
1. INTRODUCTION 

The Musandam group comprises a sequence of carbonate 

sediments deposited in the area of the present Northern 

Emirates between the Jurassic and lower Cretaceous (see 

Figure 1). This rock is important both regarding 

hydrocarbon reservoirs and civil infrastructure. However, 

the creep behavior of Musandam limestone fractures 

under confining pressures has not been very well 

characterized so far. Creep, the deformation with time 

under constant stress, occurs in many materials. It is often 

mechanically conceptualized and modeled as a dashpot. 

In addition, creep rate (i.e. the change of deformation with 

time) may decelerate, stay constant, or accelerate. Such 

creep mechanisms often occur in rock fractures, 

essentially involving a time dependent change of aperture 

under constant load. Since this, in time, affects hydraulic 

conductivity, there is substantial interest in understanding 

the creep behavior of rock fractures.  

Several authors have discussed experiments on the creep 

behavior of fractures in other types of limestone or 

marble. It appears that most experiments focus on the 

effect of dissolution (on free surfaces) and pressure 

solution (at contacting asperities) on permeability 

evolution. For dissolution, fracture permeability 

evolution under the influence of acidic solutions has been 

widely investigated (Durham et al., 2001; Polak et al., 

2004; Elkhoury et al., 2013; Noiriel et al., 2013; Deng et 

al., 2015; Garcia-Rios et al. 2017). A common conclusion 

is that when the PH of the injection fluid is less than 6, 

fracture aperture distribution becomes more 

heterogeneous, and fluid flow becomes more channelized, 

as a result of acidic dissolution. As for permeability 

evolution, Durham et al. (2001) reported a reduction in 

fracture permeability, while the rest of the above literature 

reported an increase in permeability. These different 

trends in permeability evolution might be due to different 

initial fracture surface geometries and experimental 

conditions. Specifically, the difference between the 

experimental conditions of Durham et al. (2001) and the 

other literature is that Durham et al. studied the 

dissolution of marble under 1 MPa confining pressure, 

while the other experiments studied the dissolution of 

limestone above 1 MPa confining pressure.  

Some research groups (Polak et al., (2004); McGuire et 

al. (2013); Ishibashi et al., (2013)) also investigated the 

effect of pressure solution on permeability evolution of 

limestone. Polak et al. (2004) reported that when the PH 

of the injection fluid is 8, the permeability of limestone 

fractures decreases with time, and pressure solution is the 

dominating mechanism of the permeability reduction. 

Ishibashi et al. (2013) stated that when PH is larger than 
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ABSTRACT: The Musandam group is comprised of a sequence of carbonate sediments deposited in the area of the present Northern 

Emirates between the Jurassic and lower Cretaceous. This rock is important both regarding hydrocarbon reservoirs and civil 

infrastructure. Consequently researchers have performed much systematic experimental work. However, the creep behavior of 

Musandam limestone fractures under confining pressures has not been very well characterized so far. This paper presents the results 

of an initial experimental study of the creep behavior of fractures in Musandam limestone at confining pressures less than 1 MPa. 

The experimental study systematically investigates the fracture creep under different confining pressures and flowrates by conducting 

fracture flow tests in a triaxial system. In addition, the mechanisms underlying the permeability evolution were also examined to 

some extent. The results indicate that the fracture hydraulic conductivity decreases with time. Increasing the confining pressure or 

flowrate or surface roughness leads to greater hydraulic aperture reduction. Also, the effect of mechanical compression on specimen 

(the fracture and rock matrix) creep is not negligible.  

 

 

 

 

 



6.5, pressure solution is the dominating mechanism 

reducing the permeability by deforming bridging 

asperities. The confining pressure in both experiments is 

larger than 3 MPa (Polak et al., 2004; Ishibashi et al., 

2013).  

Based on the literature review for limestone fractures in 

general, there is not much work systematically studying 

the effect of mechanical compression and erosion on 

fracture permeability evolution. In addition, the confining 

pressures for most experiments were above 1 MPa. Also, 

for Musandam limestone fractures, there are no 

systematic investigations focused on the creep behavior 

and related mechanisms.  

