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Abstract
Carbonate reservoirs are usually associated with diagenesis processes which result in complex mineralogy and pore structure. As a result, rock physics models that predict the petrophsyical properties using seismic based geophysical parameters become more complicated. Most rock physics models studies relate the effect of pore structure and mineralogy to acoustic velocity over a wide range of porosity and mineralogy. 
In this study, we are trying to investigate the acoustic velocity response over a narrow range of porosity and mineralogy. Extensive petrophysical and velocity measurements have been conducted on 38 carbonate plug samples. In addition, detailed petrographic and SEM analysis have been done on part of the samples. Results from this investigation highlight the importance of the petrographic analysis to explain the various velocity response. QEMSCAN and FTIR mineralogy quantification techniques provided consistent results over the studied section despite some minor differences. When there is a limited change in pore structure and mineralogy, the carbonate texture and fabric have a major control over velocity. 
Biot-Gassmann rock physics model does not provide good estimations in the studied low porosity carbonate rocks. Due to the complicated microstructure, at ultrasonic velocity, these rocks show velocity dispersion effect that leads to underestimated P- and S-wave velocities using the model. 
ix
[bookmark: _Toc310579468][bookmark: _Toc469517746]Introduction
Reservoir petrophysical parameters are essential for many disciplines within the oil and gas industry. They are used by geologist, geophysicists, drilling engineers, production engineers and others for both exploration and development purposes. Rock physics models are used to help predict these petrophysical parameters using seismic and other geophysical variables. However, limited studies have been done on carbonates because of their complex nature. Unlike sandstones, carbonates are usually affected by diagenetic processes that alter their porosity, lithology and petrography. Several studies have shown that porosity type and lithology directly affect the velocity response in carbonates (Gomez et al., 2007; Weger et al., 2009; Anselmetti and Eberli, 2012; Kittridge, 2014).
Clastic rocks in general received higher attention compare to carbonates. They are not associated with any diagenetic potential and they revealed early success utilizing seismic techniques like amplitude versus offset (AVO). Sandstone hydrocarbon potential is usually associated with sand bodies within non reservoir rocks. These sand bodies are not always associated with structure. Therefore, reservoir detection using AVO found a ready application in sandstone (Fuller et al., 1989). 
Because of the diagenetic complexity in carbonate, most rock physics studies have focused on pore type, lithology and rock-fluids interactions. Pure carbonate minerals have narrow velocity values and several studies concluded minor control of acoustic velocity by mineralogy (Rafavich et al., 1984; Sayers, 2008). On the other hand, porosity and pore type have always been considered the major controller of velocity. Weger et al., (2009) suggested that porosity and pore type are the main factors that affect acoustic velocity. However other studies argue that without the proper evaluation and estimation of carbonates mineralogy, interpreting the elastic properties as a function of porosity and pore type will be inadequate (Kittridge, 2014). Gomez et al., (2007) illustrated the effect of pore types on acoustic velocity using petrographic analysis. Spherical pores have been associated with high velocity while thinner and more complex pores resulted in low velocity response. 
Several rock physics models are available in the literature that tries to relate the various carbonate petrophysical parameters to velocity. Biot-Gassmann theory is one of the widely used and well justified theoretical models. It takes into account three major parameters that affect the velocity response: porosity, mineralogy and fluids. However, it does not include a pore type parameter, like aspect ratio, which has been found significantly helpful for better velocity estimation (Weger et al., 2009). Besides, rock-fluid interaction is another concern that should be avoided for better velocity estimation using the model. Bhagat et al., (2012) investigated the saturation effect of various fluids in carbonates. Brine or dodecane helped in minimizing the chemical or dissolution effect in these rocks compare to water. Such studies confirmed that water should be avoided when saturating carbonate samples to eliminate any possible rock-fluid interactions.
Because of the complexity of the carbonate lithology, extra care should be considered when estimating their mineralogy. Several mineralogy estimation techniques are available in the industry (XRD, FTIR, QEMSCAN etc.) and they all have some limitations and strengths. Not to mention that the heterogeneity of the carbonates makes the sample orientation and scale very important. Therefore, the required amount of sample could be different based on the complexity of the lithology and the measurement technique. Mineralogy studies over the complex carbonate formation (Khuff) recommended fairly large samples of about 15cc when using XRD in order to get accurate results. However, QEMSCAN analysis when done on samples of 0.2cc were sufficient to provide enough details about the mineralogy distribution of the system (Ardila and Clerke, 2014).
Investigating the carbonates deposition and diagenetic history may provide good explanation for the rock physical response. For example, it has been seen that early compaction decreases porosity and increases velocity linearly. Leaching or dissolution of metastable minerals increases porosity with minor decrease in velocity (Anselmetti and Eberli, 2012). Nevertheless, it is usually hard to trace or quantify the diagenetic history that the rock went through. Therefore, it is preferable to incorporate petrographic analysis in order to understand the physical behavior of carbonates (Gomez et al., 2007). 

[bookmark: _Toc469517747]Geological Background
The focus of this study is on the Khuff reservoir within the giant Ghawar field in Saudi Arabia. Powers et al., (1963) suggested that Khuff is a late Permian age formation and it is considered to be the earliest known carbonate section in the region. The Khuff formation is divided into four major units named as Khuff-A, B, C and D. The unit Khuff-D is the oldest and Khuff-A is the youngest in the section. These units represent cycles within a tidal flat environment ranging from a subtidal marine transgressive to a supratidal regressive phase on top acting as a reservoir seal. Khuff-B and Khuff-C unites are usually well developed with major transgressive carbonate phases while Khuff-A and Khuff-D are generally less developed consisting of muddy carbonates and few zones of grainstones (Al-Jallal, 1987). 
Khuff-C reservoir is our main focus in this study and it is generally dolomite with calcite and streaks of anhydrite. Besides depositional facies discontinuity, reservoir quality within the Khuff formation is affected greatly by diagenesis. Leaching and destructive dolomite usually increase porosity while dolomite and anhydrite cement usually deteriorate reservoir quality (Al-Jallal, 1987).  This may result in porosity occlusion, complex pore type and complex mineralogy (Ardila and Clerke, 2014). The porosity in our study section is generally low with an average of 2.7% and a maximum of 6.9%. 
According to Al-Jallal (1987), there are two diagenetic processes that could decrease the porosity within the Khuff section: extensive dolomitization with no leaching and formation of anhydrite cement. Dolomitization usually preserves the primary interparticle porosity but as it continues further, if it is not associated with dissolution of unstable aragonitic grains, it progresses into interlocking dolomite crystals with very little porosity. Anhydrite cement is very common in Khuff reservoirs because of the tidal flat deposition cycles. Anhydrite precipitates during arid supratidal regressive time and works as cement plugging most of the primary porosity.
The lithology of the Khuff section is mainly fine to medium crystalline dolomite. Calcite was the primary lithology however, the extensive dolomitization replaced almost all the primary limestone matrix. It is estimated that only 2-3% of the primary matrix remained as calcite (Fathalla, 1985). Anhydrite is another mineral that is often present within the Khuff formation, both as anhydrite nodules and cement. Disseminated pyrite has also been associated with the lithology of this section. 
Development of reservoir quality is one of the primary challenges in the Khuff reservoirs. It is usually controlled by the lateral continuity of the deposition of the reservoir facies. Therefore, reservoir development in this section is not always associated with the current structural position (Al-Jallal, 1987). Wells drilled on current structural highs will not always be better developed compare to wells drilled on the flanks. In such complex reservoir conditions, accurate prediction of the acoustic properties is required to differentiate between the reservoir and the non-reservoir rocks. 

The Khuff reservoirs contain excellent hydrocarbon potential and therefore have received a lot of attention in the last years (Ehrenberg et al., 2007). Extensive high quality seismic data has been acquired over the Khuff section that needs to be properly tied to the petrophysical reservoir parameters. Studies over the Khuff complex reservoirs are ongoing and focusing on mineralogy, petrography, electrofacies and acoustic velocity (Clerke, 2009). Additional studies related to acoustic velocity modeling and rock physics over the Khuff section are needed in order to understand and predict the rock behavior and the reservoir potential. 
 


[bookmark: _Toc469517748]Motivation and Objective
Carbonate rocks hold a significant amount of oil and gas reserves especially in the Middle East. Schlumberger estimated that more than 60% of the world’s oil and more than 40% of world’s gas reserves are in carbonate reservoirs. These reservoirs are also known for their high degree of heterogeneity and complexity and extra effort is needed in order to predict their behavior (MacDonald et al., 2009). 
Most of the carbonates rock physics studies have focused on the effect of porosity on acoustic velocity since they have obvious inverse relationship (Anselmetti and Eberli, 2012; Weger et al., 2009). Moreover, porosity has a strong effect and usually dominate over the effect of mineralogy and fluids. The wider the porosity range in a study set, the easier it is to find meaningful relationship with velocity even if mineralogy and diagenesis are not fully studied. 
Other carbonates rock physics studies have incorporated the effect of mineralogy by dividing the samples into two groups in the porosity/velocity plot: dolomite rich or calcite rich. Rafavich et al., (1984) suggested that the influence of mineralogy on velocity is small and porosity is the major factor that affects velocity. However, within a group with the same dominant mineral, velocity variation at a specific porosity value is reduced. This approach gave better relationship but still over a wide range of porosity values with no explanation for the deviation from the general trend.   


 (
Figure 
3
1
: Graph of velocity vs. porosity color coded by the type of predominant pore type
 (Eberli et al., 2003)
. Red box shows our study range of porosity.
)[image: ]
In order to highlight the effect of mineralogy and texture, we will investigate the acoustic velocity behavior using a densely cemented carbonate sample set with limited porosity range of 0 - 7% (Figure 3‑1). A large data set of 38 carbonate plug samples will be investigated over this porosity range. We will use extensive analyses of petrophysical laboratory measurements including detailed petrographic analyses in order to capture as much details as possible.  
The objective of the study is to investigate the acoustic velocity of the carbonate Khuff formation as a function of mineralogy, mineral morphology and texture over a narrow range of porosity.





[bookmark: _Toc469517749]Methodology
In our study, 38 horizontal plug samples representing more than 150ft of the Khuff section in Saudi Arabia will be used. Extensive set of measurements will be acquired including porosity, permeability, density, NMR T2 relaxation data, mineralogy, velocity and thin section petrographic analyses. Figure 4‑1 shows all the measurements that will be done on the samples.

[bookmark: _Toc469517750]Laboratory Measurements
Before acquiring the dry measurements, we dried the samples in a conventional oven at 100°C for 20 hours. Then, the samples were left in a desiccator to cool down and then their weights were recorded. We selected 6 random samples to clean in an soxhlet extractor using a mixture of 90% toluene and 10% methanol at 75°C and a pressure of a 100 bar. Then we dried them in the oven for 20 hours. The average weight difference between the clean and the unclean samples was about 0.01g which suggested that cleaning is not required. 

  
[bookmark: _Ref466973742][bookmark: _Toc469517857]Figure 4‑1: Chart showing all the lab measurements that were done on the plug samples in the study

[bookmark: _Toc469517751]Dry Measurements
The core plug sample is cut into two specimens, a disc with a length of about 0.2 inches and a plug of about 1 ½ inches. The disc was used to perform QEMSCAN mineralogy analysis which is an elemental detection tool using x-ray counts (see Chapter 5 for more details). After QEMSCAN, the same disc was cut in half perpendicular to bedding. One half was used for mineralogy quantification using Transmission Fourier Transform Infrared Spectroscopy-FTIR (see Sondergeld and Rai (1993) for more details about the procedure). The other half was used to prepare thin section for visual porosity and mineralogy analysis using point count and detailed petrographic analysis. A total of 8 disc samples were selected for the FTIR and thin section analysis.
On the plug samples, we obtained porosity and permeability measurements at a confining pressure of 800psi using the Automated Permeameter Porosimeter (AP608). Also, we used the High Pressure Pycnometer (HPP) to acquire grain density and grain volume. Then, the pore volume was calculated by subtracting the grain volume (HPP) from the bulk volume (plug diameter and length). 
Next, we obtained the dry velocity measurements on the plug samples. We used a pressure vessel that contains mineral oil which is used to provide uniform confining pressure around the sample. The samples were placed between two piezoelectric transducers and wrapped with a rubber jacket which is used to provide a seal between the confining pressure and the pore pressure. In order to maximize contact between the samples and the piezoelectric transducers, the samples were machined polished to be as close to a perfect cylinder as possible. The velocity measurements were run using confining pressure ranging from 250psi to 5000psi while keeping the pore pressure constant (atmospheric pressure). During each pressure step, 5 minutes soaking time was allowed for pressure equilibrium then a compressional (Vp) and two perpendicular shear (Vs1, Vs2) velocity measurements were acquired.
After the dry velocity measurements, the samples were cleaned in an soxhlet extractor using a mixture of toluene and methanol at 75°C and a pressure of a 100 bar. Then, they were placed in a conventional oven for 24 hours at 100°C. Then, they were placed in a desiccator to cool down. 

[bookmark: _Toc469517752]Saturated Measurements 
We used dodecane to saturate our samples to minimize any rock-fluid interaction that could results in shear weakening/strengthening which could affect the velocity measurements (Baechle et al., 2009). In addition, using dodecane will provide measurements that follow Biot-Gassmann behavior and minimize any possible chemical or dissolution effect that might result from saturating the samples with water (Bhagat et al., 2012). The plug samples were saturated over three pressure steps to minimize induced cracks. First, the pressure was set at 500psi for an hour, then the pressure was raised to a 1000psi for another hour and then it was raised to 2000psi for a period of 24 hours.
NMR measurements were done on the dodecane saturated samples using 2-MHz Oxford-Maran Spectrometer with an average signal to noise ratio (SNR) of 50. Finally, saturated velocity measurements were acquired using the same procedure that we used for acquiring the dry velocity measurements.       

[bookmark: _Toc469517753]QEMSCAN Technology
[bookmark: _Toc469517754]Introduction
QEMSCAN is a fully automated system that evaluate mineralogy and petrography. It provides non-destructive and reliable quantitative analysis of the rock minerals. QEMSCAN (Quantitative Evaluation of Minerals by Scanning Electron Microscopy) integrates an electron beam source from scanning electron microscopy and an energy dispersive x-ray spectrometer (EDS) to measure elemental abundances (Ayling et al., 2012). It is an elemental detection method that depends on x-ray (EDS) counts and it drives mineralogy from overlapping elemental composition (Figure 5‑1). The x-ray (EDS) count is acquired at each measurement point (pixel). The measured electron-induced x-ray spectra is input to an inversion software to analyze the mineralogy data based on known minerals’ chemical compositions (Wood, 2013). 
[image: C:\Users\almu5058\AppData\Local\Microsoft\Windows\INetCache\Content.Word\Schematic-Qemscan.jpg]
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Figure 
5
1
:
 Schematic showing the process of acquiring the x-ray spectrum and analyzing the mineralogy data using QEMSCAN 
(Wood, 2013)
)

The software provides mineral maps of different resolutions based on the desired outcome. High resolution images utilize 2.5-micron pixel while low resolution images use 10-micron pixel with significant difference in acquisition time based on the area. Commonly, the low resolution images are more efficient. They provide enough details about the mineralogy, texture, grains and fractures in relatively few hours compared to the high resolution images. However, small minerals like clay tend to have little x-ray emissions and they may require higher resolution in order to be captured correctly.

[bookmark: _Toc469517755]History
In the 1970s, Commonwealth Scientific and Industrial Research Organization (CSIRO) patented the first QEMSCAN technology in Australia. It was called QEM*SEM, referring to the two platforms that the technology uses: The Quantitative Evaluation of Minerals using x-ray spectroscopy and the scanning electron microscopy. The main use of the technology was in the mining industry for mineral identification and ore characterization (Gottlieb et al., 2000). With the development and the automation of the QEMSCAN measurements, more fields became applicable for it like the oil and gas field. The oil and gas industry prefer technologies that provide fast, reliable and non-destructive results. In this industry, it is always better to use the same exact sample for multiple tests to reduce uncertainty. Therefore, the thriving capabilities of QEMSCAN started to be used in the oil and gas industry (Goergen et al., 2014; Ardila and Clerke, 2014).          
[bookmark: _Toc469517756]Sample Preparation
In order to run a sample in QEMSCAN, the sample must be a ~1-inch in diameter and about 0.15 inches thick. It should be flat and machined polished as fine as possible. We used a fine saw to cut an end trim (disc) of about 0.2 inches from each plug to prepare the QEMSCAN samples. These discs were mounted using crystal bound to 1-inch diameter aluminum stubs (Figure 5‑2). 

[image: ][image: ]
[bookmark: _Ref467934980][bookmark: _Toc469517859]Figure 5‑2: QEMSCAN Samples mounted to 1-inch aluminum stubs

In order to finely polish the samples, we used the Alied Multi-prep polisher. This polisher insures that the sample is evenly polished using the selected grit size and load force. It also uses a water source to wash the polished-off particles away from the sample surface to minimize scratches that could affect the QEMSCAN x-ray spectra. The samples were polished in stages starting with 400 grit size to level out the sample and going up to 800 grit size to obtain a very high polished surface. Polishing the samples in stages insure maximum efficiency and minimize water interaction. After precise polishing, the samples were ion milled using the Fischione model 1060 SEM mill at low angle for 3 hours at 5kV. Finally, they were coated with carbon using the Denton Vacuum Desk V Carbon coater. At this stage, the samples were ready for QEMSCAN analysis. Extra care should be considered when touching or mobilizing the samples. Finger prints, hair and/or fine particles could affect the sample surface and ultimately affect the QEMSCAN results.  

[bookmark: _Toc469517757]Measurements
Our QEMSCAN measurements have been done using the automated FEI system. The electron beam was run at 15 kV and 7 nA. We ran all 38 carbonate samples using this system at two different resolutions and areas: 
1. Low resolution at 10-micron pixel over an area of 1cm square.
2. High resolution at 2.5-micron pixel over an area of 1mm square.  
We found that all the samples consist mainly of calcite, dolomite, anhydrite and traces of other minerals like quartz. Figure 5‑3 shows a list of the minerals that were observed within the sample set. The images that we get out of the QEMSCAN system is color coded based on the distribution of the minerals within the sample. They also give an idea about the texture and fractures if they exist (Figure 5‑4). 
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[bookmark: _Ref467936274][bookmark: _Toc469517861]Figure 5‑4: QEMSCAN images: High resolution over 1mm square area and low resolution over 1cm square area. Notice the mineral distribution and the type of texture that could be recognized in these images.


[bookmark: _Toc469517758]Experimental Results and Discussion 
During our extensive lab measurements, several petrophysical properties have been acquired. Based on distinctive petrophysical properties, the study section will be divided into two zones: Zone 1 (shallow) and Zone 2 (deep). Because of the complexity of the carbonate’s section that we are studying, some of the properties were measured using two or more different techniques. Carbonate rocks usually undergo different periods of compaction, dissolution and cementation which would have a major influence on mineralogy and pore space. As a result, almost all petrophysical properties will be affected. Comparing the results of different techniques that measure the same petrophysical property could help explain complex rock behavior. In this chapter we will illustrate our experimental results sorted by measured properties.

