular core has

 large non-calcite region in the middle of the core. The non-uniform

istribution of calcite along the length of the core illustrates the po-

ential importance in being able to capture the spatial variability of

eactive minerals along a fracture surface, as flow path alteration may

epend heavily on calcite spatial distribution. 

The 2D slice of the XCT image for one of the simulated fractures, B,

s shown in Fig. 4( d). The calcite-segmented images for all three hypo-

hetical fractures are shown in panels of Fig. 4 (a)–(c). The large non-

alcite region is evident. By pixel counts, fracture A contains 45% cal-

ite, while fractures B and C contain 46% and 30% calcite, respectively.

or fracture B, the transverse averages of calcite along the length of

his slice range from 3% to 92%, which is much greater variation than

or the 3D image of the core ( Fig. 3 ). 

The primary difference between the three 2D calcite-segmented

lices is the degree to which calcite is continuously connected along

he flow path. Discontinuity in calcite is evident in panels (a)–(c)

f Fig. 4 where contiguously connected calcite is identified by uni-

orm coloration. In fracture A, a contiguous region of calcite is present

long the entire flow path, whereas fractures B and C exhibit discon-

ected calcite regions along the length of the fracture. Contiguous

alcite regions were identified via a connected component labeling

ethod, bwlabel , available in the MATLAB Image Processing Toolbox. 

.2. Permeability evolution in reactive fractures 

Fig. 5 presents a visualization of results from the 2D steady state

racture flow modeling. Panel (a) shows the flow field for an initially

niform fracture with a 50 μm fracture aperture, while panels (b) and

c) show the flow fields for eroded fractures (Fracture B) with net frac-

ure volume increases of 2 and 10 times the initial fracture volume,

espectively. Initially, flow is uniform along the fracture as would be

xpected for flow through two parallel smooth plates. Channelling of
 three theoretical fractures (a)–(c). Each color represents a distinct contiguous calcite 

his figure legend, the reader is referred to the web version of this article.) 
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Fig. 5. Simulated flow of water through (a) uniform 50 μm aperture fracture, (b) fracture B with 2 × increase in total fracture volume due to calcite erosion (c) fracture B with 

10 × increase in fracture volume. The colormap depicts gradations in the flowrate relative to the net flow rate through the fracture. Streamlines represent the particle travel paths 

through the fracture. Particles are released at the top of the each figure, with flow occurring from top to bottom. (For interpretation of the references to color in this figure legend, 

the reader is referred to the web version of this article.) 
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ow during calcite-specific dissolution is evidenced by areas of con-

entration of the flow (lighter color) and the streamlines. 

This fluid channelling might erroneously be interpreted as worm-

ole development as has been observed in carbonate-rich caprocks

41] and in fractured limestones exposed to flow of CO 2 -acidified

rine [18] . The channels simulated here arise for a different reason.

he mineralogically heterogeneous nature of the rock prevents the

evelopment of contiguously eroding flow pathways and results in

n increase in fracture surface roughness. Zones of constriction re-

ain along the eroding surface and prevent large increases in frac-

ure permeability due to calcite dissolution. These regions represent

he presence of less-reactive minerals such as quartz and dolomite.

n some instances, they occur perpendicular to the direction of flow.

his is evident in Fig. 4 , which shows the lack of calcite contiguity

long the lengths of two of the three 2D sections examined (fractures

 and C). 

Fig. 6 presents permeability estimates for the simulated fractures.

racture permeability is predicted to increase by two orders of mag-

itude for a 10 × increase in fracture volume when it is assumed that
ig. 6. Estimated permeability as a function of equivalent increases in fracture volume 

or the modeled calcite dissolution scenarios (diamonds). 
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issolution occurs uniformly along the entire fracture. When the true

patial distribution of calcite is accounted for, lower increases in frac-

ure permeability are predicted for all three simulated fractures. Spa-

ially non-uniform dissolution along fracture A, which has a higher

egree of calcite contiguity along the flow path, resulted in a final

racture permeability on the same order of magnitude as the uni-

orm dissolution scenario (fracture U). Whereas for fractures B and

, where calcite is not contiguous, an equivalent 10 × increase in to-

al fracture volume led to an increase in permeability by only a fac-

or of 6.5 and 4.7, respectively. This result emphasizes the potential

nfluence of crosscutting bands or regions of less reactive minerals

n controlling fracture permeability during reactive flows. The spa-

ially non-uniform dissolution will also result in more tortuous flow

hrough the fracture and increased surface roughness, both of which

ill impede flow through the dissolving fracture. 

For the particular core examined in this study, neglecting to ac-

ount for the actual distribution of calcite along a fracture surface

ould potentially lead to an overestimation of fracture permeabil-

ty by more than an order of magnitude due to such occurrences of

ess reactive minerals perpendicular to the direction of flow. If the

ock in question had a more spatially homogeneous mineralogical

omposition, such as that of an oolitic limestone, then we might ex-

ect reaction front instabilities to develop and wormhole genera-

ion to take place [42,43] . This could result in permeability increases

arger than those predicted for the spatially uniform dissolution

cenario [44] . 