This paper presents initial results of an experimental study 

of the hydraulic and mechanical creep behavior of 

fractures in Musandam limestone at confining pressures 

less than 1 MPa. The experimental study systematically 

investigates the fracture creep under different confining 

pressures and flow rates. The mechanisms underlying the 

permeability evolution were also examined to some 

extent. Fracture flow tests were conducted in a triaxial 

system with the maximum confining pressure of 1 MPa. 

The results of this experimental study will eventually 

provide a reference and basis for experiments under 

higher confining pressures. In addition, the experimental 

results may benefit civil infrastructure applications. For 

example, the results may help to predict fracture flow at 

small depths, such as tunnel construction and 

groundwater extraction.  

 

2. MATERIALS AND METHODOLOGY 

The Musandam limestone formation underlies the UAE at 

the depth of approximately 1400 to 2800 meters, and 

outcrops in Oman (26.3°N, 56.4°E). Figure 1 shows the 

location of Musandam groups and Figure 2 shows the 

cross-section. Alsharhan and Nairn (1986) and Richatean 

and Riche (1980) stated that the lower Cretaceous groups 

underlying Northern UAE (the lower Cretaceous parts of 

the Musandam groups) show good analogy to the lower 

Cretaceous groups underlying Abu Dhabi. Two 

Musandam limestone blocks (Block 1: 20.0 in × 17.0 in × 

4.5 in or 0.50 m × 0.43 m × 0.11 m; Block 2: 12.0 in × 

13.5 in × 8.5 in or 0.31 m × 0.35 m × 0.22 m) from a 

quarry in Oman were sent to MIT. Then, Block 1 was cut 

into sub-blocks as shown in Figure 3. It is worth noting 

that all the sub-blocks are characterized by two veins: a 

yellow vein (oriented horizontally) and a white vein 

(dipping steeply) (see Figure 3). 

 

 

 

Fig. 1. Location of Musandam groups (Villamor Lora, 2017). 

The left figure illustrates the geographical location, the middle 

large figure shows the outcrop, and the right figure shows Block 

1, and the middle small figure shows the cored specimen.  

 

Fig. 2. Geological cross-section of Musandam groups (modified 

from Alsharhan and Nairn, 1997; Villamor Lora, 2017). The red 

rectangles represent the groups underlying Abu Dhabi and 

Dubai, and the green rectangles represent the groups underlying 

Northern United Arab Emirates. The lower Cretaceous parts of 

the Musandam groups and the lower Cretaceous groups 

underlying Abu Dhabi are shown by the purple rectangles. The 

depth of the Musandam group is approximately 1400 to 2800 

meters. The locations of Northern UAE and Abu Dhabi – Dubai 

sediments are shown by a green arrow and a red arrow, 

respectively, on the bottom right map. 

 

Fig. 3. Musandam limestone. (a): Block 1 divided into sub-

blocks; (b): a sub-block.  

During fracture flow tests, different minerals may react 

differently depending on confining pressure and fluid 

flow conditions. Therefore, the mineralogical distribution 

on fracture surfaces may affect the fracture permeability 

evolution. Figure 4 shows the mineralogical composition 



of a Musandam limestone specimen. SEM-EDS analysis 

suggests that the white vein consists of both quartz and 

calcite, the yellow vein consists of clay minerals, and the 

grey matrix corresponds to calcite. It is worth noting that 

the yellow vein is much less stiff (less than 5 MPa) 

compared to the grey matrix (approximately 38 GPa). 

 

Fig. 4. Mineralogical composition on the two fractured surfaces 

of a cylindrical specimen. The fracture was created by tensile 

splitting.  

To design appropriate experimental methods to monitor 

dissolution effects during fracture flow tests, it is very 

important to understand the dissolution behavior of the 

rock. The dissolution behavior of the limestone matrix 

(grey matrix as illustrated in Figure 4) was studied first, 

and the results are summarized in Tables 1 and 2. 