[bookmark: _Toc469517759]Porosity
Porosity is one of the major petrophysical properties that could significantly be affected by diagenesis and has a direct effect on the elastic properties (Raymer et al., 1980). Because of the importance of this property, it has been measured using five different techniques:
1. HPP (High pressure pycnometer)
2. LPP (Low pressure pycnometer)
3. AP-608 (Automated permeameter porosimeter @ 800psi confining pressure)
4. NMR (T2 relaxation time)
5. Point count (Thin section)
Table 6‑1 below shows a summary of all the porosity data that were measured using the various lab techniques:
[bookmark: _Ref466978976][bookmark: _Toc469559866]Table 6‑1: Summary of the Porosity Data in Percent
	Method
	Lowest
	Highest
	Average
	# of Samples

	HPP
	0.1
	5.3
	1.3
	38

	LPP
	1.9
	6.8
	3.2
	6

	AP-608
	0.1
	5.4
	1.4
	38

	NMR
	1.2
	6.9
	2.7
	38

	Point count
	0.3
	5.3
	1.9
	8



The overall porosity of the section is very low. HPP, AP-608 and point count porosities usually measure the connected porosity. These three methods show similar porosity values with an average of about 1.5% (Table 6‑1). NMR measures the volume of pore space by detecting the total volume of fluids in the sample. Fluids could be in connected pores and/or in isolated pores. LPP porosity is a measure of the crushed total porosity and their values were close to the porosities from NMR (See Bocangel et al., 2013 for details on LPP porosity measurements). Figure 6‑1 illustrate the relationship between NMR versus HPP and LPP porosities. 
We can conclude that the study section has an average connected porosity of 1.5%. NMR and LPP porosities has an average of 3.0%. Suggesting the presence of an average isolated or occluded porosity of 1.5%. When the porosity is very low, any uncertainty would lead to significant error. The higher porosity that was measured by NMR has been confirmed as valid porosity with the measurements of LPP (crushed porosity). The relationship between these two type of measurements provided excellent correlation with and R2 of 0.94 with almost 1 to 1 response. 
Carbonate porosity and pore structure is one of the major building blocks that affect the velocity data (Weger et al., 2009). Hence, extensive attention was given to the porosity measurements of the section to reduce uncertainty. Any possible doubt within the porosity measurement should be avoided. Since both measurements are valid with enough confidence, both types of porosity will be investigated in the study. The HPP porosity will be considered the connected porosity and NMR porosity will be considered the total porosity. 


[bookmark: _Ref466980148][bookmark: _Toc469517862]Figure 6‑1: The relationship between NMR vs. LPP (in red) and NMR vs. HPP (in blue). Black line is the one to one line.

[bookmark: _Toc469517760]Mineralogy
Carbonates mineralogy usually seems simple with three major minerals (calcite, dolomite and anhydrite). However, the various diagenesis effects add complexity and make the mineralogy hard to predict. In order to understand the complex mineralogy in the study section, three mineralogy quantification techniques were used:
1. QEMSCAN
2. FTIR
3. Thin section
[bookmark: _Toc469517761]QEMSCAN Mineralogy
QEMSCAN is one of the leading techniques for minerals quantification. Besides, it has the capability to provide mineralogy images to better understand the rock fabric and texture (see chapter 5 for more details). All 38 samples were run using QEMSCAN. Figure 6‑2 and Figure 6‑3 show the mineralogy distribution based on the low resolution 1cm square (10 micron pixel) and the high resolution 1mm square (2.5 micron pixel) respectively.
QEMSCAN mineralogy shows that dolomite occurs over the whole section, ranging from 6% to 98%. Calcite only appears on the top section and it ranges up to 89%. Anhydrite is more prominent on the bottom section and it ranges from 0% to 60%. Both the low and high resolution QEMSCAN acquisitions gave very similar mineralogy. Minor differences were noticed which could be related to the difference in the scanned area. 
[image: ]
[bookmark: _Ref466985881][bookmark: _Toc469517863]Figure 6‑2: Mineralogy quantification using QEMSCAN based on 1cm square and 10 micron pixel resolution

[image: ]
[bookmark: _Ref466986201][bookmark: _Toc469517864]Figure 6‑3: Mineralogy quantification using QEMSCAN based on 1mm square and 2.5 micron pixel resolution



In addition to the minerals quantification, Figure 6‑4 and Figure 6‑5 show eight sample images that were acquired using QEMSCAN. The images illustrate the complexity of the carbonate texture and the distribution of their mineralogy. Figure 6‑6 shows a summary of the main minerals within these eight samples. 
[image: ]
[bookmark: _Ref468025982][bookmark: _Toc469517865]Figure 6‑4: QEMSCAN low resolution images (1cm square each). Sample numbers are on the top left corner. Notice the difference in texture and the distribution of the minerals. Color code can be seen in the QEMSCAN mineralogy chart (Figure 6‑2).

The images show a considerable amount of details about the grain size, grain shapes, fractures, fabric, sorting and compaction. However, no porosity can be seen because QEMSCAN can only recognizes minerals. It usually sees the minerals inside the pores and doesn’t identify the pore space itself. Especially when the pores are very small like the section we are studying.
[image: ]
[bookmark: _Ref468025984][bookmark: _Toc469517866]Figure 6‑5: QEMSCAN low resolution images (1cm square each). Sample numbers are on the top left corner. Notice the difference in texture and the distribution of the minerals. Color code can be seen in the QEMSCAN mineralogy chart (Figure 6‑2).


[bookmark: _Ref467056656][bookmark: _Toc469517867]Figure 6‑6: QEMSCAN mineralogy quantification


[bookmark: _Toc469517762]FTIR Mineralogy
FTIR is another widely used mineralogy quantification technique. It is known for its efficiency and ability to detect 16 different minerals in relatively short time (Sondergeld and Rai, 1993; Ballard, 2007). It mainly depends on the detection of the vibrational energy of molecular bonds in order to quantify mineralogy. Studies have seen that in more than 90% of the time, FTIR gives mineralogy quantification that is within +/-5 wt% of the actual mineralogy (Ruessink and Harville, 1992; Ballard, 2007). Eight samples were selected for FTIR and thin section analysis. Sample selection was made based on porosity, velocity, pore size (NMR) and mineralogy. 
FTIR mineralogy results were in very good agreement with QEMSCAN. In addition, it was able to detect small amount of illite (up to 10 wt%) and siderite (up to 7 wt%) which were around 1 wt% in QEMSCAN (Figure 6‑6 and Figure 6‑7).         

[bookmark: _Ref467059301][bookmark: _Toc469517868]Figure 6‑7: FTIR mineralogy quantification

[bookmark: _Toc469517763]Thin Section Mineralogy 
The same eight samples that were used for FTIR analysis, were also used for thin section mineralogy, porosity and texture analysis. Mineralogy using this method is more of a qualitative and it does not carry a lot of details as FTIR and QEMSCAN, however enormous details can be obtained about the rock deposition history, fabric, texture, grains, diagenesis, pore size and pore shape. Figure 6‑8 gives a summary of the mineralogy obtained from the thin section analysis.   

[bookmark: _Ref467057503][bookmark: _Toc469517869]Figure 6‑8: Thin section mineralogy estimation

The eight rock samples that were evaluated using thin sections suggest that we are dealing with the following carbonate categories:
I. Finely crystalline calcite.
II. Finely crystalline calcareous dolostone.
III. Finely crystalline argillaceous dolostone.
IV. Anhydritic pelletal dolostone
The analyzed samples are expected to be deposited with calcite lithology that subsequently dolomitized and replaced the original fabric with burial. Both original pellets and ooids have been dolomitized and negligible internal fabric can be seen. 

Texture
Two major groups of textures can be recognized within the samples. Samples 4, 13 and 16 can be referred to as microcrystalline carbonate lithology with uniform distribution of calcite and dolomite crystals (10-40 micrometer in size). Minor argillaceous material can be seen within this group ranging up to a moderate amount in sample 16. The second group (samples 51, 71, 95, 96 and 111) is texturally characterized by dolomite pelletal crystals bounded by anhydrite/dolomite cement. The pelletal grain size within the group has a range of 0.15-4.9mm with an average of 0.4mm in diameter. The dolomite crystals that fill the pelletal grains range in size from 10-20 micrometer. The porosity is mainly intercrystalline micropores and it is uniformly distributed. 

Cement
Two types of cement have been seen in the samples. Most of the samples show anhydritic cement (Sample 71, 95, 96, 111), while sample 51 exhibits some dolomitic cement. Anhydrite shows up mainly as diagenetic interparticle cement or chemical replacement material replacing parts of the dolomite pellets. Coarsely crystalline dolomite sometimes acts as a cement agent between the fine crystalline dolomite pellets.

Porosity
Field emission scanning electron microscope was used to analyze porosity and pore type. The main type of porosity that was seen within all samples was intercrystalline pores. They occur either between micritic finely crystalline dolomite and calcite crystals or within pellet-like grain components. Most of these pores range in size from 0.5 to 2 micrometer with uniform distribution. Some samples (sample 71) exhibit porosity of linear form between diagenetic anhydrite cleavage planes (Figure 6‑9). Most of the pore walls were associated with diagenetic illite clays. 
[image: ]
[bookmark: _Ref468450701][bookmark: _Toc469517870]Figure 6‑9: SEM image (Sample 71) showing anhydritic cement and possible linear porosity between cleavage planes

Fractures were seen in sample 95 cutting across anhydrite cement and dolomitic pelletal grains but completely healed by cement and possible organic material (Figure 6‑10). The fact that these fractures cut though anhydrite cement suggest that the fractures are younger than the major anhydrite cement pulse. Bigger fractures have been seen in sample 96 and they are more likely artifacts of the sampling process than being naturally occurred. More details about each specific sample can be found in Appendix A.      


[image: ]
[bookmark: _Ref468450996][bookmark: _Toc469517871]Figure 6‑10: Thin section image (Sample 95) showing dolomitic pelletal grains texture and transgranular fracture


[bookmark: _Toc469517764]QEMSCAN vs. FTIR Mineralogy
	QEMSCAN and FTIR are excellent mineralogy quantification techniques with some advantages and disadvantages. Table 6‑2 below summaries the major differences between the two techniques. 
[bookmark: _Ref468099166][bookmark: _Toc469559867]Table 6‑2: Comparison Between FTIR and QEMSCAN Techniques
	
	FTIR
	QEMSCAN

	Measurement
	Molecular bonds
	Simple X-ray count

	Time
	Fast but requires precision
	Slow but automated

	Condition
	Destructive
	None destructive

	Quality
	Better recognition for small minerals
	Underestimate small minerals

	Sample Size
	~0.0005g fine particles
	~0.2 cc disc


  	Both techniques were tested on the carbonate samples in the study and they were in good agreement for the major minerals (dolomite, calcite and anhydrite). Comparing the content of dolomite given by both techniques provide an excellent correlation with R2 of 0.97 and values very close to the 1 to1 line (Figure 6‑11). The major difference between the results was the detection of illite and siderite by FTIR. Considerable amount of illite up to 10 wt% was reported. Thin section petrographic analysis confirmed the presence of illite in association with the walls of the pores. Even though illite is usually known for decreasing porosity and plugging pore space, a plot of porosity vs. illite content shows positive correlation (Figure 6‑12).  

[bookmark: _Ref468104356][bookmark: _Toc469517872]Figure 6‑11: Cross plot of the dolomite content by QEMSCAN vs. FTIR (left). Anhydrite content by QEMSCAN vs. FTIR (right). Black lines are the 1 to 1 lines.
 
	Thin section analysis confirms the detected illite by FTIR which was not detected by QEMSCAN. If we compare the science behind each technique, we notice that QEMSCAN is based on simple x-ray counts. Mineralogy quantification is derived from overlapping elemental composition. Since clay fraction is small, clay tend to give very little x-ray emissions that get overshadowed by more abundant minerals like dolomite/calcite. Not to mention that many clays have similar elemental composition. On the other hand, FTIR is based on vibrational energy of chemical bonds. Thus, it is a much more reliable method for quantifying small quantity of minerals like clays because it can detect their molecular bonds.  
	Despite the poor detection of clays and other accessory minerals, QEMSCAN is still an excellent tool that could accurately quantify the overall mineralogy of the rock (Figure 6‑11). Besides, it is a fully automated and non-destructive technique that can be repeated multiple times. Also, QEMSCAN samples of 0.2cc provided consistent mineralogy with XRD data of different sample sizes (Ardila and Clerke, 2014). In addition to the quantitative mineralogy, QEMSCAN will also provide excellent mineralogy maps where texture and fabric could be recognized (Figure 6‑4, Figure 6‑5). 
[image: ]
[bookmark: _Ref468101283][bookmark: _Toc469517873]Figure 6‑12: Left-Cross plot of illite content vs. porosity. Right-SEM image showing illite in association with the pore space

Carbonate rocks are known for their heterogeneity where the larger the sample used, the better representation of mineralogy. Nevertheless, the very small amount of samples (0.0005g) that were used for FTIR measurements were in excellent agreement with QEMSCAN entire disc evaluation. FTIR samples were prepared from half the disc samples that were used in QEMSCAN. Yet, they provided excellent representation of the mineralogy. 
	In summary, both techniques are excellent mineralogy quantification techniques. Depending on the desired details and available time and samples, one technique might be preferable over the other. 

[bookmark: _Toc469517765]Grain Density
The grain density has been measured using two methods:
1. HPP (High pressure pycnometer)
2. LPP (Low pressure pycnometer)
HPP grain density data (Figure 6‑13) shows that the top part of the section (samples 1-51) has a range of 2.711 to 2.888 g/cc. This section is mainly characterized by calcite and dolomite mineralogy with little anhydrite occurring. On the other hand, the bottom part of the section (samples 71-111) is showing a range of grain density between 2.853 and 2.906 g/cc. The samples in this section comprise mainly dolomite and anhydrite. They range from nearly pure dolomite to almost 60 wt% anhydrite and 40 wt% dolomite.  
 (
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) (
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)
[bookmark: _Ref467067180][bookmark: _Toc469517874]Figure 6‑13: HPP grain density data plotted against sample ID


LPP grain density were measured for six samples to cross correlate the results with the results from HPP measurements (Figure 6‑14). LPP grain density is consistently higher than HPP measurement. It has an average increase of 0.021 g/cc compare to the HPP grain densities. The increase of density using LPP compare to HPP is more likely the result of crushing the rock and opening the occluded pores. This allowed the occluded fluids to dry out and resulted in an increase in the grain density. This difference in density support the presence of occluded pores and explain the higher porosities that were measured by NMR. 

[bookmark: _Ref467068661][bookmark: _Toc469517875]Figure 6‑14: Cross plot of HPP grain density and LPP grain density. Black line is the one to one line.


[bookmark: _Toc469517766]Permeability
Permeability was measured using the AP-608 Automated Permeameter Porosimeter @ 800psi confining pressure. Just like porosity, the permeability of the entire section was very low and ranges between 0.002 to 0.189 mD with an arithmetic average of 0.019 mD. Plotting the porosity and permeability data on a chart of Winland plot suggests that the top section (Zone 1) has mainly a pore throat radius of 0.2 micrometer. The bottom section (Zone 2) is more dispersed and the pore throat radius ranges between 0.2 and 2 micrometers (Figure 6‑15).  
 

[bookmark: _Ref467070057][bookmark: _Toc469517876]Figure 6‑15: Winland plot of porosity and permeability. Colored lines represent the pore throat radius (in micron) at 35% mercury saturation


[bookmark: _Toc469517767]NMR Pore Size
NMR was measured on the dodecane saturated plugs and the NMR porosity was reported in the porosity section above. However, in order to fully characterize the pore space, NMR T2 incremental relaxation time could help distinguish the samples with single, dual or triple porosity systems. Also, it could help provide insight about the pore sizes that we are dealing with. 
Based on NMR, almost all of the samples in Zone 1 consist of a single pore system. Zone 2 is more complex than Zone 1 and shows very little porosity in general. NMR relaxation time can be converted to pore size knowing the surface relaxivity and the shape of the pores. If we assume that we are dealing with spherical pores, we get the below relationship (Kenyon, 1992):
   							6-1
Where:  	is the surface relaxivity 	(um/s)
              r 	is the pore radius 		(mm)
From equation 6-1 we can notice that if we keep the surface relaxivity constant, the T2 relaxation time is directly proportional to the pore radius. Therefore, the T2 relaxation time scale can be considered as a relative pore size scale. The bigger the T2 relaxation time, the bigger the pore size. Nevertheless, assuming surface relaxivity of 5um/s for carbonates (Chang et al., 1994), Figure 6‑16 to Figure 6‑19 show the estimated pore sizes for Zone 1 and Zone 2 samples respectively. 
Zone 1 and Zone 2 can be divided based on the NMR estimated pore system to four sub groups: Zone 1-A, Zone 1-B, Zone 2-A and Zone 2-B. Zone 1-A samples (Figure 6‑16) have relatively bigger pores compare to Zone 1-B (Figure 6‑17). Zone 2-A samples exhibit single pore system around 1um of size (Figure 6‑18). Zone 2-B samples (Figure 6‑19) are showing dual porosity systems with wider distribution in pore sizes (1-5um). The pore sizes that we get using NMR are comparable to the pore sizes that were analyzed using SEM images. This indicate that a surface relaxivity of 5um/s is applicable to this formation. Combining NMR and mercury injection data may help predicting the best surface relaxivity value for the formation (Sulucarnain et al., 2012).     
[image: Screen Clipping]
[bookmark: _Ref468540719][bookmark: _Toc469517877]Figure 6‑16: Pore body sizes distribution for Zone 1-A samples with an SEM image example.



[image: Screen Clipping]
[bookmark: _Ref469137827][bookmark: _Toc469517878]Figure 6‑17: Pore body sizes distribution for Zone 1-B samples with an SEM image example.

[image: Screen Clipping]
[bookmark: _Ref468540720][bookmark: _Toc469517879]Figure 6‑18: Pore body sizes distribution for Zone 2-A samples with an SEM image example.





[image: Screen Clipping]
[bookmark: _Ref469137660][bookmark: _Toc469517880]Figure 6‑19: Pore body sizes distribution for Zone 2-B samples with an SEM image example.