.3. Additional considerations 

The calcite segmentation algorithm developed here may identify

egions as being not calcite when in fact they may contain some

mount of calcite, but at a spatial scale smaller than our XCT res-

lution. In a previous study it was observed that when calcite is

ightly mixed with other minerals such as dolomite, fracture aperture

rowth is limited because the slow dissolution of the less reactive

ineral phases controls aperture size [4] . When calcite is mixed with

ther slower reacting minerals ( e.g. , dolomite, quartz, clays), calcite-

epleted microporous zones can develop [3,4,36] . These matrices can

reserve the original aperture even after extensive calcite dissolu-

ion [39] . Thus, if the goal is to predict flow path alterations, it is not
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necessarily a problem that this mineral characterization method does

not identify the calcite that is intricately mixed with other less reac-

tive minerals. 

For other purposes of 3D mineral mapping, such as to predict frac-

ture rheology ( e.g. , [45,46] ), sub-voxel characterizations could be im-

portant. One might employ the same image segmentation approach

used here but recognize that when features of interest are at sub-

voxel resolution the grayscale voxel intensity will represent an aver-

age of multiple different f eatures. The combined XCT-SEM approach

used in this study may be able to capture these partial volume ef-

fects by utilizing mixed phase regions at coarser voxel resolutions to

train the segmentation algorithm. Alternatively, finer XCT and ele-

ment mapping resolutions may allow for better characterization of

less abundant phases ( e.g. , clays) or identification of solid-solution

phases ( e.g. , Ca(Mg,Fe)(CO 3 ) 2 ) where substituted elements may be

difficult to detect. 

Future application of the 3D mineral segmentation method pre-

sented here could be optimized to provide higher confidence in the

range of grayscale pixel intensities used to segment calcite from the

rest of the minerals within a particular sample. To do this, we sug-

gest sectioning the original core at several different locations and

examining multiple sites within each. This would allow one to gen-

erate a larger number of learning tiles that would then be used to

establish the grayscale intensity range used to identify calcite vox-

els within the 3D XCT data set. Doing this may alleviate XCT imaging

artifacts and improve confidence in the segmentation-training step

prior to using the segmented data in reactive transport model sim-

ulations. One might also consider how mineral spatial distributions

change as a function of depth from the surface of a fracture, as here

we used a simplifying assumption that 2D mineral distributions were

unchanged as dissolution progressed. Adding this layer of complexity

would also require that fracture flow be modeled in 3D. 

4. Conclusion 

Here we demonstrated a method for combining two complemen-

tary imaging techniques in order to infer the 3D distribution of calcite

in experimental cores with XCT data sets. This technique relies on the

ability to identify calcite in 2D SEM images and register these images

to corresponding locations within the 3D XCT data, to train a mineral

segmentation algorithm that can be applied to the entire XCT data set.

The rationale for focusing on calcite is that it plays a significant role

in determining the evolution of fracture geometry and permeability,

and is relevant in many reactive fracture scenarios in the subsurface.

Application of the calcite segmentation approach to a core specimen

of a limestone caprock revealed significant spatial variability in cal-

cite content. 

In applying the resulting calcite maps to fracture geometry evo-

lution scenarios, we demonstrated that when calcite distribution

along a fracture pathway is not taken into account, dissolution-driven

permeability increases might be overestimated. The flow modeling

demonstrates the utility of applying this 3D mineral characterization

method when trying to predict reaction-induced permeability evolu-

tion in a fracture. 

Even though reactive transport simulations were not carried out

here, that is the type of application where fracture surface mineral

mapping would be very useful. The case of CO 2 sequestration is one

relevant potential application. If calcite distribution along a caprock

fracture is not accurately captured, changes to fracture permeabil-

ity during a potential CO 2 leakage event may be overestimated.

The existence and persistence of bands of less reactive minerals

perpendicular to the direction of flow may serve as bottlenecks

and constrict flow even during extensive calcite dissolution along a

fracture pathway [39] . This fact, coupled with the increase in μm to

cm scale fracture surface roughness due to non-uniform dissolution

patterns, may restrict the flow of fluids along reactive fractures such
hat traditional relationships between porosity and permeability

ay not hold when estimating fracture permeability evolution

uring periods of dissolution [36] . 

As bench-scale XCT scanners become ever more commonplace

nd affordable, many researchers will be able to utilize XCT in effort s

o characterize geo-, bio-, and synthetic materials. Synchrotron-based

CT analysis will continue to have advantages over most bench-scale

canners, but the proliferation of bench-scale scanners will allow for

asier access to this characterization technique for a large number

f researchers. Coupling bench-scale XCT data sets with electron

icroscopy can serve to augment and improve 3D characterization

apabilities. Applications of the 3D mineral segmentation method

escribed in this study may help future researchers examine the

nfluence of mineral spatial heterogeneity on reactive transport in

ractured rocks, which has implications for a variety of research fields

ncluding many related to emerging subsurface energy activities. 
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