Saturated (equilibrated) limestone solutions were made 

by grinding limestone pieces into fine powder and mixing 

the powder with distilled water for 24 hours. The element 

concentration of the saturated limestone solution was 

measured with the ICP (induced coupled plasma) 

technique, and the electrical conductivity was measured 

with electrical probes.  

Table 1 compares the electrical conductivity of the 

Musandam limestone matrix solution to equilibrated 

gypsum and mortar solutions, and Table 2 shows the 

element concentrations of the Musandam limestone 

matrix solution. Based on the results in Table 1, during 

fracture flow tests, the effluent electrical conductivity will 

be equal or smaller than 76 μS/cm, since the electrical 

conductivity of the effluent cannot be larger than that of 

saturated solutions. Hence, if electrical conductivity is 

used to quantify the dissolution in fracture flow tests, the 

accuracy of the measurement device should be much 

smaller than 76 μS/cm to get accurate measurement 

results. The results in Table 2 suggest that since calcium 

is the major element in the limestone solution, the calcium 

concentration can be used to quantify dissolution rate.  

 

 

 

Table 1. Electrical conductivity of Musandam limestone 

matrix solution 

Solution type 
Electrical Conductivity 

measured by probes (μS/cm) 

Gypsum >2000 

Mortar >1000 

Musandam limestone Approximately 76.0 

 
Table 2. Element concentration of Musandam limestone 

matrix solution 

Element type of limestone 

solution 
Concentration (ppm) 

Calcium 23.63 

Summation of the concentration 

of six other elements (Fe, Al, Na, 

K, Mg, Si) 

< 2.50 

 
Coring and Fracturing 

Limestone specimens, with a diameter of 1.4 inches and a 

height of 2.8 inches, were cored from the Musandam 

limestone sub-blocks. Water was used as the coring 

liquid. After coring, the ends were flattened by a grinder 

and the lateral surface was polished by a lathe.  

Then, 14 limestone cores were fractured by tensile 

splitting to obtain one major tensile crack in each of the 

specimens. Only specimens with one major fracture were 

accepted for further testing. Figure 5 shows the fracturing 

setup and one accepted specimen. In addition, 6 limestone 

cores were prepared with a polished saw-cut fracture.  

 

 

 

Figure 5. Fracturing setup of a limestone core (left, specimen 

016) and the fractured core (right, specimen 016). 

Triaxial Testing Apparatus 

The triaxial testing apparatus is shown in Figure 6. 

Distilled water or a saturated limestone solution were 

used as fracture flow liquid. It was injected from the 

bottom to the top of the specimen. The flowrate, head 

difference, and specimen deformation (perpendicular to 

the fracture; measured by the proximity sensors) were 

measured during the experiments. 



 

Figure 6. Triaxial test apparatus for confining pressure less than 

1 MPa. 

Before each fracture flow experiment, the specimen was 

saturated with distilled water for 24 hours. The water was 

introduced to the system under vacuum. During the 

saturation stage, the back pressure was 136 kPa, and the 

confining pressure was 300 kPa. 

 

3. TWO TYPES OF EXPERIMENTS 

Two types of experiments were conducted. In the field, 

fracture permeability can be affected by confining 

pressure and flowrate. To predict fracture flow in the 

field, it is important to study the effect of confining 

pressure and flowrate on fracture permeability evolution. 

Therefore, the first type of experiments was designed to 

investigate the effect of different factors – confining 

pressure, flowrate, and fracture type (tensile and polished 

saw-cut) – on fracture permeability evolution.  

For these experiments, a qualitative relationship between 

the different factors (confining pressure, flowrate, and 

fracture type) and fracture permeability can be obtained. 

However, there are four different mechanisms 

contributing to permeability evolution: mechanical 

compression, pressure solution, dissolution, and erosion. 