[bookmark: _Toc469517768]Compressional and Shear Velocity
The compressional Vp and shear Vs velocities have been measured on dry and dodecane saturated samples over a range of differential pressure (250-5000 psi). The table below summaries the velocity data for all samples:

[bookmark: _Toc469559868]Table 6‑3: Summary of the Dry and Saturated Velocity Data in km/s
	Velocity
	Minimum
	Maximum
	Average

	Vp Dry @ 5000
	4.36
	6.27
	5.33

	Vp Saturated @ 5000
	5.51
	6.75
	6.24

	Vs1 Dry @ 5000
	2.86
	3.37
	3.14

	Vs2 Dry @ 5000
	2.86
	3.60
	3.17

	Vs1 Saturated @ 5000
	2.99
	3.57
	3.32

	Vs2 Saturated @ 5000
	3.03
	3.65
	3.34


 
Plotting the compressional wave velocity (Vp) vs. pressure shows that most of the samples velocity exhibit relatively flat behavior as a function of deferential pressure (Confining pressure – pore pressure). Only a couple of samples show some exceptions (Figure 6‑20). The percentage difference between the dry and the saturated Vp is 15.7%. The shear wave velocity from the table above and Figure 6‑21 appears to be isotropic as the perpendicular shear velocities Vs1 and Vs2 data are within 1% difference. However, percentage difference between the dry and the saturated Vs is 5.8%. In addition, plotting the dry vs. saturated velocity for the P-wave and S-wave velocity show that both Vp and Vs increase with saturation (Figure 6‑22, Figure 6‑23).

[bookmark: _Ref467075798][bookmark: _Toc469517881]Figure 6‑20: Plot of dry compressional velocity data as a function of differential pressure



[bookmark: _Ref467076308][bookmark: _Toc469517882]Figure 6‑21: Plot of Vs1 vs. Vs2 for the dry and saturated shear wave velocity



[bookmark: _Ref468472969][bookmark: _Toc469517883]Figure 6‑22: Plot of dry vs. saturated P-wave velocity. Dashed line: one to one line.
 




[bookmark: _Ref468472972][bookmark: _Toc469517884]Figure 6‑23: Plot of dry vs. saturated S-wave velocity. Dashed line: one to one line.
 

[bookmark: _Toc469517769]Fluids Effect: Vp/Vs Ratio
The Vp/Vs ratio has been widely used as one of the strong tools for fluids differentiation (Vanorio, 2006). It takes into account the effect of both the P-wave and S-wave velocities. The P-wave velocity is more sensitive to the pore and fluid compressibility. The bulk modulus (K) changes rapidly depending on the compressibility of the fluids in the pores. The S-wave velocity is only sensitive to the density. Combining these terms in the Vp/Vs ratio help in distinguishing the gas, water or hydrocarbon saturated rocks. 
  							6-2 
							6-3
In general, the P-wave velocity increases with saturation while the S-wave velocity decreases. Fluids have no effect on the shear modulus (G), therefore, Vs is inversely proportional to density (Equation 6-2). Dry rocks have low density compare to saturated rocks. As a result, Vs dry is larger than Vs saturated. Vp is also inversely proportional to density (Equation 6-3). However, the effect of fluids on the bulk modulus (K) is larger than their effect on density. Fluids greatly reduce the pore compressibility and ultimately reduce the overall rock compressibility. The bulk modulus (K) is the inverse of compressibility. Therefore, Vp saturated is larger than Vp dry which leads to:
					6-4
The saturated P-wave data for our carbonate samples were higher than the dry data just as expected (Figure 6‑22). However, the saturated S-wave data were also higher than the dry data (Figure 6‑23). This indicate an increase in the shear modulus (G) with saturation (Figure 6‑24). Hence, these rocks do not fit with Biot-Gassmann model assumption which suggests that . This phenomenon will be investigated in great details later in this chapter.  

[bookmark: _Ref468041607][bookmark: _Toc469517885]Figure 6‑24: Cross plot of dry and saturated shear modulus. Black line is one to one line.
       
Despite the unexpected increases in Vs with saturation, the overall saturated Vp/Vs is larger than the dry Vp/Vs. In addition, there is a distinctive separation between the dry and the saturated data that could be used for fluid identification. Figure 6‑25 illustrate data measured at 5000 psi and it suggests that Vp/Vs ratio of 1.8 can distinguish the fluid’s saturated rocks from the dry or gas saturated rocks. 
The reservoir condition might have high pore pressure which ultimately decreases the overall differential pressure. Figure 6‑25 and Figure 6‑26 show that the separation between the dry and saturated Vp/Vs ratio at low differential pressure is larger than the separation at high differential pressure. Therefore, Vp/Vs ratio can also be used to detect formations with overpressure conditions (low differential pressure). 
[image: ]
[bookmark: _Ref468095601][bookmark: _Toc469517886]Figure 6‑25: Vp/Vs vs. Vp for the dry and saturated samples at 5000psi. Notice the sharp separation between the two groups at a Vp/Vs ratio of 1.8.

[image: ]
[bookmark: _Ref468095611][bookmark: _Toc469517887]Figure 6‑26: Vp/Vs vs. Vp for the dry and saturated samples at 500psi. Notice the sharp separation between the two groups at a Vp/Vs ratio of 1.8.
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: Differential pressure effect on V
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s
 ratio for oil saturated and dry rocks.
)[image: ]Looking at the 5000psi and the 500psi data, we can see more clear separation at Vp/Vs of 1.8 at lower differential pressure. Also, as we decrease the differential pressure, we see an increase in the saturated Vp/Vs values and decrease in the dry values. Similar behavior was seen in laboratory and theoretical modeling studies (Vanorio, 2006). Figure 6‑27 shows the Vp/Vs laboratory results for oil saturated and dry sandstone rocks from (Siggins and Dewhurst, 2003). As the differential pressure decreases (increasing pore pressure), Vp/Vs increases in the saturated rocks and decreases in the dry rocks (Figure 6‑25, Figure 6‑26).  
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[bookmark: _Ref469146080][bookmark: _Toc469517889]Figure 6‑28: Vp/Vs vs. Vp. The saturated values are estimated from the dry values at 5000psi. Separation between the two groups at a Vp/Vs ratio of 1.8 can still be identified.
Since the saturated moduli and velocities measured at ultrasonic velocity can be associated with dispersion, Vp and Vs saturated values have been calculated from the dry values using Biot-Gassmann model. When we use the calculated Vp and Vs saturated values, we can estimate the Vp/Vs ratio that is free of any dispersion effect. Plotting the Vp/Vs ratio for the dry and the saturated dispersion-free values still shows a good separation between the dry and the saturated values (Figure 6‑28). Even when we eliminate any dispersion effect, the Vp/Vs ratio can be used to detect gas/fluids in the system. 
In addition, it was found that Vp/Vs ratio has no dependence on porosity (Figure 6‑29), however, it has a good relationship with mineralogy (Figure 6‑30). Rafavich et al., (1984) ilisturated the dependence of the Vp/Vs ratio on mineralogy. They showed that the calcite rich samples are usually associated with higher Vp/Vs ratios compare to the dolomite rich samples. Our data suggest that the dolomite content has an inverse relationship with Vp/Vs while calcite has a direct relationship with Vp/Vs. However, there was no distinctive separation between the calcite and the dolomite rich samples based on their Vp/Vs values. We also found that the correlation coefficient reduces when we use the dry Vp/Vs values in the plots vs. dolomite and calcite content.  
Studies have shown that Vp/Vs ratio is a good tool to determine the saturation state of the rocks (Siggins and Dewhurst, 2003; Vanorio, 2006). The lower the differential pressure, the better the differentiation. Our data confirmed this analysis and showed excellent separation (Figure 6‑25) even at high pressure. Such finding can be incorporated with seismic data in order to generate quick and reliable maps showing the possible locations of the gas saturated rocks. This is an excellent tool for exploration, reservoir delineation, reservoir monitoring and identifying possible bypass zones. In addition, it could be used to detect formations with overpressure zones (Rojas et al., 2005).    


[bookmark: _Ref469149527][bookmark: _Toc469517890]Figure 6‑29: Saturated Vp/Vs vs. porosity shows no significant dependence of Vp/Vs on porosity

 
[bookmark: _Ref469149535][bookmark: _Toc469517891]Figure 6‑30: Saturated Vp/Vs vs. dolomite content (left). Saturated Vp/Vs vs. calcite content (right). Both show good relationship

[bookmark: _Toc469517770]Compressional Velocity and Tight Carbonate Petrography 
	Several studies show that acoustic velocity in carbonates is mainly controlled by porosity, or more precisely, by the pore geometry (Gomez et al., 2007; Eberli et al., 2003; Xu et al., 2007; Weger et al., 2009; Anselmetti and Eberli, 2012). In general, the acoustic velocity is inversely related to porosity. However, these studies show a wide range of velocities at a given porosity values that need to be explained. Classifying or quantifying the pore types worked well in reducing the uncertainty between porosity and velocity. 
 (
Figure 
6
31
: Cross plot of porosity vs. velocity. Data points color coded by content of microporosity
)[image: ]Weger et al., (2009) introduced a quantitative approach using digital image analysis. Several pore parameters were measured using 2-D images and were incorporated to the porosity/velocity relationship. Perimeter Over Area (PoA), Dominant Pore Size (DomSize), Aspect ratio (AR) and content of microporosity were measured using this technique. Applying these parameters reduced the uncertainty and made the porosity/velocity relationship more meaningful (Figure 6‑31). Notice that the range of porosity that was used in the study is 10 to 45%. 
Kittridge (2014) after highlighting the importance of accurate mineralogy, illustrated the use of the self-consistent approximation (SCA) for better porosity/velocity relationship. In this approach, he used Xu and Payne, (2009) self-consistence model to predict the velocity response given a predominate mineral and pore aspect ratio. In the model, the pores and grains are considered inclusions in the composite. They start with a model for the solid rock that accounts for the mixed mineralogy using Reuss-Voigt-Hill (VRH) average. Then, the pores are added to the system in an iterative process that accounts for the shape, size, and fluids in the pore. Kittridge (2014) used public domain data which was done using completely empirical approach and tried to reevaluate them using the SCA approach. His approach provided more reasonable explanation to the empirically evaluated data (Figure 6‑32). This study shows how accounting for mineralogy is extremely important when [image: ]dealing with carbonate rocks. Without the proper evaluation of mineralogy, estimating acoustic velocity as a function of porosity will not provide conclusive results.
 
[bookmark: _Ref468130046][bookmark: _Toc469517893]Figure 6‑32: P-wave velocity vs. porosity from Weger (2009). Top figure shows empirical evaluation with no mineralogy distinction. Bottom figure shows SCA evaluation accounting for mineralogy and using single pore type.
 
Gomez et al., (2007) evaluated the effect of microstructure and pore fluids on carbonate samples that ranges in porosity from zero to 23%. By incorporating thin section petrographic analysis, he was able to explain the behavior of the various velocity/porosity responses. Samples with predominant interparticle porosity shows higher pressure dependence compare to samples with predominant moldic, vuggy or intraparticle porosity (Figure 6‑33). Pore compressibility in spherical pores is low, resulting in limited pressure dependence and high velocity. As the pore complexity increases, the pore compressibility increases and the velocity decreases. SEM and thin section petrographic analysis have helped in understanding the effect of pore type on acoustic velocity response.     
 (
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)[image: ]
[bookmark: _Ref468479780][bookmark: _Toc469517894]Figure 6‑33: Normalized P-wave velocity vs. effective pressure for three carbonate samples, a) 8.0% interparticle, 3.6% carbonate matrix, 2.0% intrafossil, 0.7% moldic porosity, b) 3% fracture, 2.4%, carbonate matrix, 0.7% intrafossil, 0.7% vuggy, c) 6.9% intraparticle porosity.

The tight carbonate section in our study has a porosity that ranges up to 7% and it has similar mineralogy distribution. Nevertheless, the dry P-wave velocity has a wide range of values (∆Vp ≤ 2000 m/s). Grain density, porosity and petrographic analysis suggest that we are dealing with two distinctive zones (Figure 6‑34). Therefore, each zone will be evaluated separately. Zone 1 has a range of mineralogy that goes from almost pure calcite to pure dolomite. Also, petrographic analysis suggests that this section is mainly finely crystalline carbonate. In Zone 1, the P-wave velocity will be investigated based on mineralogy and texture. Zone 2 has mainly dolomite mineralogy and very narrow range of porosity. This zone will help investigate the importance of thin section and petrographic analysis in addition to NMR T2 relaxation time.  
 (
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2
) (
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)
[bookmark: _Ref468481169][bookmark: _Toc469517895]Figure 6‑34: Cross plot of sample ID vs. porosity and grain density. Notice the distinctive behavior of Zone 1 and Zone 2.

[bookmark: _Toc469517771]Zone 1: Velocity – Porosity Relationship 
Zone 1 can be divided into calcite rich and dolomite rich groups. Figure 6‑35 shows a cross plot of velocity vs. porosity for this zone. Figure 6‑35 

[bookmark: _Ref468196254][bookmark: _Toc469517896]Figure 6‑35: Saturated P-wave velocity vs. porosity for zone 1. (a) has no mineralogy discrimination. (b) Shows the dolomite rich samples numbered by dolomite content. (c) Shows calcite rich samples numbered by sample ID.

(a) Is a plot of all Zone 1 data points without mineralogy discrimination. The correlation in this figure is poor with R2 of 0.35. Figure 6‑35 (b) and (c) separate the data points based on their predominant mineralogy. The velocity/porosity relationship become more prominent after incorporating mineralogy. 
In Figure 6‑35 (B) We can notice that almost all of the dolomite rich data points are following similar trend except for the samples with low dolomite content. They show relatively lower velocity compared to the rest of the dolomite samples. Comparing these samples to the others using QEMSCAN mineralogy images shows uniform distribution of anhydrite across the samples (Figure 6‑36). Anhydrite has lower velocity than dolomite. Dolomite has a velocity of 7300 m/s and anhydrite has a velocity of 5500 m/s which may explain the lower velocity in these anhydritic dolomite samples. 
The calcite rich samples shown in Figure 6‑35 (c) are all around 1% porosity. Yet, they show a reasonable relationship with velocity. The data points are numbered by sample ID. Figure 6‑37 compares sample 4 (89% calcite) and sample 29 (53% calcite) using QEMSCAN mineralogy images. Since these two samples have similar porosity and mineralogy, velocity deviation can be explained by the difference in texture and fabric. Sample 4 appears more compacted and shows intact calcite crystals. However, sample 29 shows more separated calcite and dolomite crystals. Also, it shows possible organic lineations/fragments that was not recognized by QEMSCAN. These together could help reduces velocity compare to sample 4 fabric. 
[image: ]
[bookmark: _Ref468136383][bookmark: _Toc469517897]Figure 6‑36: QEMSCAN mineralogy images for dolomite rich samples from Zone 1. Bottom images show uniform distribution of anhydrite. Anhydrite content: 45 (2%), 49 (4%), 46(5%), 47(20%)
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[bookmark: _Ref468195549][bookmark: _Toc469517898]Figure 6‑37: QEMSCAN mineralogy maps for two calcite rich samples. Light blue (calcite), dark blue (dolomite). Left sample has higher velocity than right sample.
[image: ][image: ][image: ][image: ]Thin section petrographic analysis has been done on sample 4. This sample has a micritc finely crystalline limestone texture with minor intercrystalline pores that ranges in size between 0.5 and 2um (Figure 6‑38). The calcite crystals are uniformly distributed and range in between ~10-20um. Diagenetic dolomite crystals occur as selective replacement of primary calcite background. Trace amount of pyritized organic matter can be seen within the sample. The uniform and narrow range of calcite crystals size is the main factor that increases the grain to grain contacts and, as a result, increases velocity.  
 (
Figure 
6
38
: Thin section and SEM images for sample 4 showing compacted micritic calcite crystals with few intercrystalline pore space.
 
)
We have seen how incorporating mineralogy in the velocity/porosity relationship could help provide better relationship. However, if we plot velocity as a function of mineralogy (matrix bulk modulus) alone, we do not see any significant relationship (Figure 6‑39). The matrix bulk modulus was calculated using the VRH mixing law. See Table 6‑4 for the standard minerals’ bulk modulus that were used.

[bookmark: _Ref469151541][bookmark: _Toc469517900]Figure 6‑39: Cross plot of P-wave saturated velocity vs. matrix bulk modulus shows no significant relationship. Data points number by Sample ID.

[bookmark: _Toc469517772]Zone 2: Velocity – Porosity Relationship
Zone 2 has mainly dolomite and anhydrite mineralogy with narrow range of difference in composition, therefore the samples cannot be differentiated based on mineralogy. Also, the porosity of the section does not exceed 1.6%. Yet, the porosity/velocity relationship still gives a reasonable correlation with small deviation (Figure 6‑40) if we exclude samples (71, 93, 85). These three samples show velocity lower than the overall trend of the samples. NMR data and petrographic analysis will be used to investigate their behavior. 
 (
Figure 
6
40
: 
Left- Mineralogy data for Zone 2 (QEMSCAN). Right- saturated P-wave velocity vs. porosity for the same zone.
)Comparing samples (71, 93, 95) to the rest of the samples using their NMR T2 responses show that they have single pore systems with similar pore size (Figure 6‑41). All the remaining samples show wider range of pore sizes and sometimes with two or more pore systems. We can see how NMR T2 relaxation response can be utilized to differentiate samples even at very narrow range of porosity and mineralogy.   

[bookmark: _Ref468306641][bookmark: _Toc469517902]Figure 6‑41: NMR T2 relaxation time response for Zone 2 samples. Top- shows samples 71,93,95 (low velocity). Bottom- shows the rest of the samples.

The petrographic analysis of samples from Zone 2 suggests that all pores are within 1-2 micrometer in size. However, sample 71 has been analyzed with poor sorting and a wider range of grain size (0.1-4.9mm) compare to the rest of the samples. This texture reduces the grain to grain contact which will result in lower velocity response (Khazanehdari and Sothcott, 2003). In addition, possible linear porosity exists between anhydrite cleavage planes (Figure 6‑42).
 (
Figure 
6
42
: 
Thin section images for sample 71 (
low velocity) showing wide range of grain sizes with poor sorting. Possible linear voids may exist between cleavage planes.
 
)[image: ][image: ]

 (
Figure 
6
43
: Thin section images for sample 95
 (low velocity)
 showing moderate range of grain sizes with fractures
. Possible linear voids may exist between cleavage planes.
)[image: ][image: ]Sample 95 has been analyzed with moderate range of grain size (0.15-2.6mm). In addition, transgranular fractures are present and healed with anhydrite/dolomite cement and trace amount of organic material. Sorting and presence of fractures are more likely the main two reasons behind the lower velocity response in this sample (Figure 6‑43). 

[image: ][image: ] (
Figure 
6
44
: Thin section images for sample 111 (high velocity) highly compacted with narrow range of grain sizes.
)Sample 111 shows a high velocity response compare to the rest of the samples within the zone. It has been analyzed with a narrow range of grain size (0.2-1.0mm) and good sorting in addition to significant mechanical/chemical compaction texture (Figure 6‑44). Sorting and compaction increases the grain to grain contact and as a result, the velocity response increases.  


We can notice how discriminating the data based on their predominant mineralogy give a better representation of the velocity/porosity relationship. In addition, NMR T2 relaxation time can help discriminate the data based on their pore size or pore system. When dealing with tight carbonate samples that have very low porosity and limited mineralogy difference, their velocity response can be explained using petrographic analysis, and/or QEMSCAN images. 

   
[bookmark: _Toc469517773]Predicting Bulk Modulus – Biot-Gassmann
Several theoretical models are available in the literature that tries to relate acoustic velocity to porosity. Wyllie et al., (1958) proposed a linear relationship between the porosity and the interval transit time (slowness) of the compressional velocity. His theory suggests that the total transit time of the formation should be equal to the sum of the transit time of the fluid filled pores and the transit time of the grains. However, such theory cannot be justified theoretically especially if we are dealing with complex heterogeneous rocks like carbonate. Individual pores and grains are usually very small which requires very small wavelength to account for them separately. In addition, these pores and grains must be arranged as layers perpendicular to the ray path (Mavko et al., 2009). Therefore, such rock physics model must be avoided since it does not realistically explain the wave propagation in the rock. 
Gassmann (1951) studied the elastic waves in porous media. This is a medium of differential elasticity that consist of solid frame (matrix) and pore space filled with fluids (porosity). Velocity can be calculated based on the elasticity theory using elastic moduli. The elastic moduli are basically material properties that relate stress and strain. Based on his theory and under a set of assumptions, the elastic moduli of the porous medium can be calculated from porosity and the moduli of solid material, porous frame and fluids. This theory allowed for the calculation of the velocity of both the elastic longitudinal and transverse waves under both dry and saturated conditions. 
Biot (1956) studied the propagation of waves in porous media and introduced the consolidation factor (n) that relate the dry frame bulk modulus (KDry) to the matrix or grain modulus (Kg). Combining the findings of Gassmann (1951) and Biot (1956) helped developed the Biot-Gassmann Equation that currently used in many rock models applications. It enables us to calculate the change in effective bulk modulus when porosity, fluids or mineralogy are varied. 
The Biot-Gassmann equation helped model the seismic response in any porous rock. Many seismic related techniques are derived based on this equation including 4D seismic and AVO attributes. Time-labs (4D) seismic are widely used in reservoir monitoring to model dynamic changes in the reservoir properties like saturation and fluids. Amplitude versus Offset (AVO) is used mainly for exploration and reservoir delineation. It has the ability to detect fluids by relying heavily on the S-wave velocity (Kittridge, 2014).
The Biot-Gassmann theory will work as long as the assumptions behind its derivation are not violated:
1. Large enough sample to represent the parent material
2. Homogeneous rock
3. Isotropic rock
4. Rock with connected pores
5. Slow deformation to allow for pore pressure equilibration
6. No chemical interaction between the rock and the fluid
When one or more of the assumptions above are violated, the equation will more likely fail and produce inaccurate results.     
 (
K
e
: Effective saturated bulk modulus
K
dry
: Dry porous frame bulk modulus
K
f
: Fluids bulk modulus
K
g
: Matrix bulk modulus
n: Biot constant (1-
K
dry
/K
g
)
)[image: ] 
      Biot-Gassmann Equation
In our calculations of the effective bulk modulus using the Biot-Gassmann equation we used standard mineral’s and fluid bulk moduli. The matrix or grain bulk modulus (Kg) was calculated as a VRH average using the QEMSCAN mineralogy concentrations and standard mineral’s bulk moduli (Table 6‑4). The fluid bulk modulus was used as 1.352 GPa (dodecane). The dry porous frame modulus (KDry) was derived from the dry velocity measurements at 5000 psi and the dry bulk density. Using the connected (HPP) porosity, Figure 6‑45 shows the estimated and measured effective bulk moduli. The difference between the calculated and the measured moduli has an average of 7.2 GPa. The model underestimates the values by an average of 11.4%. Similar results were found by Gomez et al., (2007). They used carbonate samples with porosity range of 0-23% and most of the samples were below 12% porosity. Using the Biot-Gassmann model with brine and mineral spirits saturation, the predicted saturated bulk modulus was underestimiated. At the same time, the saturated shear modulus was higher than the dry shear modulus (Figure 6‑46).



[bookmark: _Ref468264779][bookmark: _Toc469559869]Table 6‑4: Summary of Standard Minerals Bulk Moduli (Mavko et al., 2009)
	Mineral
	Bulk Modulus (GPa)
	Mineral
	Bulk Modulus (GPa)

	Calcite
	76.8
	Dolomite
	94.9

	Anhydrite
	62.1
	Quartz
	37.9

	Pyrite
	147.4
	
	





[bookmark: _Ref468267010][bookmark: _Toc469517906]Figure 6‑45: Cross plot of the measured vs. calculated Ke (Biot-Gassmann) using the connected (HPP) porosity. Black line: 1to1 line
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[bookmark: _Ref468623769][bookmark: _Toc469517907]Figure 6‑46: (a) Calculated bulk modulus (Biot-Gassmann) vs. measured using brine (triangles) and mineral spirits saturation (rectangles). Dashed lines are the 9% estimated error. (b) Saturated vs. dry shear modulus. Dashed lines are the 2.5% estimated error (Gomez et al., 2007). 

Looking back at the assumptions behind the derivation of the Biot-Gassmann equation and our data, we find the following:
· Isotropic: the acquired perpendicular shear velocities (Vs1, Vs2) suggest that we are dealing with isotropic medium (Figure 6‑21).
· Connectivity of pores: NMR and helium (HPP) porosities gave different results suggesting the presence of isolated or occluded pores in the medium (See detailed discussion in the porosity section). 
· No Interaction between rock and fluid: Carbonates are usually sensitive to dissolution effect when saturated with water. Bhagat et al., (2012) studied three different saturation fluids in carbonates. Brine and dodecane have been found to minimize the dissolution and rock-fluid interaction. Saturating our samples with dodecane assures that there will be no rock-fluid interaction. The variables that could result in the deviation in the Gdry vs. Gsaturated are now reduced to pore connectivity and sufficient time for pore pressure equilibrium.      





 (
Figure 
6
47
: Cross plot of the dry and saturated shear moduli. Black line: 1 to 1 line
)

[bookmark: _Ref469145628][bookmark: _Toc469517909]Figure 6‑48: Cross plot of the estimated vs. measured saturated shear moduli. Black line: 1 to 1 line

· Pore pressure equilibrium: At ultrasonic velocity, complicated pores require longer time for the induced pore pressure to equilibrate. If the deformation is not slow enough, it will result in velocity dispersion. This is more likely the reason behind the deviation in the shear modulus dry vs. saturated (Figure 6‑47). Under dry conditions, the pores are filled with compressible fluids (gas/air). If compressible fluids are in the pores, the measured moduli will be free of dispersion. Therefore, the estimated saturated shear modulus from the dry shear modulus is expected to be free of dispersion. Plotting of the measured vs. calculated saturated shear modulus shows that the measured values are always higher than the calculated values (Figure 6‑48). This confirms the possibility of having velocity dispersion in association with the measured moduli.   

[bookmark: _Toc469517774]Effect of Fluid Saturation on Rock Shear Modulus 
Several studies suggest that rocks follow Biot-Gassmann theory where the dry and the saturated shear modulus remain constant (Krief et al., 1990; Gomez et al., 2007). However, other studies have noticed that is not always true especially in carbonates (Baechle et al., 2009; Kittridge, 2014). In general, they have found that samples with interparticle and intercrystalline porosity show shear strengthening (increase in G with saturation). While samples that are dominated by grainstone with microporosity show shear weakening. 
    Frequency dispersion has been related to shear stiffness. Generally, velocity dispersion is observed as an increase of velocity (elastic moduli) with frequency. During ultrasonic velocity measurements and the presence of very small pores, the induced local pore pressure that results from the acoustic waves propagation will not have sufficient time to equilibrate. The unrelaxed fluids in these small pores cause an increase in the rock stiffness (Khazanehdari and Sothcott, 2003). The average pore size that was measured in our samples was around 2 micrometers. This very small size of pores increases the effect of velocity dispersion.
Grain to grain contact is the main factor that control rock stiffness. As we increase the grain to grain contact, the rock becomes stiffer. In sandstone, it was reported that with saturation the shear modulus tends to increase as a result of clay expansion which ultimately increases the grain to grain contact (Khazanehdari and Sothcott, 2003). At ultrasonic velocity and because of the size of the pores in the study section, the shear wave doesn’t have enough time to equilibrate which results in high shear modulus.   
In summary, the velocity dispersion and the type and size of pores could have a big effect on the rock stiffness and the shear modulus. It was noticed that the increase in the shear modulus with saturation causes an overall under prediction of velocity using Biot-Gassmann equation. Figure 6‑49 shows the behavior of two rocks in terms of shear modulus change with saturation and the predicated Gassmann velocity. Sample A shows shear strengthening and it is characterized as recrystallized limestone with high grain to grain contacts and small pores. On the other hand, sample E shows shear weakening and it is characterized as grainstone-packstone with bigger pores and only points contacts between grains. 
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Figure 
6
49
: Plot of G
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 vs. Vp
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-Vp
Cal
 showing the relationship between shear weakening and strengthening on the predicted Vp by Gassmann. Below: two SEM images showing poor grain contact and big pores on left and excellent grains contacts on the right with small pores (Baechle et al., 2009).
)


SEM thin sections and petrographic analysis for our samples suggest that we are dealing with mainly tight recrystallized dolomite section with very small pores around 2 um in size (Figure 6‑50). Therefore, velocity dispersion at ultrasonic frequency is expected to give higher shear modulus with saturation.
Baechle et al. (2009) shows that the predicted velocity of rocks with higher Gsat compared to Gdry give underestimated values using Biot-Gassmann model. While the rocks with weakening effect ( Gsat < Gdry ) give overestimated values using the model. Our samples are showing strengthening effect and it is more likely the reason behind the underestimation of the P-wave velocity using the model (Figure 6‑51).

The use of Biot-Gassmann theory in such tight carbonate formation might not provide accurate prediction because of their complicated microstructure. The pores are not completely connected and the type of texture and size of pores will give dispersion effect. As a result, both the S- and P-wave measured velocities were higher than the estimated velocities (Figure 6‑51 and Figure 6‑52). At 5000psi differential pressure, the calculated velocity dispersion has a range of 1-12% and 0.2-12% for P- and S-wave velocities respectively (Figure 6‑53). At seismic frequency, Biot-Gassmann can be used to predict the seismic velocities since the pore pressure can equilibrate. However, depending on the rock type, at ultrasonic velocity the induced pore pressure doesn’t always equilibrate and it produces dispersion effect. 


 (
Figure 
6
50
: Thin section images of two samples (13 ,111) illustrating the type of grain to grain contact and the size of pores that we observe across the section
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[bookmark: _Ref468301260][bookmark: _Toc469517912]Figure 6‑51: Cross plot of calculated P-wave vs. measured P-wave at 5000 psi using Biot-Gassmann. Black line: 1 to 1 line. 


[bookmark: _Ref469388947][bookmark: _Toc469517913]Figure 6‑52: Cross plot of calculated S-wave vs. measured S-wave at 5000 psi using Biot-Gassmann. Black line: 1 to 1 line.


[bookmark: _Ref469389269][bookmark: _Toc469517914]Figure 6‑53: Cross plot showing the range of velocity dispersion in the P- and S-wave velocities at 5000psi.

	Depending on the rock type and the microstructure, the present results indicate that velocity dispersion may occur at high frequencies in saturated rocks. Dry rocks are always dispersion free. Therefore, additional detailed analysis maybe useful in order to understand the dispersion behavior as a function of frequency.  

[bookmark: _Toc469517775]Conclusion
In this study, we have examined a low porosity section from the Khuff-C carbonates in Saudi Arabia. Several petrophysical properties have been measured in order to investigate their effect on acoustic velocity in the given narrow range of porosity. Using these various lab-based petrophysics and rock physics measurements, we developed the following results: 
· The section has both connected and occluded porosities. The average connected porosity is 1.5%. NMR data provided an average porosity of 3.0% which has been considered as the total porosity. Which suggests that the average occluded porosity is about 1.5%.
· The NMR predicted pore sizes were in agreement with measured range of pore sizes using SEM images. Petrographic thin section analysis can be used to calibrate/support NMR pore size calculation. 
· The LPP (crushed sample) grain density measurements were consistently higher than the HPP (whole plug) grain density. It was interpreted as the result of opening the occluded pores and drying out the fluids inside them. This difference in density support the presence of occluded pores and explained the higher porosities that were measured by NMR.
· The QEMSCAN and FTIR quantification mineralogy in this carbonate formation provided consistent results despite some minor differences. Both techniques were in good agreement for the major minerals. However, FTIR was able to detect small fractions of illite and siderite up to 10 wt% which were missed by QEMSCAN. 
· Excellent separation has been seen between the dry and the saturated Vp/Vs ratios. This ratio could be used to differentiate between dry/gas saturated rocks and fluids saturated rocks. In addition, it could be used to detect overpressure zones which usually result in reducing the reservoir overall differential pressure.  
· Despite the low porosity and the limited change in mineralogy within the section, the velocity response was evaluated systematically using NMR and petrographic analysis. It revealed that the microstructure greatly controls the acoustic velocity response and it can explain the deviation in the velocity/porosity relationship.
· Due to the complicated microstructure that leads to dispersion effect at ultrasonic velocity, the Biot-Gassmann rock physics model will not provide accurate estimations. Both P- and S-wave velocities were underestimated using the model. At 5000psi differential pressure, the calculated velocity dispersion was up to 12% in both P- and S-wave velocity.
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Appendix A: Thin Section Petrographic Analysis
Eight plug samples have been evaluated using thin section and SEM images. Extensive details can be seen within these samples about the lithology, texture, pore structure and organic fragments. Below we will highlight some of the important features in each samples:

Sample 4: mainly micritic limestone with minor intercrystalline micro pores measuring roughly 0.5-2um in size. The porosity occurs mainly between individual calcite crystals. Trace amount of detrital clay material was seen attached to the pore walls. Individual calcite crystals are in the range of ~10-20um with uniform distribution. Diagenetic dolomite crystals occur as selective replacement of the original calcite matrix. Organic lineations occur and generally have been replaced by authigenic pyrite (Figure A-1).

Sample 13: Mainly finely crystalline calcareous dolostone with moderate quantities of intercrystalline micro pores measuring roughly 0.5-2um in size. The porosity occurs mainly between individual dolomite crystals. Trace amount of detrital clay material was seen attached to the pore walls in addition to trace amount of non-descriptive calcite fossil fragments. Diagenetic dolomite crystals occur as selective replacement of the original calcite matrix and range in size between ~10-40um. Subtle parallel alignment was seen accentuated by orientation of pyritized organic lineations (Figure A-2).

Sample 16: Mainly finely crystalline argillaceous dolostone with moderate quantities of intercrystalline micro pores measuring roughly 0.5-2um in size. The porosity occurs mainly between individual dolomite crystals. Detrital clay material is commonly distributed and contains absorbed organic druse on its surface. Diagenetic dolomite crystals occur as selective replacement of the original calcite matrix and range in size between ~20-40um. Subtle parallel alignment was seen accentuated by orientation of pyritized organic lineations (Figure A-3).

Sample 51: Moderately anhydritic pelletal dolostone with moderate quantities of intercrystalline micro pores measuring roughly 2-5um in size. Dolomite crystals have a size range of 10-20um. Pellet-like dolomite grains have a size range of 0.2-0.44mm. The porosity is associated with dolomite crystals within pellet-like dolomite grains. Diagenetic illite material was seen attached to the pore walls. Diagenetic anhydrite has more likely postdated that of dolomite authigenesis occurring as pore-fill cement, selective replacements of dolomite and as fracture filling. Several calcite fossil fragments appear to be dolomitized (Figure A-4). 

Sample 71: Anhydritic pelletal dolostone with moderate quantities of intercrystalline micro pores measuring roughly <1-2um in size. Dolomite crystals have a size range of 10-20um. Pellet-like dolomite grains are poorly sorted with a wide range of size (0.1-4.9mm). Trace amount of diagenetic illite material was seen attached to the pore walls. Possible linear porosity exists between anhydrite cleavage planes. Diagenetic anhydrite has more likely postdated that of dolomite authigenesis occurring as pore-fill cement, selective replacements of dolomite and as fracture filling. In several larger load-bearing pelletal grins, diagenetic anhydrite has infilled stress/tension related fractures (Figure A-5). 

Sample 95: Anhydritic pelletal dolostone with moderate quantities of intercrystalline micro pores measuring roughly ~1um in size. Dolomite crystals have a size range of 20-40um. Pellet-like dolomite grains have a size range of 0.15-2.6mm. The porosity is associated with dolomite crystals within pellet-like dolomite grains. Several pelletal grains have been extensively replaced by diagenetic anhydrite. Transgranular fractures are present and healed with anhydrite/dolomite cement and trace amount of organic material. These fractures cut several of the pellets and they have more likely postdated the major pulse of anhydrite pore-filling. Pyritized organic matter have been seen within several pelletal grains. In addition, discrete pyrite cement occurs within the anhydrite pore fill-cement (Figure A-6).

Sample 96: Anhydritic pelletal dolostone with minor quantities of intercrystalline micro pores measuring roughly ~1um in size. Dolomite crystals have a size of about ~10um. Pellet-like dolomite grains range upwards to 1.2mm. The porosity is associated with dolomite crystals within pellet-like dolomite grains. Possible linear porosity exists between anhydrite cleavage planes. Several large/small fractures exist and have been interpreted as artifacts of the coring process. The original peloidal grainstone structure has been altered by diagenetic dolomite/sulfate replacement to anhydritic pelletal dolostone. Several argillaceous laminae appear stylolitic and partially/extensively replaced by diagenetic pyrite (Figure A-7). 

Sample 111: Anhydritic pelletal dolostone with moderate quantities of intercrystalline micro pores measuring roughly ~1-2um in size. Dolomite crystals have a size range of 10-20um. Pellet-like dolomite grains have a size range of 0.2-1mm. Grains are moderately sorted and exhibit significant mechanical/chemical compaction texture. The porosity is associated with dolomite crystals within pellet-like dolomite grains. Diagenetic illite material is commonly seen attached to the pore walls. Diagenetic anhydrite occurs as pervasive pore/fill cement and selective replacement of pelletal grains. Minor quantities of diagenetic pyrite occur associated to anhydrite cement and as selective replacement of pelletal grains (Figure A-8). 