It is still not well understood which mechanism dominates 

the permeability evolution. For example, by increasing 

the confining pressure, the fracture permeability will be 

reduced; this can be caused by enhanced mechanical 

compression of contacting asperities or enhanced pressure 

solution on contacting asperities. Therefore, a second type 

of experiments was conducted to investigate the effect of 

different mechanisms on fracture creep. Between 

different experiments, the fluid type was changed to 

investigate to some extent the effect of different 

mechanisms; the confining pressure steps and the time 

duration for each step were identical. Both types of 

experiments will now be discussed.   

 

4. TYPE 1 EXPERIMENTS – OVERVIEW 

Four tests will be reported and discussed. The effect of 

three different factors – confining pressure, flowrate, and 

fracture type (tensile and polished saw-cut) – on fracture 

permeability evolution were investigated. The three 

factors were systematically varied by keeping two 

constant and changing the third one (see Table 3 and 

Figure 7). For example, the effect of confining pressure 

was investigated by conducting tests 003 and 004. 

Between the two tests, only the confining pressure was 

varied; the flowrate and fracture type were the same.  

Table 3. Test summary for type 1 experiments. 

 

 

Figure 7. Schematic of the design of type 1 experiments. 

 

5. TYPE 1 EXPERIMENTS – RESULTS AND 

DISCUSSION 

Data analysis method 

During the experiments, the confining pressure, flowrate 

and head difference were measured. The hydraulic 

aperture was computed based on the cubic law: 

h =  √
12𝑄𝐿𝜇

∆𝑝𝑤

3
                                   (1) 

where Q is the flowrate, L is the specimen length, μ is the 

dynamic viscosity of liquid, w is the specimen width, Δp 

is the pressure difference between water inlet and outlet. 

The cubic law is a simplification but acceptable in the 

context of this research where the hydraulic aperture is 

used for comparison.    

The averaged hydraulic aperture creep rate is computed 

as: 

𝑐𝑟ℎ𝑦̅̅ ̅̅ ̅̅ =
ℎ𝑖𝑛𝑖−ℎ𝑓𝑖𝑛

𝑡
                           (2) 

where 𝑐𝑟ℎ𝑦̅̅ ̅̅ ̅̅  is the averaged hydraulic aperture creep rate 

(unit: μm / day), t is the total duration of the experiment,  

ℎ𝑖𝑛𝑖  is the initial hydraulic aperture (the averaged 

hydraulic aperture for the first fifteen minutes of the test), 



ℎ𝑓𝑖𝑛  is the final hydraulic aperture (the averaged 

hydraulic aperture for the last fifteen minutes of the test). 

Positive hydraulic aperture creep indicates hydraulic 

aperture reduction. 

The normalized averaged hydraulic aperture creep rate 

(unit:1/day), was also computed as: 

𝑐𝑟ℎ𝑦−𝑛𝑜̅̅ ̅̅ ̅̅ ̅̅ ̅̅ =
𝑐𝑟ℎ𝑦̅̅ ̅̅ ̅̅ ̅

ℎ𝑖𝑛𝑖
                          (3) 

where 𝑐𝑟ℎ𝑦−𝑛𝑜̅̅ ̅̅ ̅̅ ̅̅ ̅̅  is the normalized averaged hydraulic 

aperture creep rate.  

 

Results  

The averaged hydraulic aperture creep rate and 

normalized averaged hydraulic aperture creep rate for 

different tests are summarized in Table 4. Figure 8, 9, 10 

show the results.   
 

Table 4. Averaged hydraulic aperture creep rate and normalized 

averaged hydraulic aperture creep rate for type 1 experiment. 

 

 

 

 

Figure 8. Hydraulic aperture changing with time for tests 001 

(higher flowrate, shown by the blue curve) and 004 (lower 

flowrate, shown by the orange curve). The confining pressure 

and fracture type (both tensile fractures) were identical.  

 

 

Figure 9. Hydraulic aperture changing with time for tests 003 

(higher confining pressure, shown by the blue curve) and 004 

(lower confining pressure, shown by the orange curve). The 

flowrate and fracture type (both tensile fractures) were 

identical. 