Figure A-1: Thin section and SEM images for sample 4.
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Figure A-2: Thin section and SEM images for sample 13.
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Figure A-3: Thin section and SEM images for sample 16.
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Figure A-4: Thin section and SEM images for sample 51.
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Figure A-5: Thin section and SEM images for sample 71.
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Figure A-6: Thin section and SEM images for sample 95.
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Figure A-7: Thin section and SEM images for sample 96.
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Figure A-8: Thin section and SEM images for sample 111.
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G wet	
24.194483101075463	25.859922455289652	26.050103516010552	25.770309213190707	24.42564613114148	25.610970780515281	22.434505163771192	24.352281989551454	24.282781432258222	25.131761060572771	22.567180603787779	25.791360933606125	31.98966589510345	29.861954768841205	25.917160983578267	24.273701584919404	27.854682068805054	30.2188824319737	29.393496144051419	23.343312266821858	29.909250992801496	32.390413322501026	32.432715782205065	28.870796926085813	35.794424570584042	34.46478784238996	26.186594546570483	30.451151001527052	28.688483351127974	29.056421867063762	28.962853182730193	27.304700130968424	26.884385598110722	29.329286240771189	30.46886737091576	31.003080802519555	28.455519182677751	36.575606230645391	26.66293931261265	30.519335002485171	28.112100952957956	28.518531683050973	26.595673998441317	28.641802727834691	26.615238028674902	26.936101056672747	25.646250015198053	25.989026641308339	24.936456221952046	28.162832299602179	35.483766057235165	34.169478128042982	30.3510084064769	28.791080150052636	34.204637579670894	34.173595015963613	31.621970672464926	27.167792060133873	30.69072234832003	36.334911166264597	35.107532973710967	34.297374616419184	37.470021577350749	35.609451460514656	33.103970432359006	33.603441520713126	34.99353799880361	31.22710880619886	30.255986011634942	30.322425279354427	31.461776472036249	32.590290356644388	34.828487210968909	35.649203046555591	32.299195014734003	36.752022249546336	G Dry (GPa)


G Saturated (GPa)



26.808802210620104	30.587491302457185	28.390955912070918	28.695060332742386	26.732526774759737	28.758986786975651	26.74776134498153	27.215741894086548	25.777353250357663	26.258171729613707	25.152874053963316	28.403659776896554	35.857530742794431	34.563105816720075	30.650401786171962	29.161276348388064	34.678522692575612	34.529142686956305	31.996101068718108	27.303335055858398	30.908468352751854	36.710309938160528	35.442976649626544	34.602483844773921	37.978603825036011	35.950166578041191	33.340950547584242	34.02541681967395	35.413092742046224	31.536785462638694	30.595007732630435	30.696563267039945	31.827987284928277	32.840671275515767	35.195107450822327	36.161559811861487	32.60067250975635	37.171296493875339	24.368937467496334	25.947858345115502	26.336359685856866	25.952685761976952	24.58529143631575	25.746466420243909	22.616009858907837	24.791666188379239	24.437478571057166	25.500976220169637	22.909328261951792	26.032555540560704	32.365912861342274	30.244876570670144	26.219012216706034	24.617575645601701	28.294824932417729	30.600795921834724	29.843858265343695	23.495245698625222	30.178747415762114	32.731145229525424	32.775530624994822	29.156834888683377	36.32687845924022	34.806198210669415	26.402540827112876	30.871036299860542	29.082934694654661	29.395806871183296	29.322990171461587	27.69935353432971	27.209673385182775	29.583447764039963	30.82288336716217	31.471203236684904	28.747403150236551	37.041371859141769	Measured G Saturated (GPa)


Estimated G Saturated (GPa)




5.9630000000000001	6.4189999999999996	6.266	6.4390000000000001	5.899	6.218	5.7850000000000001	5.806	5.7140000000000004	5.69	5.51	6.3209999999999997	6.7309999999999999	6.516	6.0659999999999998	5.9189999999999996	6.46	6.5419999999999998	6.1260000000000003	5.6260000000000003	5.9880000000000004	6.577	6.476	6.5650000000000004	6.74	6.7480000000000002	6.49	6.4160000000000004	6.3159999999999998	6.0880000000000001	5.9870000000000001	5.8810000000000002	6.173	6.4189999999999996	6.556	6.5960000000000001	6.4859999999999998	6.6689999999999996	5.6592496464122073	5.9428976715418536	6.0222156351192968	5.9877086675753146	5.832586322000088	5.9018343684174441	5.2823251113338339	5.3781351740035728	5.8115671305931782	5.2174807875849529	5.1276104940463654	6.0398565787570089	6.3336017802475553	6.1466901250816592	5.7752676597731201	5.7123228569198572	5.9764831003871866	6.0024451967588215	5.9079553191245022	5.4152376667665942	5.8164770333421174	6.3389086324918615	6.1085831041863745	5.9776297633841757	6.483592264370583	6.4025258979555888	5.7444043016298423	5.979285512889045	5.7749551277701014	5.8603626026916951	6.0736852153884877	5.7492556736817644	6.0950276389087366	5.90509794911579	6.0820193692074698	6.1530435562115908	6.0285727141820944	6.3725247624779939	Measured Vp (km/s)


Calculated Vp (km/s)




3.1240000000000001	3.3279999999999998	3.2450000000000001	3.2530000000000001	3.1230000000000002	3.2480000000000002	3.1240000000000001	3.1640000000000001	3.07	3.0510000000000002	3.0259999999999998	3.2170000000000001	3.5649999999999999	3.5019999999999998	3.2970000000000002	3.2	3.5150000000000001	3.508	3.375	3.0840000000000001	3.2879999999999998	3.5569999999999999	3.51	3.468	3.649	3.5270000000000001	3.4020000000000001	3.4529999999999998	3.516	3.3220000000000001	3.28	3.2989999999999999	3.3250000000000002	3.371	3.5019999999999998	3.5489999999999999	3.37	3.605	2.9759063308839813	3.0634480414459175	3.1237570596662838	3.0923072544358123	2.9929025470951887	3.071361757106339	2.8682086005630678	3.0086561150045386	2.98729704119906	3.000389283205958	2.8788172154986267	3.0785975906429064	3.3849712208467722	3.2738772330127954	3.0467268436400929	2.9382993620493489	3.1720731130159114	3.298855155577868	3.2540354322295242	2.8587204148613665	3.2459124864966227	3.3583880541039757	3.3736709006589991	3.1818656916510446	3.5665388762713852	3.4698602809468406	3.0257782079777509	3.2871008502254009	3.183593320760258	3.204514090425346	3.2091842298475965	3.130617368600503	3.0736352763446231	3.1979273413061686	3.2755319074187041	3.3096941541842613	3.1631584816801803	3.5963899091943512	Measured Vs (km/s)


Calculated Vs (km/s)
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[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]

5.3868605404134549	7.7841627076533371	4.2358367101669536	7.4387323630108764	1.2898965984600748	5.3476503847255143	9.257973288393929	7.91798603999304	1.5276767635254185	8.9218734898006975	7.4444539573557122	4.8049601045758816	6.3456689396456909	6.1453432092944409	5.1863378179859785	3.9380257638827145	8.1061469311973902	8.8478851454674707	3.8627235467980867	3.9854253291793458	3.0936025630927344	4.0027137544844731	6.0910317954107169	9.6071394698786996	4.1349889863766576	5.5155834188730903	12.389312910529439	7.3890407550685557	9.2432585362407167	4.0494476702417694	1.12064707799889	2.5967206971942787	1.6476349983150755	8.5292847215338021	7.7639586033379908	7.3278868544559641	7.5668903936486398	4.7980693122863087	4.8556046956398919	8.2783105436693365	3.8074286457417261	5.0649318975642146	4.2543991472396065	5.5903823735055358	8.53746644977935	5.0332914097660648	2.7306885641708107	1.6726974393962364	4.9851766491621845	4.3967997434524726	5.1807057448877734	6.7333795800126355	7.8904140272312864	8.5268124773660166	10.256412071122893	6.1451239858027114	3.649537523433998	7.581698932874632	1.2882790698638138	5.7440578704229592	3.9609418087651291	8.6057169157024962	2.2856539239166689	1.6332959858797453	11.706122390947051	4.9227497766313393	9.923189761674104	3.600265254832149	2.1825785073778503	5.2377185685047314	7.8568229880098848	5.2694344053870301	6.6829074558366326	6.9781751580144764	6.3320526786493883	0.23912302803257129	1	2	4	5	9	11	13	16	29	33	34	38	43	45	46	47	48	49	51	71	74	78	79	80	86	88	89	90	91	92	93	94	95	96	99	100	106	111	P-wave Velocity Dispersion (%)


S-wave Velocity Dispersion (%)



HPP	
6.4	2.8	2.2000000000000002	1.9	3.4	2.7	4.5831634676485091	1.2980092490279898	0.76	0.81666753179637752	1.5287520882125187	0.5328348457050891	LPP	
6.4	2.8	2.2000000000000002	1.9	3.4	2.7	6.77	3.19	1.86	2.37	3.16	2.13	NMR Porosity (%)


Porosity (%)




Calcite	4	13	16	51	71	95	96	111	88.926291434668599	19.752014034961601	0.31401176151796101	0.21323628762307001	4.0284692929586703E-2	1.6348709836714801E-2	3.2350859135466703E-2	0.106783714452272	Dolomite	4	13	16	51	71	95	96	111	8.1746100708010996	72.968241132814896	86.9124731839497	90.662123686305804	61.831976285277797	64.817606773213001	39.392025368017002	76.271267640644396	Anhydrite	4	13	16	51	71	95	96	111	4.1615653565244701E-2	0.247372039299073	3.8877653858340202	6.1972945457121904	35.861499300130298	33.681526370265601	59.427086772591203	21.876943295639599	Quartz	4	13	16	51	71	95	96	111	0.94250067672444504	2.0683183825531	3.0766207552693601	1.16014542581846	1.5248182789603699	0.325151724041988	0.34154481722887198	0.46779193098073202	Clays	4	13	16	51	71	95	96	111	0.80331764404685002	0.93923114348651005	1.45870031343509	0.110091599030732	0.22646362080822599	4.6343386979577801E-2	6.60905474198068E-2	7.0834259383490805E-2	



Calcite	4	13	16	51	71	95	96	111	81	23	0	0	0	0	0	0	Dolomite	4	13	16	51	71	95	96	111	5	56	78	80	61	61	34	64	Anhydrite	4	13	16	51	71	95	96	111	1	0	0	8	34	31	51	28	Illite	4	13	16	51	71	95	96	111	6	9	11	3	3	3	1	5	Siderite	4	13	16	51	71	95	96	111	3	7	1	2	0	0	3	0	



Calcite	4	13	16	51	71	95	96	111	90	40	Dolomite	4	13	16	51	71	95	96	111	10	60	80	75	60	50	40	60	Anhydrite	4	13	16	51	71	95	96	111	25	40	50	60	40	Clay	4	13	16	51	71	95	96	111	20	




5	56	78	80	61	61	34	64	8.1746100708010996	72.968241132814896	86.9124731839497	90.662123686305804	61.831976285277797	64.817606773213001	39.392025368017002	76.271267640644396	Dolomite (FTIR)


Dolomite (Qemscan)




1	0	0	8	34	31	51	28	4.1615653565244701E-2	0.247372039299073	3.8877653858340202	6.1972945457121904	35.861499300130298	33.681526370265601	59.427086772591203	21.876943295639599	Anhydrite (FTIR)


Anhydrite (Qemscan)




6	9	11	3	3	3	1	5	0.7452554581556412	2.2299145260392268	5.3245755145984628	2.5112891989264212	1.1434345318775854	0.34064171048032632	0.73940674845055177	0.97583002202754621	Illite Content (%)


Porosity (%)



1	2	4	5	9	11	13	16	29	33	34	38	43	45	46	47	48	49	51	71	74	78	79	80	86	88	89	90	91	92	93	94	95	96	99	100	106	111	2.7722698257519123	2.7789999999999999	2.710803738317757	2.7240979039533033	2.7610000000000001	2.743232438606511	2.7861284692900972	2.8293273444347062	2.7531024902243262	2.888023072889355	2.8428631029986962	2.7559999999999998	2.8400606278579867	2.837979656638502	2.8468877579553715	2.8679999999999999	2.8358795051102743	2.8396178541839272	2.8620245989911011	2.8952236127037945	2.8895036139455783	2.9045216509938623	2.8930409548839249	2.8932347567937891	2.872428859511539	2.8953756558842185	2.8983197582091078	2.8728415413146511	2.8923364587285243	2.8854981592268749	2.8628425283156744	2.8526377553741931	2.886172032193159	2.9059189029942685	2.8870778518138844	2.8823750213274186	2.8852238724770141	2.8809999999999998	Sample ID


Grain Density (g/cc)



HPP	2.8519999999999999	2.879	2.9009999999999998	2.9289999999999998	2.8740000000000001	2.9060000000000001	2.843	2.847	2.8929999999999998	2.8980000000000001	2.8530000000000002	2.8820000000000001	LPP Grain Density (g/cc)


HPP Grin Density (g/cc)



Winland Lines
Porosity vs. Permeability
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Incremental Porosity (p.u.)




NMR Estimated Pore Radius- Zone 1-B 
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Incremental Porosity (p.u.)




NMR Estimated Pore Radius- Zone 1-B 
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Incremental Porosity (p.u.)




NMR Estimated Pore Radius- Zone 2-A 

71	1.4999999664723872E-4	1.6830276232212782E-4	1.8883881624788047E-4	2.1188062615692615E-4	2.3773399181663989E-4	2.6674191467463971E-4	2.9928934760391711E-4	3.3580818213522432E-4	3.7678297609090806E-4	4.2275743559002879E-4	4.7434162348508835E-4	5.3222006186842913E-4	5.9716075658798216E-4	6.7002536728978158E-4	7.5178083032369615E-4	8.4351198747754095E-4	9.4643600285053257E-4	1.0619186237454414E-3	1.1914923414587974E-3	1.3368764519691467E-3	1.5000000223517418E-3	1.6830277070403099E-3	1.8883880227804184E-3	2.118806317448616E-3	2.3773397505283357E-3	2.6674190908670425E-3	2.9928935319185257E-3	3.3580816537141802E-3	3.7678295373916627E-3	4.2275744676589962E-3	4.7434164583683011E-3	5.3222009539604185E-3	5.9716075658798216E-3	6.7002537846565244E-3	7.5178080797195434E-3	8.4351199865341179E-3	9.4643604755401609E-3	1.0619186460971833E-2	1.1914923191070556E-2	1.3368763625621796E-2	1.4999999999999999E-2	1.6830276846885681E-2	1.8883881568908693E-2	2.1188063621520994E-2	2.3773398399353027E-2	2.667419135570526E-2	2.992893397808075E-2	3.3580816984176635E-2	3.7678295373916627E-2	4.2275744676589969E-2	4.7434165477752685E-2	5.3222007751464843E-2	5.9716075658798218E-2	6.7002539634704594E-2	7.5178084373474119E-2	8.4351196289062499E-2	9.4643604755401609E-2	0.10619186639785766	0.11914923191070556	0.1336876344680786	0.15	0.16830276489257812	0.18883881568908692	0.21188063621520997	0.23773398399353027	0.26674192428588867	0.29928935050964356	0.33580816268920899	0.37678296089172364	0.42275745391845704	0.47434164047241212	0.53222007751464839	0.59716077804565426	0.67002536773681642	0.75178087234497071	0.84351196289062502	0.94643600463867184	1.0619186782836914	1.1914923477172852	1.3368763732910156	1.5	1.6830276489257812	1.8883880996704101	2.1188063049316406	2.3773397827148437	2.6674191284179689	2.9928934478759768	3.3580817413330077	3.7678296661376951	4.2275743103027343	4.7434162902832036	5.3222007751464844	5.9716076660156254	6.7002539062500004	7.5178083801269535	8.43511962890625	9.4643600463867195	10.619187011718751	11.914923706054687	13.368763732910157	15	16.830276489257813	18.883881225585938	21.188063964843749	23.773397827148436	26.674191284179688	29.928934936523437	33.58081787109375	37.678297119140623	42.275742187500001	47.434163818359373	53.222006835937499	59.716076660156247	67.002539062500006	75.178088378906253	84.3511962890625	94.643598632812498	106.19187011718751	119.1492333984375	133.68764648437499	150	7.5205099999999999E-7	5.1868466000000005E-7	9.1501846000000005E-8	5.5434569999999997E-9	9.4509460000000003E-11	1.0426863E-12	6.0340149999999999E-13	2.2318685E-15	7.6270789999999998E-17	4.6635379999999998E-16	1.7752768000000001E-18	2.3779900000000001E-17	1.1441454000000001E-21	6.5584386000000003E-22	3.3149761999999999E-19	1.7880856E-19	3.543488E-20	3.0326582E-21	2.6290601999999999E-19	2.9857144E-18	1.2890943E-19	3.7235323000000002E-19	3.4359609999999999E-20	4.7214874999999999E-20	4.3574354999999998E-19	1.0487797E-17	2.3603048000000001E-19	4.4034480000000001E-19	2.6351473E-20	6.3832150000000002E-4	2.1432878000000001E-3	3.6477066999999999E-3	5.1042240000000001E-3	6.4765689999999997E-3	7.7401605E-3	8.8808199999999993E-3	9.8923989999999996E-3	1.0774272E-2	1.1529431999999999E-2	1.21634165E-2	1.2683932E-2	1.3100769E-2	1.3425714E-2	1.3672345000000001E-2	1.3855795000000001E-2	1.3992539E-2	1.4100092999999999E-2	1.4196408000000001E-2	1.4298745E-2	1.4422259999999999E-2	1.4578875E-2	1.4777248E-2	1.5024358999999999E-2	1.5328622E-2	1.5703610999999999E-2	1.6171066000000001E-2	1.6761938000000001E-2	1.7514866E-2	1.8472369999999998E-2	1.967578E-2	2.1160152000000002E-2	2.2950110999999999E-2	2.5056899000000001E-2	2.7476368000000001E-2	3.0187417000000001E-2	3.3150702999999997E-2	3.6307942000000003E-2	3.9582470000000002E-2	4.2881835E-2	4.6102688000000003E-2	4.9137615000000003E-2	5.1882866999999999E-2	5.4245877999999997E-2	5.6151114000000002E-2	5.7543654E-2	5.8390329999999997E-2	5.8678969999999997E-2	5.8416594000000002E-2	5.7627405999999999E-2	5.6350923999999997E-2	5.4640130000000002E-2	5.2559330000000001E-2	5.0181203000000001E-2	4.7582953999999997E-2	4.4841829999999999E-2	4.2030465000000003E-2	3.9212637000000002E-2	3.6439907000000001E-2	3.3749603000000003E-2	3.1164305E-2	2.8692834E-2	2.6332577999999999E-2	2.4072693999999999E-2	2.1897692E-2	1.9790832000000001E-2	1.7736899E-2	1.5724131999999998E-2	1.3745214E-2	1.1797433E-2	9.8822010000000002E-3	8.0041980000000006E-3	6.1703095999999999E-3	4.3885900000000004E-3	2.6673271999999998E-3	1.0143066E-3	4.1118373000000003E-27	3.1162846000000001E-23	5.0191874000000001E-21	7.3853680000000001E-25	2.5079392000000001E-23	8.7068159999999997E-28	4.1081795999999997E-21	8.3072089999999998E-22	9.3130665999999994E-21	2.6425992999999999E-21	1.3398479000000001E-21	1.7442693E-22	4.9501532000000001E-20	2.5533872E-22	2.7083981999999999E-20	7.2863690000000001E-24	93	1.4999999664723872E-4	1.6830276232212782E-4	1.8883881624788047E-4	2.1188062615692615E-4	2.3773399181663989E-4	2.6674191467463971E-4	2.9928934760391711E-4	3.3580818213522432E-4	3.7678297609090806E-4	4.2275743559002879E-4	4.7434162348508835E-4	5.3222006186842913E-4	5.9716075658798216E-4	6.7002536728978158E-4	7.5178083032369615E-4	8.4351198747754095E-4	9.4643600285053257E-4	1.0619186237454414E-3	1.1914923414587974E-3	1.3368764519691467E-3	1.5000000223517418E-3	1.6830277070403099E-3	1.8883880227804184E-3	2.118806317448616E-3	2.3773397505283357E-3	2.6674190908670425E-3	2.9928935319185257E-3	3.3580816537141802E-3	3.7678295373916627E-3	4.2275744676589962E-3	4.7434164583683011E-3	5.3222009539604185E-3	5.9716075658798216E-3	6.7002537846565244E-3	7.5178080797195434E-3	8.4351199865341179E-3	9.4643604755401609E-3	1.0619186460971833E-2	1.1914923191070556E-2	1.3368763625621796E-2	1.4999999999999999E-2	1.6830276846885681E-2	1.8883881568908693E-2	2.1188063621520994E-2	2.3773398399353027E-2	2.667419135570526E-2	2.992893397808075E-2	3.3580816984176635E-2	3.7678295373916627E-2	4.2275744676589969E-2	4.7434165477752685E-2	5.3222007751464843E-2	5.9716075658798218E-2	6.7002539634704594E-2	7.5178084373474119E-2	8.4351196289062499E-2	9.4643604755401609E-2	0.10619186639785766	0.11914923191070556	0.1336876344680786	0.15	0.16830276489257812	0.18883881568908692	0.21188063621520997	0.23773398399353027	0.26674192428588867	0.29928935050964356	0.33580816268920899	0.37678296089172364	0.42275745391845704	0.47434164047241212	0.53222007751464839	0.59716077804565426	0.67002536773681642	0.75178087234497071	0.84351196289062502	0.94643600463867184	1.0619186782836914	1.1914923477172852	1.3368763732910156	1.5	1.6830276489257812	1.8883880996704101	2.1188063049316406	2.3773397827148437	2.6674191284179689	2.9928934478759768	3.3580817413330077	3.7678296661376951	4.2275743103027343	4.7434162902832036	5.3222007751464844	5.9716076660156254	6.7002539062500004	7.5178083801269535	8.43511962890625	9.4643600463867195	10.619187011718751	11.914923706054687	13.368763732910157	15	16.830276489257813	18.883881225585938	21.188063964843749	23.773397827148436	26.674191284179688	29.928934936523437	33.58081787109375	37.678297119140623	42.275742187500001	47.434163818359373	53.222006835937499	59.716076660156247	67.002539062500006	75.178088378906253	84.3511962890625	94.643598632812498	106.19187011718751	119.1492333984375	133.68764648437499	150	1.7404973E-7	5.1941430000000005E-7	1.5648781E-6	4.1890667000000002E-6	1.0073901E-5	2.2015918E-5	4.4175416000000001E-5	8.2122280000000003E-5	1.4257699E-4	2.32814E-4	3.5978478000000001E-4	5.2910339999999998E-4	7.4409230000000001E-4	1.0051057999999999E-3	1.3093273E-3	1.6511839E-3	2.0234275000000001E-3	2.4188014000000001E-3	2.8320406999999999E-3	3.2617939000000001E-3	3.711982E-3	4.1921620000000001E-3	4.7166515000000003E-3	5.3025032000000001E-3	5.9666475E-3	6.7227069999999996E-3	7.5779636000000003E-3	8.5309040000000006E-3	9.5696730000000008E-3	1.0671725E-2	1.1804857E-2	1.29296025E-2	1.4002679000000001E-2	1.4980899000000001E-2	1.5824905E-2	1.6502225999999998E-2	1.6989568E-2	1.7274576999999999E-2	1.7357503999999999E-2	1.7253106000000001E-2	1.6992620999999999E-2	1.6625022999999999E-2	1.6216319999999999E-2	1.5845624999999999E-2	1.55973025E-2	1.5549858E-2	1.5763374E-2	1.6268265000000001E-2	1.7058126999999999E-2	1.8088819999999999E-2	1.928448E-2	2.0549985E-2	2.1787863000000001E-2	2.2916868E-2	2.3888837999999999E-2	2.4700672999999999E-2	2.5398975000000001E-2	2.6076342999999998E-2	2.6859758000000001E-2	2.7892944999999999E-2	2.9315569999999999E-2	3.1242562000000001E-2	3.3746779999999997E-2	3.6847558000000002E-2	4.0506892000000003E-2	4.4633374000000003E-2	4.9092833000000002E-2	5.3723340000000001E-2	5.8351405000000002E-2	6.2806650000000006E-2	6.6932920000000007E-2	7.0594959999999998E-2	7.3681525999999997E-2	7.6105530000000005E-2	7.7802873999999994E-2	7.8730545999999998E-2	7.8864804999999996E-2	7.8199749999999998E-2	7.6746529999999993E-2	7.4533260000000004E-2	7.1605779999999994E-2	6.8028815000000006E-2	6.3887330000000006E-2	5.9287189999999997E-2	5.4354607999999999E-2	4.9233153000000002E-2	4.4077930000000001E-2	3.9046577999999998E-2	3.4287832999999997E-2	2.99292E-2	2.6066015000000001E-2	2.2753984000000001E-2	2.0006629000000001E-2	1.7798046000000001E-2	1.60701E-2	1.4742460000000001E-2	1.3723613000000001E-2	1.2921065000000001E-2	1.2249588E-2	1.1636845999999999E-2	1.1026385E-2	1.0378307E-2	9.6682120000000007E-3	8.8850100000000005E-3	8.0281829999999995E-3	7.1049290000000003E-3	6.1275135E-3	5.1110004999999998E-3	4.0714439999999996E-3	3.0245455000000002E-3	1.9847443000000002E-3	9.6465850000000003E-4	5.0131813999999997E-16	3.4272235999999997E-33	2.9248333E-32	3.4902799999999999E-31	2.2919832000000001E-34	5.2918155000000002E-33	1.2871423000000001E-34	6.7832139999999996E-38	0	95	1.4999999664723872E-4	1.6830276232212782E-4	1.8883881624788047E-4	2.1188062615692615E-4	2.3773399181663989E-4	2.6674191467463971E-4	2.9928934760391711E-4	3.3580818213522432E-4	3.7678297609090806E-4	4.2275743559002879E-4	4.7434162348508835E-4	5.3222006186842913E-4	5.9716075658798216E-4	6.7002536728978158E-4	7.5178083032369615E-4	8.4351198747754095E-4	9.4643600285053257E-4	1.0619186237454414E-3	1.1914923414587974E-3	1.3368764519691467E-3	1.5000000223517418E-3	1.6830277070403099E-3	1.8883880227804184E-3	2.118806317448616E-3	2.3773397505283357E-3	2.6674190908670425E-3	2.9928935319185257E-3	3.3580816537141802E-3	3.7678295373916627E-3	4.2275744676589962E-3	4.7434164583683011E-3	5.3222009539604185E-3	5.9716075658798216E-3	6.7002537846565244E-3	7.5178080797195434E-3	8.4351199865341179E-3	9.4643604755401609E-3	1.0619186460971833E-2	1.1914923191070556E-2	1.3368763625621796E-2	1.4999999999999999E-2	1.6830276846885681E-2	1.8883881568908693E-2	2.1188063621520994E-2	2.3773398399353027E-2	2.667419135570526E-2	2.992893397808075E-2	3.3580816984176635E-2	3.7678295373916627E-2	4.2275744676589969E-2	4.7434165477752685E-2	5.3222007751464843E-2	5.9716075658798218E-2	6.7002539634704594E-2	7.5178084373474119E-2	8.4351196289062499E-2	9.4643604755401609E-2	0.10619186639785766	0.11914923191070556	0.1336876344680786	0.15	0.16830276489257812	0.18883881568908692	0.21188063621520997	0.23773398399353027	0.26674192428588867	0.29928935050964356	0.33580816268920899	0.37678296089172364	0.42275745391845704	0.47434164047241212	0.53222007751464839	0.59716077804565426	0.67002536773681642	0.75178087234497071	0.84351196289062502	0.94643600463867184	1.0619186782836914	1.1914923477172852	1.3368763732910156	1.5	1.6830276489257812	1.8883880996704101	2.1188063049316406	2.3773397827148437	2.6674191284179689	2.9928934478759768	3.3580817413330077	3.7678296661376951	4.2275743103027343	4.7434162902832036	5.3222007751464844	5.9716076660156254	6.7002539062500004	7.5178083801269535	8.43511962890625	9.4643600463867195	10.619187011718751	11.914923706054687	13.368763732910157	15	16.830276489257813	18.883881225585938	21.188063964843749	23.773397827148436	26.674191284179688	29.928934936523437	33.58081787109375	37.678297119140623	42.275742187500001	47.434163818359373	53.222006835937499	59.716076660156247	67.002539062500006	75.178088378906253	84.3511962890625	94.643598632812498	106.19187011718751	119.1492333984375	133.68764648437499	150	1.6185589E-6	1.9267783999999999E-6	2.8648146000000001E-6	5.9065933000000002E-6	1.38317555E-5	3.0204363E-5	6.0562313999999999E-5	1.1244835E-4	1.9484195000000001E-4	3.1719320000000002E-4	4.8800737999999999E-4	7.1318379999999999E-4	9.9441500000000001E-4	1.3280028000000001E-3	1.7044352999999999E-3	2.1090037000000002E-3	2.5235972999999999E-3	2.9295979999999998E-3	3.3114822999999998E-3	3.6604210000000001E-3	3.9769480000000001E-3	4.2717900000000001E-3	4.5643029999999996E-3	4.8786504000000001E-3	5.2385163E-3	5.6617144000000001E-3	6.1560683000000003E-3	6.7175934000000001E-3	7.3313639999999999E-3	7.974788E-3	8.6225060000000003E-3	9.2518410000000002E-3	9.847728E-3	1.0406144000000001E-2	1.0935426999999999E-2	1.1455234E-2	1.19933635E-2	1.2580993E-2	1.3247169E-2	1.4013391E-2	1.4889081E-2	1.5868485000000002E-2	1.6929395E-2	1.8033799E-2	1.9130497999999999E-2	2.0159495999999999E-2	2.105783E-2	2.1766311999999999E-2	2.2236628000000001E-2	2.2438074999999998E-2	2.2363245E-2	2.2031786000000001E-2	2.1491438000000002E-2	2.081583E-2	2.0098932E-2	1.9446844000000001E-2	1.8968045999999999E-2	1.8763505E-2	1.8917989E-2	1.9493507E-2	2.0525167E-2	2.2019430999999999E-2	2.3954308000000001E-2	2.6281123999999999E-2	2.8927683999999999E-2	3.1802700000000003E-2	3.4801524E-2	3.7812810000000002E-2	4.0725626000000001E-2	4.3436117000000003E-2	4.5852944E-2	4.7900837000000002E-2	4.9521919999999997E-2	5.0675079999999997E-2	5.1333660000000003E-2	5.1482501999999999E-2	5.1115207000000003E-2	5.0232924999999998E-2	4.8845359999999997E-2	4.6974372E-2	4.4659431999999999E-2	4.196358E-2	3.8977980000000002E-2	3.5823338000000003E-2	3.2646816000000002E-2	2.9613994000000001E-2	2.6896179999999999E-2	2.4654187000000001E-2	2.3020367999999999E-2	2.2081212999999999E-2	2.186302E-2	2.2323157999999999E-2	2.3348781999999998E-2	2.4763963999999999E-2	2.6344717E-2	2.7839943999999998E-2	2.8995322E-2	2.9576646000000002E-2	2.9389446999999999E-2	2.8292703999999998E-2	2.6205686999999998E-2	2.3108030000000002E-2	1.9034328E-2	1.4064765E-2	8.3136430000000008E-3	1.9173939E-3	8.8871729999999992E-31	4.9929365999999998E-34	1.1457457E-33	1.5264860000000001E-35	4.1836686000000003E-36	4.2765810000000001E-39	4.1748690000000003E-39	5.9124783999999998E-38	2.4493199999999999E-40	1.3324424000000001E-38	4.6248119999999999E-39	1.9439609999999999E-39	1.4635786E-38	5.4442499999999997E-40	2.9815926000000001E-33	Pore Radius (um)


Incremental Porosity (p.u.)




NMR Estimated Pore Radius- Zone 2-B 
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Incremental Porosity (p.u.)




NMR Estimated Pore Radius- Zone 2-B 
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Incremental Porosity (p.u.)




4	250	500	750	1000	1500	2000	3000	4000	5000	5.2789999999999999	5.3129999999999997	5.3129999999999997	5.3419999999999996	5.3869999999999996	5.4169999999999998	5.4630000000000001	5.5090000000000003	5.556	13	250	500	750	1000	1500	2000	3000	4000	5000	4.0960000000000001	4.1109999999999998	4.1420000000000003	4.1609999999999996	4.1929999999999996	4.25	4.335	4.423	4.4870000000000001	16	250	500	750	1000	1500	2000	3000	4000	5000	3.879	3.9790000000000001	4.0910000000000002	4.18	4.3289999999999997	4.4800000000000004	4.6890000000000001	4.9080000000000004	5.1369999999999996	29	250	500	750	1000	1500	2000	3000	4000	5000	4.6070000000000002	4.6429999999999998	4.6520000000000001	4.6609999999999996	4.68	4.718	4.7949999999999999	4.8639999999999999	4.9249999999999998	46	250	500	750	1000	1500	2000	3000	4000	5000	4.2539999999999996	4.2789999999999999	4.3	4.3259999999999996	4.4139999999999997	4.4880000000000004	4.6609999999999996	4.8490000000000002	5.0069999999999997	51	250	500	750	1000	1500	2000	3000	4000	5000	4.6479999999999997	4.702	4.7539999999999996	4.8170000000000002	4.9269999999999996	5.0650000000000004	5.2240000000000002	5.42	5.617	71	250	500	750	1000	1500	2000	3000	4000	5000	3.6859999999999999	3.72	3.778	3.802	3.8740000000000001	3.944	4.0620000000000003	4.181	4.3620000000000001	86	250	500	750	1000	1500	2000	3000	4000	5000	5.7919999999999998	5.8540000000000001	5.8639999999999999	5.9109999999999996	5.96	6.0430000000000001	6.1139999999999999	6.1660000000000004	6.2729999999999997	94	250	500	750	1000	1500	2000	3000	4000	5000	4.4370000000000003	4.4539999999999997	4.4649999999999999	4.492	4.5549999999999997	4.6189999999999998	4.734	4.835	4.9390000000000001	95	250	500	750	1000	1500	2000	3000	4000	5000	3.9060000000000001	3.9910000000000001	4.0449999999999999	4.1580000000000004	4.3079999999999998	4.5279999999999996	4.7530000000000001	4.9610000000000003	96	250	500	750	1000	1500	2000	3000	4000	5000	4.0810000000000004	4.25	4.452	4.673	4.8650000000000002	5.008	5.202	5.4279999999999999	5.6029999999999998	111	250	500	750	1000	1500	2000	3000	4000	5000	5.5410000000000004	5.5789999999999997	5.5919999999999996	5.6449999999999996	5.6859999999999999	5.74	5.8239999999999998	5.8959999999999999	6.0149999999999997	Pressure (psi)


Vp (km/s)




Velocity (Dry)	
2.9769999999999999	3.0489999999999999	3.101	3.0939999999999999	3.0089999999999999	3.0739999999999998	2.8889999999999998	2.9830000000000001	3.0339999999999998	2.8740000000000001	2.8769999999999998	3.097	3.3679999999999999	3.23	3.0449999999999999	2.8730000000000002	3.206	3.2189999999999999	3.1880000000000002	2.86	3.2240000000000002	3.3580000000000001	3.2949999999999999	3.3029999999999999	3.343	3.2839999999999998	3.101	3.2349999999999999	3.17	3.3140000000000001	3.24	3.129	3.1	3.2629999999999999	3.214	3.3	3.17	3.2829999999999999	2.9809999999999999	3.0670000000000002	3.1269999999999998	3.0950000000000002	2.9969999999999999	3.0750000000000002	2.8769999999999998	3.0310000000000001	2.9910000000000001	3.0129999999999999	2.8969999999999998	3.081	3.3889999999999998	3.278	3.052	2.9420000000000002	3.1779999999999999	3.306	3.2650000000000001	2.863	3.2519999999999998	3.359	3.3769999999999998	3.1850000000000001	3.5710000000000002	3.4710000000000001	3.0289999999999999	3.2909999999999999	3.1890000000000001	3.21	3.2130000000000001	3.137	3.0750000000000002	3.2010000000000001	3.2789999999999999	3.3119999999999998	3.1659999999999999	3.601	Velocity (Wet)	
3.125	3.2610000000000001	3.2120000000000002	3.24	3.14	3.2480000000000002	3.1629999999999998	3.1549999999999998	3.0990000000000002	3.0779999999999998	2.9849999999999999	3.2509999999999999	3.5259999999999998	3.464	3.2919999999999998	3.1459999999999999	3.3530000000000002	3.4350000000000001	3.3290000000000002	3.077	3.3170000000000002	3.544	3.5089999999999999	3.5019999999999998	3.569	3.456	3.4460000000000002	3.4780000000000002	3.3969999999999998	3.3420000000000001	3.3180000000000001	3.3	3.3250000000000002	3.4159999999999999	3.4660000000000002	3.536	3.3540000000000001	3.4929999999999999	3.1240000000000001	3.3279999999999998	3.2450000000000001	3.2530000000000001	3.1230000000000002	3.2480000000000002	3.1240000000000001	3.1640000000000001	3.07	3.0510000000000002	3.0259999999999998	3.2170000000000001	3.5649999999999999	3.5019999999999998	3.2970000000000002	3.2	3.5150000000000001	3.508	3.375	3.0840000000000001	3.2879999999999998	3.5569999999999999	3.51	3.468	3.649	3.5270000000000001	3.4020000000000001	3.4529999999999998	3.516	3.3220000000000001	3.28	3.2989999999999999	3.3250000000000002	3.371	3.5019999999999998	3.5489999999999999	3.37	3.605	Vs1 (km/s)


Vs2 (km/s)