 

  

Figure 10. Hydraulic aperture changing with time for tests 004 

(tensile fracture, shown by the orange curve) and 007 (polished 

saw-cut fracture, shown by the blue curve). The fracture surface 

of the tensile fracture is rougher. The confining pressure and 

flowrate were identical. 

 

Observations  

The observations can be summarized: 

1. Increasing the confining pressure, increasing the 

flowrate, and increasing the surface roughness lead to 

greater hydraulic aperture reduction.  

2. At a high confining pressure (500 kPa), the hydraulic 

aperture decreases relatively faster initially, and slower 

near the end of test, compared to low confining pressure 

(300 kPa).   

 

6.  TYPE 2 EXPERIMENTS – OVERVIEW 

For the second type of experiment, four tensile fracture 

specimens were tested. Between different experiments, 

the fluid type was changed to get an initial understanding 

of the role of different mechanisms causing the creep. As 

shown in Figure 11, specimen 011 was tested under dry 

conditions, specimen 015 under saturated limestone 

solution conditions, specimen 014 under stagnant distilled 

water conditions, and specimen 013 under distilled water 

flow conditions. In the four tests, the dissolution, pressure 

solution, and erosion were not directly measured. Instead, 

the mechanical creep of the four specimens (rock matrix 

and fracture) was measured. The relative importance of 

dissolution, pressure solution, and erosion was tentatively 

interpreted from the relative magnitude of the mechanical 

creep. Table 5 summarizes the details of the four tests. 

 

Figure 11. Schematic of the second type of experiment. 

 



 

Table 5. Summary of the experimental conditions of the four 

specimens. The effective confining stress (confining pressure 

minus back pressure) steps were: 164 kPa (loading) → 364 kPa 

(loading) → 564 kPa (loading) → 364 kPa (unloading) → 164 

kPa (unloading). 

 

 

7. TYPE 2 EXPERIMENTS – RESULTS AND 

DISCUSSION 

Data analysis 

For each effective confining stress step (see Table 4), the 

mechanical deformation (rock matrix and fracture) was 

computed based on the measured proximity probe 

readings. In each effective confining stress step, the 

mechanical deformation at the beginning is defined as 

zero. Contraction (fracture and rock matrix) is defined as 

positive mechanical deformation.   

In addition, for specimen 013, the hydraulic aperture h 

(unit: μm), was calculated. The calculation method was 

the same as type 1 experiments. 

 

Results – Mechanical deformation 

Figure 12, 13, 14, 15, 16 summarize the mechanical 

deformation of the four specimens for each effective 

stress step (see Table 4), respectively. 

 

Figure 12. Specimen mechanical deformation (fracture and 

rock matrix) of the four tests under 164 kPa effective confining 

stress (loading). Positive mechanical deformation corresponds 

to specimen contraction, while negative mechanical 

deformation corresponds to specimen expansion. 

 

 

Figure 13. Specimen mechanical deformation (fracture and 

rock matrix) of the four tests under 364 kPa effective confining 

stress (loading). Positive mechanical deformation corresponds 

to specimen contraction. 

 

Figure 14. Specimen mechanical deformation (fracture and 

rock matrix) of the four tests under 564 kPa effective confining 

stress (loading). Positive mechanical deformation corresponds 

to specimen contraction. 

 

Figure 15. Specimen mechanical deformation (fracture and 

rock matrix) of the four tests under 364 kPa effective confining 

stress (unloading). Positive mechanical deformation 

corresponds to specimen contraction. 

 

Figure 16. Specimen mechanical deformation (fracture and 

rock matrix) of the four tests under 164 kPa effective confining 

stress (unloading). Positive mechanical deformation 

corresponds to specimen contraction. 

For the loading steps, the following observations can be 

made: 

(i). When the effective confining pressure is 164 kPa, the 

dry specimen contracts with time. The specimen under 

distilled water flow condition does not deform 

significantly. However, the specimens under stagnant 

saturated limestone solution and stagnant distilled water 

condition expand with time.  



(ii). When the effective confining pressure is 364 kPa, all 

four specimens contract with time. The specimens 

contract relatively faster initially, and relatively slower 

near the end. Also, the specimen under distilled water 

flow condition shows the largest contraction.  