5.14	5.1680000000000001	5.556	5.5579999999999998	5.1740000000000004	5.2149999999999999	4.4870000000000001	5.1369999999999996	4.9249999999999998	4.8470000000000004	4.7480000000000002	5.3849999999999998	5.843	5.4180000000000001	5.0069999999999997	4.742	5.4560000000000004	5.5289999999999999	5.617	4.3620000000000001	5.3090000000000002	5.7290000000000001	5.5510000000000002	5.4480000000000004	6.2729999999999997	6.0659999999999998	5.2240000000000002	5.1929999999999996	5.2759999999999998	5.4359999999999999	5.24	4.9390000000000001	4.9610000000000003	5.6029999999999998	5.657	5.69	5.4930000000000003	6.0149999999999997	5.9630000000000001	6.4189999999999996	6.266	6.4390000000000001	5.899	6.218	5.7850000000000001	5.806	5.7140000000000004	5.69	5.51	6.3209999999999997	6.7309999999999999	6.516	6.0659999999999998	5.9189999999999996	6.46	6.5419999999999998	6.1260000000000003	5.6260000000000003	5.9880000000000004	6.577	6.476	6.5650000000000004	6.74	6.7480000000000002	6.49	6.4160000000000004	6.3159999999999998	6.0880000000000001	5.9870000000000001	5.8810000000000002	6.173	6.4189999999999996	6.556	6.5960000000000001	6.4859999999999998	6.6689999999999996	Dry P-wave Velocity (km/s)


Saturated P-wave velocity (km/s)



2.9809999999999999	3.0670000000000002	3.1269999999999998	3.0950000000000002	2.9969999999999999	3.0750000000000002	2.8769999999999998	3.0310000000000001	2.9910000000000001	3.0129999999999999	2.8969999999999998	3.081	3.3889999999999998	3.278	3.052	2.9420000000000002	3.1779999999999999	3.306	3.2650000000000001	2.863	3.2519999999999998	3.359	3.3769999999999998	3.1850000000000001	3.5710000000000002	3.4710000000000001	3.0289999999999999	3.2909999999999999	3.1890000000000001	3.21	3.2130000000000001	3.137	3.0750000000000002	3.2010000000000001	3.2789999999999999	3.3119999999999998	3.1659999999999999	3.601	3.1240000000000001	3.3279999999999998	3.2450000000000001	3.2530000000000001	3.1230000000000002	3.2480000000000002	3.1240000000000001	3.1640000000000001	3.07	3.0510000000000002	3.0259999999999998	3.2170000000000001	3.5649999999999999	3.5019999999999998	3.2970000000000002	3.2	3.5150000000000001	3.508	3.375	3.0840000000000001	3.2879999999999998	3.5569999999999999	3.51	3.468	3.649	3.5270000000000001	3.4020000000000001	3.4529999999999998	3.516	3.3220000000000001	3.28	3.2989999999999999	3.3250000000000002	3.371	3.5019999999999998	3.5489999999999999	3.37	3.605	Dry S-wave Velocity (km/s)


Saturated S-wave velocity (km/s)



G wet	
24.194483101075463	25.859922455289652	26.050103516010552	25.770309213190707	24.42564613114148	25.610970780515281	22.434505163771192	24.352281989551454	24.282781432258222	25.131761060572771	22.567180603787779	25.791360933606125	31.98966589510345	29.861954768841205	25.917160983578267	24.273701584919404	27.854682068805054	30.2188824319737	29.393496144051419	23.343312266821858	29.909250992801496	32.390413322501026	32.432715782205065	28.870796926085813	35.794424570584042	34.46478784238996	26.186594546570483	30.451151001527052	28.688483351127974	29.056421867063762	28.962853182730193	27.304700130968424	26.884385598110722	29.329286240771189	30.46886737091576	31.003080802519555	28.455519182677751	36.575606230645391	26.66293931261265	30.519335002485171	28.112100952957956	28.518531683050973	26.595673998441317	28.641802727834691	26.615238028674902	26.936101056672747	25.646250015198053	25.989026641308339	24.936456221952046	28.162832299602179	35.483766057235165	34.169478128042982	30.3510084064769	28.791080150052636	34.204637579670894	34.173595015963613	31.621970672464926	27.167792060133873	30.69072234832003	36.334911166264597	35.107532973710967	34.297374616419184	37.470021577350749	35.609451460514656	33.103970432359006	33.603441520713126	34.99353799880361	31.22710880619886	30.255986011634942	30.322425279354427	31.461776472036249	32.590290356644388	34.828487210968909	35.649203046555591	32.299195014734003	36.752022249546336	G Dry (GPa)


G Saturated (GPa)



Dry	5.14	5.1680000000000001	5.556	5.5579999999999998	5.1740000000000004	5.2149999999999999	4.4870000000000001	5.1369999999999996	4.9249999999999998	4.8470000000000004	4.7480000000000002	5.3849999999999998	5.843	5.4180000000000001	5.0069999999999997	4.742	5.4560000000000004	5.5289999999999999	5.617	4.3620000000000001	5.3090000000000002	5.7290000000000001	5.5510000000000002	5.4480000000000004	6.2729999999999997	6.0659999999999998	5.2240000000000002	5.1929999999999996	5.2759999999999998	5.4359999999999999	5.24	4.9390000000000001	4.9610000000000003	5.6029999999999998	5.657	5.69	5.4930000000000003	6.0149999999999997	1.7242536061724254	1.6850342354091945	1.7767828589702592	1.7957996768982227	1.7263930597263932	1.6959349593495934	1.5596107055961073	1.6948201913559879	1.6466064861250416	1.6086956521739133	1.6389368312046948	1.747809152872444	1.7241074063145472	1.652837095790116	1.6405635648754913	1.6118286879673691	1.7168030207677787	1.6724137931034482	1.7203675344563552	1.5235766678309466	1.6325338253382535	1.7055671330753202	1.643766656795973	1.7105180533751962	1.7566507980957713	1.7476231633535004	1.7246616044899308	1.5779398359161347	1.6544371276262151	1.6934579439252337	1.6308745720510427	1.5744341727765381	1.6133333333333333	1.7503905029678224	1.7252211039951204	1.7179951690821258	1.7349968414403034	1.6703693418494863	5.9630000000000001	6.4189999999999996	6.266	6.4390000000000001	5.899	6.218	5.7850000000000001	5.806	5.7140000000000004	5.69	5.51	6.3209999999999997	6.7309999999999999	6.516	6.0659999999999998	5.9189999999999996	6.46	6.5419999999999998	6.1260000000000003	5.6260000000000003	5.9880000000000004	6.577	6.476	6.5650000000000004	6.74	6.7480000000000002	6.49	6.4160000000000004	6.3159999999999998	6.0880000000000001	5.9870000000000001	5.8810000000000002	6.173	6.4189999999999996	6.556	6.5960000000000001	6.4859999999999998	6.6689999999999996	0	0	1.8976281901423522	1.9376319310511165	1.9220751312401896	1.9323835636885025	1.9448736132833806	1.9183404777128408	1.8367702799374879	1.7789670217101863	1.9414342671427149	1.7324276100972351	1.7733853133482029	1.9563690312686703	1.8655079149157092	1.8709068838940031	1.8893157276779393	1.9358484247749539	1.8767805110420117	1.8139143377585822	1.8094381950348069	1.8902254259393036	1.7876042343543972	1.8814228619903886	1.8055782797557334	1.8735481680898038	1.812554293098136	1.8401782786907745	1.8940319079615398	1.8121476312396469	1.8077349393313138	1.8234798354486603	1.8859068100669385	1.8292665505444625	1.9752621304448057	1.8424997208871288	1.8513191265637519	1.8516610432842082	Vp (km/s)

Vp/Vs


Vp/Vs vs. Porosity

1.2506092762063559	0.85240995644585493	0.7452554581556412	0.62885924186373177	0.9986079518737645	0.85960680374567355	2.2299145260392268	5.3245755145984628	0.9023891246630078	3.141807949002041	4.5831634676485091	0.57046219845857293	0.8938686758267691	0.94461721616094385	1.2980092490279898	0.95463203978889877	1.3945890538196783	1.61530946848112	2.5112891989264212	1.1434345318775854	1.4258220445986509	0.14094592167467623	0.75590333632942774	0.75463399979652135	0.94960514688439868	0.25300587606131691	0.81666753179637752	0.90108075565145107	1.2940248940254784	1.3012455205974622	0.90008833163267521	1.5287520882125187	0.34064171048032632	0.73940674845055177	0.80898092165622804	0.5328348457050891	0.68672064489248585	0.97583002202754621	1.9087708066581306	1.9287860576923077	1.9309707241910632	1.9794036274208422	1.8888888888888888	1.9144088669950738	1.8517925736235594	1.8350189633375473	1.8612377850162869	1.8649623074401835	1.8208856576338401	1.9648741063102269	1.8880785413744741	1.8606510565391206	1.8398544131028207	1.8496874999999997	1.8378378378378377	1.8648802736602053	1.8151111111111111	1.8242542153047989	1.8211678832116791	1.8490300815293788	1.845014245014245	1.8930219146482123	1.8470813921622362	1.9132407144882335	1.9077013521457966	1.8580944106573996	1.7963594994311718	1.8326309452137266	1.8253048780487806	1.7826614125492575	1.8565413533834585	1.9041827350934439	1.8720731010850944	1.8585517047055509	1.9246290801186943	1.8499306518723992	HPP Porosity (%)


Vp/Vs



Vp/Vs vs. Dolomite Content


22.7800928887807	56.9309815474167	8.1746100708010996	6.2248772536316199	45.315803753436697	31.220787754363599	72.968241132814896	86.9124731839497	43.331309207795499	39.615521904334102	90.111487028293098	22.1455703466284	94.487676105029394	94.797300238064494	91.142582699081203	77.168503500303004	92.999190824847702	92.157293174120397	90.662123686305804	61.831976285277797	68.411065620625394	50.024356043947698	63.429920873266298	61.2976592082087	78.405825300737803	54.516595291197298	47.2741819687716	69.785036020726096	59.467623982193899	64.1919215494393	90.769004469227198	97.701249275914606	64.817606773213001	39.392025368017002	65.385899376348107	55.525037193942502	66.403064010478701	76.271267640644396	1.9087708066581306	1.9287860576923077	1.9309707241910632	1.9794036274208422	1.8888888888888888	1.9144088669950738	1.8517925736235594	1.8350189633375473	1.8612377850162869	1.8649623074401835	1.8208856576338401	1.9648741063102269	1.8880785413744741	1.8606510565391206	1.8398544131028207	1.8496874999999997	1.8378378378378377	1.8648802736602053	1.8151111111111111	1.8242542153047989	1.8211678832116791	1.8490300815293788	1.845014245014245	1.8930219146482123	1.8470813921622362	1.9132407144882335	1.9077013521457966	1.8580944106573996	1.7963594994311718	1.8326309452137266	1.8253048780487806	1.7826614125492575	1.8565413533834585	1.9041827350934439	1.8720731010850944	1.8585517047055509	1.9246290801186943	1.8499306518723992	Dolomite Content (wt%)


Vp/Vs



Vp/Vs vs. Calcite Content


60.420349550577399	40.431360953109497	88.926291434668599	81.9851724474875	47.853009185563103	64.404245687328597	19.752014034961601	0.31401176151796101	52.981386790007598	1.9087708066581306	1.9287860576923077	1.9309707241910632	1.9794036274208422	1.8888888888888888	1.9144088669950738	1.8517925736235594	1.8350189633375473	1.8612377850162869	Calcite Content (wt%)


Vp/Vs



Porosity	1.05	0.72	0.31	0.91	0.44	0.1	2.19	5.36	0.57999999999999996	3.1	4.72	1.19	0.72	1.36	1.37	1.57	1.44	0.98	2.97	1	1.49	0.6	0.89	1.17	1.3	0.76	0.82	1.1399999999999999	1.63	1.56	0.91	1.79	0.61	1.03	1.0900000000000001	0.96	1	1.19	1	2	4	5	9	11	13	16	29	33	34	38	43	45	46	47	48	49	51	71	74	78	79	80	86	88	89	90	91	92	93	94	95	96	99	100	106	111	G. Density	2.7722698257519123	2.7789999999999999	2.710803738317757	2.7240979039533033	2.7610000000000001	2.743232438606511	2.7861284692900972	2.8293273444347062	2.7531024902243262	2.888023072889355	2.8428631029986962	2.7559999999999998	2.8400606278579867	2.837979656638502	2.8468877579553715	2.8679999999999999	2.8358795051102743	2.8396178541839272	2.8620245989911011	2.8952236127037945	2.8895036139455783	2.9045216509938623	2.8930409548839249	2.8932347567937891	2.872428859511539	2.8953756558842185	2.8983197582091078	2.8728415413146511	2.8923364587285243	2.8854981592268749	2.8628425283156744	2.8526377553741931	2.886172032193159	2.9059189029942685	2.8870778518138844	2.8823750213274186	2.8852238724770141	2.8809999999999998	1	2	4	5	9	11	13	16	29	33	34	38	43	45	46	47	48	49	51	71	74	78	79	80	86	88	89	90	91	92	93	94	95	96	99	100	106	111	Porosity (%)


Sample ID


Grain Density (g/cc)




a) Zone 1 P-wave Velocity vs. Porosity

[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]


1.2506092762063559	0.85240995644585493	0.7452554581556412	0.62885924186373177	0.9986079518737645	0.85960680374567355	2.2299145260392268	5.3245755145984628	0.9023891246630078	3.141807949002041	4.5831634676485091	0.57046219845857293	0.8938686758267691	0.94461721616094385	1.2980092490279898	0.95463203978889877	1.3945890538196783	1.61530946848112	2.5112891989264212	5.9630000000000001	6.4189999999999996	6.266	6.4390000000000001	5.899	6.218	5.7850000000000001	5.806	5.7140000000000004	5.69	5.51	6.3209999999999997	6.7309999999999999	6.516	6.0659999999999998	5.9189999999999996	6.46	6.5419999999999998	6.1260000000000003	1	2	4	5	9	11	13	16	29	33	34	38	43	45	46	47	48	49	51	Porosity (%)


P-wave Saturated (km/s)



b) Zone 1: Dolomite Samples

Dolomite	[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]


0.85240995644585493	2.2299145260392268	4.5831634676485091	5.3245755145984628	2.5112891989264212	3.141807949002041	0.94461721616094385	1.2980092490279898	1.3945890538196783	1.61530946848112	0.95463203978889877	0.8938686758267691	6.4189999999999996	5.7850000000000001	5.51	5.806	6.1260000000000003	5.69	6.516	6.0659999999999998	6.46	6.5419999999999998	5.9189999999999996	6.7309999999999999	57	73	90	87	91	40	95	91	93	92	77	94	Porosity (%)


P-wave Saturated (km/s)



c) Zone 1: Calcite Samples


Calcite	[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]

0.7452554581556412	0.62885924186373177	0.57046219845857293	0.85960680374567355	1.2506092762063559	0.9023891246630078	0.9986079518737645	6.266	6.4390000000000001	6.3209999999999997	6.218	5.9630000000000001	5.7140000000000004	5.899	4	5	38	11	1	29	9	Porosity (%)


P-wave Saturated (km/s)



[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]

5.9630000000000001	6.4189999999999996	6.266	6.4390000000000001	5.899	6.218	5.7850000000000001	5.806	5.7140000000000004	5.69	5.51	6.3209999999999997	6.7309999999999999	6.516	6.0659999999999998	5.9189999999999996	6.46	6.5419999999999998	6.1260000000000003	77.569140290172868	86.073033658809493	77.796083112960645	75.375821876888352	83.480862356324934	81.009118745250916	88.927509180151191	90.918807556795741	83.275927753132549	74.207695696378181	90.554485002163631	80.106963723749914	92.731313155282791	92.86302969491436	91.269876000895238	85.953211355342319	92.244692671904176	91.879297686378493	91.819964838577576	1	2	4	5	9	11	13	16	29	33	34	38	43	45	46	47	48	49	51	P-wave Saturated (km/s)


Matrix Bulk Modulus (GPa)



[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]

[CELLRANGE]

[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]


1.4258220445986509	0.14094592167467623	0.75590333632942774	0.75463399979652135	0.94960514688439868	0.25300587606131691	0.81666753179637752	0.90108075565145107	1.2940248940254784	1.3012455205974622	1.5287520882125187	0.73940674845055177	0.80898092165622804	0.5328348457050891	0.68672064489248585	0.97583002202754621	5.9880000000000004	6.577	6.476	6.5650000000000004	6.74	6.7480000000000002	6.49	6.4160000000000004	6.3159999999999998	6.0880000000000001	5.8810000000000002	6.4189999999999996	6.556	6.5960000000000001	6.4859999999999998	6.6689999999999996	74	78	79	80	86	88	89	90	91	92	94	96	99	100	106	111	[CELLRANGE]
[CELLRANGE]
[CELLRANGE]

1.1434345318775854	0.90008833163267521	0.34064171048032632	5.6260000000000003	5.9870000000000001	6.173	71	93	95	Porosity (%)


Saturated P-wave velocity (km/s)



Calcite	71	74	78	79	80	86	88	89	90	91	92	93	94	95	96	99	100	106	111	4.0284692929586703E-2	7.2932586154064505E-2	4.6190630203509497E-2	1.97227712037247E-2	4.8517809181654603E-2	5.5860671144902903E-2	0.30901036816925398	0.181129744487214	3.9394516690294902E-2	6.7870970125675001E-2	1.3457001236327801E-2	7.11348217925801E-2	2.25138278586649E-2	1.6348709836714801E-2	3.2350859135466703E-2	2.16747057937389E-2	0.13319519808741601	1.9613633169312399E-2	0.106783714452272	Dolomite	71	74	78	79	80	86	88	89	90	91	92	93	94	95	96	99	100	106	111	61.831976285277797	68.411065620625394	50.024356043947698	63.429920873266298	61.2976592082087	78.405825300737803	54.516595291197298	47.2741819687716	69.785036020726096	59.467623982193899	64.1919215494393	90.769004469227198	97.701249275914606	64.817606773213001	39.392025368017002	65.385899376348107	55.525037193942502	66.403064010478701	76.271267640644396	Anhydrite	71	74	78	79	80	86	88	89	90	91	92	93	94	95	96	99	100	106	111	35.861499300130298	30.214025775957801	48.715038199488603	35.252612982418498	36.845978911004202	19.5533440665012	44.175509133160404	51.047869979139499	29.028213293469701	39.207454908259798	34.760459834423997	6.4982054615265801	0.89786030138039796	33.681526370265601	59.427086772591203	33.533077242400701	43.0562578601849	31.999506634692999	21.876943295639599	
Volume (%)