(iii). When the effective confining pressure is 564 kPa, all 

four specimens contract with time. The specimens 

contract relatively faster initially, and relatively slower 

near the end. Also, the specimens under dry condition and 

stagnant saturated limestone solution show relatively 

larger contraction than the other two.   

For the unloading steps, the following observations can 

be made: 

(i). When the effective confining pressure is 364 kPa, the 

dry specimen expands with time. However, the three 

specimens under wet conditions expand first, then 

contract. The specimen under distilled water flow 

condition contracts the most.  

(ii). When the effective confining pressure is 164 kPa, the 

dry specimen and the specimen under stagnant saturated 

limestone solution expand with time. On the contrary, two 

specimens under distilled water condition (both with and 

without flow) expand first, then contract.  

 

Interpretation – Mechanical deformation 

Based on the above observations, it is possible to 

tentatively interpret:  

For the loading steps: 

(i). (Corresponds to the first observation statement in the 

loading section) The dry specimen contracts, while the 

three other specimens do not contract. This indicates that 

the presence of water may cause the specimens to expand. 

One possible explanation is that the minerals (particularly 

the clay) may expand under wet conditions. Interestingly, 

the two specimens under stagnant water conditions show 

more expansion than the specimen under distilled water 

flow condition. Erosion and mineral dissolution during 

flow may be an explanation.     

(ii). (Corresponds to the second and third observation 

statements in the loading section) An increase of effective 

confining pressure (164 kPa to 364 kPa, or 164 kPa to 564 

kPa) causes specimens to contract. Increasing the 

effective confining pressure may compress the contacting 

asperities of the fracture surface.   

For the unloading steps: 

(This corresponds to the second observation statement in 

the unloading section) The two specimens under distilled 

water condition expand first and then contract, while the 

other two specimens expand with time. This difference 

can be explained by dissolution. Dissolution of fracture 

surfaces may occur under distilled water condition, but 

will not occur under dry condition or saturated limestone 

solution condition.  

In both loading and unloading stages, the effect of 

mechanical compression is not negligible. It is worth 

noting that the four specimens have different fracture 

surface geometries. The variation in fracture surface 

geometries may influence the relative magnitude of the 

measured mechanical deformation.  

 

Results – Hydraulic aperture 

Under distilled water flow condition (specimen 013), the 

hydraulic aperture keeps decreasing at each confining 

pressure step. Figure 17 shows the hydraulic aperture 

changing with confining pressure and time. During 

unloading, the hydraulic aperture does not go back to the 

hydraulic aperture of the corresponding loading steps, 

which indicates permanent deformation of the fracture 

surfaces. Figures 15 and 16 show the mechanical 

deformation during unloading for the flow test, and 

Figure 17 shows the hydraulic aperture during unloading. 

Based on Figure 15, 16, and 17, it is worth noting that 

during unloading, the hydraulic aperture decreases with 

time, but the specimen expands first and then contracts. 

More investigation is required to understand this 

discrepancy. 

 

Figure 17. Hydraulic aperture changing with confining pressure 

and time for specimen 013 (distilled water flow condition). The 

flowrate is 2.5 μL/sec and the back pressure is 136 kPa. 

 

8. SUMMARY AND CONCLUSIONS 

Since fracture creep affects fracture aperture and thus 

hydraulic conductivity, it is of interest for hydrocarbon 

extraction from reservoir rocks, such as Musandam 

limestone. This paper reports on an initial set of 

experiments in which the time dependent fracture flow 

was investigated. Specifically, in type 1 tests, the effect of 

different factors on fracture hydraulic aperture (confining 

pressure, flowrate, and fracture type) was studied; in type 

2 tests, the effect of different mechanisms affecting 

fracture aperture (mechanical compression, pressure 

solution, dissolution, and erosion) was explored. 



For type 1 tests, it can be concluded that increasing the 

confining pressure or the flowrate or the surface 

roughness each lead to greater hydraulic aperture 

reduction. Contributing to the hydraulic aperture 

reduction may be all possible mechanisms (mechanical 

compression, pressure solution, dissolution, and erosion), 

but differentiating between their effects is not possible.  

Type 2 tests were included to shed more light on the 

underlying mechanism. Partial information can be 

obtained with the present setup in which only the 

specimen deformation (both the matrix and fracture 

deformation) is measured. It appears that during loading, 

at lower (164 kPa) effective confining pressure, water 

causes the specimens to expand. On the contrary, at higher 

(364 kPa and 564 kPa) effective confining pressures, all 

the specimens contract. Also, during both loading and 

unloading, the effect of mechanical compression is not 

negligible. For the test under distilled water flow, it is 

worth noting that during unloading, the specimen expands 

first then contracts, while the hydraulic aperture keeps 

decreasing with time.    

Overall the experimental results show the effect of 

different external conditions and fracture geometry on 

hydraulic aperture and specimen (matrix and fracture) 

deformation. So far a distinct determination of possible 

mechanisms (mechanical compression, pressure solution, 

dissolution, and erosion) on fracture deformation is not 

possible. However, the experiments indicate in which 

way future research can be conducted. Practically, the 

results of series 1 are relevant in providing information on 

fracture flow behavior that can be used in design. 

REFERENCES 

1. Alsharhan, A. S., Nairn, A. E. M. (1986). A review of the 

Cretaceous formations in the Arabian Peninsula and Gulf: Part 

I. Lower Cretaceous (Thamama Group) stratigraphy and 

paleogeography. Journal of Petroleum Geology, 9(4), 365-391. 

2. Deng, H., Fitts, J. P., Crandall, D., McIntyre, D., Peters, C. 

A. 2015. Alterations of fractures in carbonate rocks by CO2-

acidified brines. Environmental Science and Technology, 

49(16), 10226-10234.  

3. Durham, W. B., Bourcier, W. L., Burton, E. A. 2001. Direct 

observation of reactive flow in a single fracture, Water 

Resources Research, Vol. 37, No. 1, Pages 1-12.  

4. Elkhoury, J. E., Ameli, P., Detwiler, R. L. 2013. Dissolution 

and deformation in fractured carbonates caused by flow of CO2-

rich brine under reservoir conditions. International Journal of 

Greenhouse Gas Control, 16S, S203-S215. 

5. Garcia-Rios, M., Luquot, L., Soler, J. M., Cama, J. 2017. The 

role of mineral heterogeneity on the hydrogeochemical 

response of two fractured reservoir rocks in contact with 

dissolved CO2. Applied Geochemistry, 84, 202-217. 

6. Ishibashi, T., McGuire, T. P., Watanabe, N., Tsuchiya, N., 

Elsworth, D. 2013. Permeability evolution in carbonate 

fractures: Competing roles of confining stress and fluid PH, 

Water Resources Research, 49, 2828-2842.  

7. Iwano, M., Einstein, H. H. 1995. Laboratory experiments on 

geometric and hydromechanical characteristics of three 

fractures in granodiorite, Proceedings of the Eighth 

International Congress of the ISRM.  
8. McGuire, T. P., Elsworth, D., Karcz, Z. 2013. Experimental 

Measurements of Stress and Chemical Controls on the 

Evolution of Fracture Permeability, Transport Porous Media, 

98: 15-34.  

9. Noiriel, C., Gouze, P., Made, B. 2013. 3D analysis of 

geometry and flow changes in a limestone fracture during 

dissolution. Journal of Hydrology, 486, 211-223.  

10. Polak, A., Elsworth, D., Liu, J., Grader, A. S. 2004. 

Spontaneous switching of permeability changes in a limestone 

fracture with net dissolution, Water Resources Research, 40, 

W03502.  

11. Ricateau, R., Riche, P. H. (1980). Geology of the 

Musandam Peninsula (Sultanate of Oman) and its surroundings. 

Journal of Petroleum Geology, 3(2), 139-152. 

12. Villamor Lora, R. 2018. Personal communication.  

 

 
 

 