71	9.9999997764825821E-3	1.1220184154808521E-2	1.2589254416525364E-2	1.412537507712841E-2	1.5848932787775993E-2	1.7782794311642647E-2	1.9952623173594475E-2	2.2387212142348289E-2	2.5118865072727203E-2	2.8183829039335251E-2	3.162277489900589E-2	3.5481337457895279E-2	3.9810717105865479E-2	4.4668357819318771E-2	5.0118722021579742E-2	5.6234132498502731E-2	6.3095733523368835E-2	7.0794574916362762E-2	7.943282276391983E-2	8.9125096797943115E-2	0.10000000149011612	0.11220184713602066	0.12589253485202789	0.1412537544965744	0.15848931670188904	0.17782793939113617	0.19952623546123505	0.223872110247612	0.25118863582611084	0.28183829784393311	0.31622776389122009	0.35481339693069458	0.39810717105865479	0.44668358564376831	0.50118720531463623	0.56234133243560791	0.63095736503601074	0.70794576406478882	0.79432821273803711	0.89125090837478638	1	1.1220184564590454	1.2589254379272461	1.4125375747680664	1.5848932266235352	1.7782794237136841	1.9952622652053833	2.2387211322784424	2.5118863582611084	2.8183829784393311	3.1622776985168457	3.5481338500976562	3.9810717105865479	4.4668359756469727	5.0118722915649414	5.6234130859375	6.3095736503601074	7.0794577598571777	7.9432821273803711	8.9125089645385742	10	11.220184326171875	12.589254379272461	14.125375747680664	15.848932266235352	17.782794952392578	19.95262336730957	22.387210845947266	25.118864059448242	28.183830261230469	31.622776031494141	35.481338500976563	39.810718536376953	44.668357849121094	50.118724822998047	56.234130859375	63.095733642578125	70.794578552246094	79.432823181152344	89.125091552734375	100	112.20184326171875	125.89253997802734	141.25375366210937	158.48931884765625	177.82794189453125	199.52622985839844	223.87211608886719	251.18864440917969	281.83828735351562	316.22775268554687	354.81338500976562	398.107177734375	446.68359375	501.18722534179687	562.34130859375	630.95733642578125	707.94580078125	794.3282470703125	891.25091552734375	1000	1122.0184326171875	1258.9254150390625	1412.53759765625	1584.8931884765625	1778.2794189453125	1995.2623291015625	2238.72119140625	2511.886474609375	2818.3828125	3162.277587890625	3548.1337890625	3981.07177734375	4466.8359375	5011.87255859375	5623.4130859375	6309.5732421875	7079.4580078125	7943.2822265625	8912.509765625	10000	7.5205099999999999E-7	5.1868466000000005E-7	9.1501846000000005E-8	5.5434569999999997E-9	9.4509460000000003E-11	1.0426863E-12	6.0340149999999999E-13	2.2318685E-15	7.6270789999999998E-17	4.6635379999999998E-16	1.7752768000000001E-18	2.3779900000000001E-17	1.1441454000000001E-21	6.5584386000000003E-22	3.3149761999999999E-19	1.7880856E-19	3.543488E-20	3.0326582E-21	2.6290601999999999E-19	2.9857144E-18	1.2890943E-19	3.7235323000000002E-19	3.4359609999999999E-20	4.7214874999999999E-20	4.3574354999999998E-19	1.0487797E-17	2.3603048000000001E-19	4.4034480000000001E-19	2.6351473E-20	6.3832150000000002E-4	2.1432878000000001E-3	3.6477066999999999E-3	5.1042240000000001E-3	6.4765689999999997E-3	7.7401605E-3	8.8808199999999993E-3	9.8923989999999996E-3	1.0774272E-2	1.1529431999999999E-2	1.21634165E-2	1.2683932E-2	1.3100769E-2	1.3425714E-2	1.3672345000000001E-2	1.3855795000000001E-2	1.3992539E-2	1.4100092999999999E-2	1.4196408000000001E-2	1.4298745E-2	1.4422259999999999E-2	1.4578875E-2	1.4777248E-2	1.5024358999999999E-2	1.5328622E-2	1.5703610999999999E-2	1.6171066000000001E-2	1.6761938000000001E-2	1.7514866E-2	1.8472369999999998E-2	1.967578E-2	2.1160152000000002E-2	2.2950110999999999E-2	2.5056899000000001E-2	2.7476368000000001E-2	3.0187417000000001E-2	3.3150702999999997E-2	3.6307942000000003E-2	3.9582470000000002E-2	4.2881835E-2	4.6102688000000003E-2	4.9137615000000003E-2	5.1882866999999999E-2	5.4245877999999997E-2	5.6151114000000002E-2	5.7543654E-2	5.8390329999999997E-2	5.8678969999999997E-2	5.8416594000000002E-2	5.7627405999999999E-2	5.6350923999999997E-2	5.4640130000000002E-2	5.2559330000000001E-2	5.0181203000000001E-2	4.7582953999999997E-2	4.4841829999999999E-2	4.2030465000000003E-2	3.9212637000000002E-2	3.6439907000000001E-2	3.3749603000000003E-2	3.1164305E-2	2.8692834E-2	2.6332577999999999E-2	2.4072693999999999E-2	2.1897692E-2	1.9790832000000001E-2	1.7736899E-2	1.5724131999999998E-2	1.3745214E-2	1.1797433E-2	9.8822010000000002E-3	8.0041980000000006E-3	6.1703095999999999E-3	4.3885900000000004E-3	2.6673271999999998E-3	1.0143066E-3	4.1118373000000003E-27	3.1162846000000001E-23	5.0191874000000001E-21	7.3853680000000001E-25	2.5079392000000001E-23	8.7068159999999997E-28	4.1081795999999997E-21	8.3072089999999998E-22	9.3130665999999994E-21	2.6425992999999999E-21	1.3398479000000001E-21	1.7442693E-22	4.9501532000000001E-20	2.5533872E-22	2.7083981999999999E-20	7.2863690000000001E-24	93	9.9999997764825821E-3	1.1220184154808521E-2	1.2589254416525364E-2	1.412537507712841E-2	1.5848932787775993E-2	1.7782794311642647E-2	1.9952623173594475E-2	2.2387212142348289E-2	2.5118865072727203E-2	2.8183829039335251E-2	3.162277489900589E-2	3.5481337457895279E-2	3.9810717105865479E-2	4.4668357819318771E-2	5.0118722021579742E-2	5.6234132498502731E-2	6.3095733523368835E-2	7.0794574916362762E-2	7.943282276391983E-2	8.9125096797943115E-2	0.10000000149011612	0.11220184713602066	0.12589253485202789	0.1412537544965744	0.15848931670188904	0.17782793939113617	0.19952623546123505	0.223872110247612	0.25118863582611084	0.28183829784393311	0.31622776389122009	0.35481339693069458	0.39810717105865479	0.44668358564376831	0.50118720531463623	0.56234133243560791	0.63095736503601074	0.70794576406478882	0.79432821273803711	0.89125090837478638	1	1.1220184564590454	1.2589254379272461	1.4125375747680664	1.5848932266235352	1.7782794237136841	1.9952622652053833	2.2387211322784424	2.5118863582611084	2.8183829784393311	3.1622776985168457	3.5481338500976562	3.9810717105865479	4.4668359756469727	5.0118722915649414	5.6234130859375	6.3095736503601074	7.0794577598571777	7.9432821273803711	8.9125089645385742	10	11.220184326171875	12.589254379272461	14.125375747680664	15.848932266235352	17.782794952392578	19.95262336730957	22.387210845947266	25.118864059448242	28.183830261230469	31.622776031494141	35.481338500976563	39.810718536376953	44.668357849121094	50.118724822998047	56.234130859375	63.095733642578125	70.794578552246094	79.432823181152344	89.125091552734375	100	112.20184326171875	125.89253997802734	141.25375366210937	158.48931884765625	177.82794189453125	199.52622985839844	223.87211608886719	251.18864440917969	281.83828735351562	316.22775268554687	354.81338500976562	398.107177734375	446.68359375	501.18722534179687	562.34130859375	630.95733642578125	707.94580078125	794.3282470703125	891.25091552734375	1000	1122.0184326171875	1258.9254150390625	1412.53759765625	1584.8931884765625	1778.2794189453125	1995.2623291015625	2238.72119140625	2511.886474609375	2818.3828125	3162.277587890625	3548.1337890625	3981.07177734375	4466.8359375	5011.87255859375	5623.4130859375	6309.5732421875	7079.4580078125	7943.2822265625	8912.509765625	10000	1.7404973E-7	5.1941430000000005E-7	1.5648781E-6	4.1890667000000002E-6	1.0073901E-5	2.2015918E-5	4.4175416000000001E-5	8.2122280000000003E-5	1.4257699E-4	2.32814E-4	3.5978478000000001E-4	5.2910339999999998E-4	7.4409230000000001E-4	1.0051057999999999E-3	1.3093273E-3	1.6511839E-3	2.0234275000000001E-3	2.4188014000000001E-3	2.8320406999999999E-3	3.2617939000000001E-3	3.711982E-3	4.1921620000000001E-3	4.7166515000000003E-3	5.3025032000000001E-3	5.9666475E-3	6.7227069999999996E-3	7.5779636000000003E-3	8.5309040000000006E-3	9.5696730000000008E-3	1.0671725E-2	1.1804857E-2	1.29296025E-2	1.4002679000000001E-2	1.4980899000000001E-2	1.5824905E-2	1.6502225999999998E-2	1.6989568E-2	1.7274576999999999E-2	1.7357503999999999E-2	1.7253106000000001E-2	1.6992620999999999E-2	1.6625022999999999E-2	1.6216319999999999E-2	1.5845624999999999E-2	1.55973025E-2	1.5549858E-2	1.5763374E-2	1.6268265000000001E-2	1.7058126999999999E-2	1.8088819999999999E-2	1.928448E-2	2.0549985E-2	2.1787863000000001E-2	2.2916868E-2	2.3888837999999999E-2	2.4700672999999999E-2	2.5398975000000001E-2	2.6076342999999998E-2	2.6859758000000001E-2	2.7892944999999999E-2	2.9315569999999999E-2	3.1242562000000001E-2	3.3746779999999997E-2	3.6847558000000002E-2	4.0506892000000003E-2	4.4633374000000003E-2	4.9092833000000002E-2	5.3723340000000001E-2	5.8351405000000002E-2	6.2806650000000006E-2	6.6932920000000007E-2	7.0594959999999998E-2	7.3681525999999997E-2	7.6105530000000005E-2	7.7802873999999994E-2	7.8730545999999998E-2	7.8864804999999996E-2	7.8199749999999998E-2	7.6746529999999993E-2	7.4533260000000004E-2	7.1605779999999994E-2	6.8028815000000006E-2	6.3887330000000006E-2	5.9287189999999997E-2	5.4354607999999999E-2	4.9233153000000002E-2	4.4077930000000001E-2	3.9046577999999998E-2	3.4287832999999997E-2	2.99292E-2	2.6066015000000001E-2	2.2753984000000001E-2	2.0006629000000001E-2	1.7798046000000001E-2	1.60701E-2	1.4742460000000001E-2	1.3723613000000001E-2	1.2921065000000001E-2	1.2249588E-2	1.1636845999999999E-2	1.1026385E-2	1.0378307E-2	9.6682120000000007E-3	8.8850100000000005E-3	8.0281829999999995E-3	7.1049290000000003E-3	6.1275135E-3	5.1110004999999998E-3	4.0714439999999996E-3	3.0245455000000002E-3	1.9847443000000002E-3	9.6465850000000003E-4	5.0131813999999997E-16	3.4272235999999997E-33	2.9248333E-32	3.4902799999999999E-31	2.2919832000000001E-34	5.2918155000000002E-33	1.2871423000000001E-34	6.7832139999999996E-38	0	95	9.9999997764825821E-3	1.1220184154808521E-2	1.2589254416525364E-2	1.412537507712841E-2	1.5848932787775993E-2	1.7782794311642647E-2	1.9952623173594475E-2	2.2387212142348289E-2	2.5118865072727203E-2	2.8183829039335251E-2	3.162277489900589E-2	3.5481337457895279E-2	3.9810717105865479E-2	4.4668357819318771E-2	5.0118722021579742E-2	5.6234132498502731E-2	6.3095733523368835E-2	7.0794574916362762E-2	7.943282276391983E-2	8.9125096797943115E-2	0.10000000149011612	0.11220184713602066	0.12589253485202789	0.1412537544965744	0.15848931670188904	0.17782793939113617	0.19952623546123505	0.223872110247612	0.25118863582611084	0.28183829784393311	0.31622776389122009	0.35481339693069458	0.39810717105865479	0.44668358564376831	0.50118720531463623	0.56234133243560791	0.63095736503601074	0.70794576406478882	0.79432821273803711	0.89125090837478638	1	1.1220184564590454	1.2589254379272461	1.4125375747680664	1.5848932266235352	1.7782794237136841	1.9952622652053833	2.2387211322784424	2.5118863582611084	2.8183829784393311	3.1622776985168457	3.5481338500976562	3.9810717105865479	4.4668359756469727	5.0118722915649414	5.6234130859375	6.3095736503601074	7.0794577598571777	7.9432821273803711	8.9125089645385742	10	11.220184326171875	12.589254379272461	14.125375747680664	15.848932266235352	17.782794952392578	19.95262336730957	22.387210845947266	25.118864059448242	28.183830261230469	31.622776031494141	35.481338500976563	39.810718536376953	44.668357849121094	50.118724822998047	56.234130859375	63.095733642578125	70.794578552246094	79.432823181152344	89.125091552734375	100	112.20184326171875	125.89253997802734	141.25375366210937	158.48931884765625	177.82794189453125	199.52622985839844	223.87211608886719	251.18864440917969	281.83828735351562	316.22775268554687	354.81338500976562	398.107177734375	446.68359375	501.18722534179687	562.34130859375	630.95733642578125	707.94580078125	794.3282470703125	891.25091552734375	1000	1122.0184326171875	1258.9254150390625	1412.53759765625	1584.8931884765625	1778.2794189453125	1995.2623291015625	2238.72119140625	2511.886474609375	2818.3828125	3162.277587890625	3548.1337890625	3981.07177734375	4466.8359375	5011.87255859375	5623.4130859375	6309.5732421875	7079.4580078125	7943.2822265625	8912.509765625	10000	1.6185589E-6	1.9267783999999999E-6	2.8648146000000001E-6	5.9065933000000002E-6	1.38317555E-5	3.0204363E-5	6.0562313999999999E-5	1.1244835E-4	1.9484195000000001E-4	3.1719320000000002E-4	4.8800737999999999E-4	7.1318379999999999E-4	9.9441500000000001E-4	1.3280028000000001E-3	1.7044352999999999E-3	2.1090037000000002E-3	2.5235972999999999E-3	2.9295979999999998E-3	3.3114822999999998E-3	3.6604210000000001E-3	3.9769480000000001E-3	4.2717900000000001E-3	4.5643029999999996E-3	4.8786504000000001E-3	5.2385163E-3	5.6617144000000001E-3	6.1560683000000003E-3	6.7175934000000001E-3	7.3313639999999999E-3	7.974788E-3	8.6225060000000003E-3	9.2518410000000002E-3	9.847728E-3	1.0406144000000001E-2	1.0935426999999999E-2	1.1455234E-2	1.19933635E-2	1.2580993E-2	1.3247169E-2	1.4013391E-2	1.4889081E-2	1.5868485000000002E-2	1.6929395E-2	1.8033799E-2	1.9130497999999999E-2	2.0159495999999999E-2	2.105783E-2	2.1766311999999999E-2	2.2236628000000001E-2	2.2438074999999998E-2	2.2363245E-2	2.2031786000000001E-2	2.1491438000000002E-2	2.081583E-2	2.0098932E-2	1.9446844000000001E-2	1.8968045999999999E-2	1.8763505E-2	1.8917989E-2	1.9493507E-2	2.0525167E-2	2.2019430999999999E-2	2.3954308000000001E-2	2.6281123999999999E-2	2.8927683999999999E-2	3.1802700000000003E-2	3.4801524E-2	3.7812810000000002E-2	4.0725626000000001E-2	4.3436117000000003E-2	4.5852944E-2	4.7900837000000002E-2	4.9521919999999997E-2	5.0675079999999997E-2	5.1333660000000003E-2	5.1482501999999999E-2	5.1115207000000003E-2	5.0232924999999998E-2	4.8845359999999997E-2	4.6974372E-2	4.4659431999999999E-2	4.196358E-2	3.8977980000000002E-2	3.5823338000000003E-2	3.2646816000000002E-2	2.9613994000000001E-2	2.6896179999999999E-2	2.4654187000000001E-2	2.3020367999999999E-2	2.2081212999999999E-2	2.186302E-2	2.2323157999999999E-2	2.3348781999999998E-2	2.4763963999999999E-2	2.6344717E-2	2.7839943999999998E-2	2.8995322E-2	2.9576646000000002E-2	2.9389446999999999E-2	2.8292703999999998E-2	2.6205686999999998E-2	2.3108030000000002E-2	1.9034328E-2	1.4064765E-2	8.3136430000000008E-3	1.9173939E-3	8.8871729999999992E-31	4.9929365999999998E-34	1.1457457E-33	1.5264860000000001E-35	4.1836686000000003E-36	4.2765810000000001E-39	4.1748690000000003E-39	5.9124783999999998E-38	2.4493199999999999E-40	1.3324424000000001E-38	4.6248119999999999E-39	1.9439609999999999E-39	1.4635786E-38	5.4442499999999997E-40	2.9815926000000001E-33	T2 Relaxation Time (ms)


Incremental Porosity (p.u.)
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Incremental Porosity (p.u.)




Connected Porosity	61.593327115095931	72.84606122760178	67.337325971571232	73.712002468043892	59.429839428615772	66.782028543228023	55.780279800785884	54.78698611138627	54.648895528889071	55.739992822972752	49.431318846193498	71.17865562136457	79.182281038926973	72.736192939913778	62.272102646002679	60.11607807202369	69.925039473804929	73.28339844129539	62.020013360446811	54.188065963172107	60.869496609090412	75.77932439119202	72.698721368976564	77.175905580420689	77.87680615347648	82.86877348706409	76.337461709613407	71.211791794632987	66.262857846999594	63.241229689795077	60.46370054895845	55.931180379970748	66.491710519523721	74.715800782467838	75.6239427892571	75.607721175792648	76.57699102498124	76.771669862554745	55.184288796402406	62.800671180109973	62.052659309755335	62.232446122090266	60.153773032229559	60.379017052643178	46.090608960262514	45.112711344243102	59.486454871485115	42.351079768257165	41.321008165205697	64.856610908673147	69.294295866378349	65.399482478049933	58.51121117282085	59.339007273124949	61.673997722712734	59.672470623345134	57.57326112698653	52.593381726982457	56.088191677960381	72.199397125991311	63.046050002116843	63.36418927808937	70.508923869440252	71.374674679534053	59.431767281493649	60.109936061991682	56.086283631327625	58.37215105845965	65.081671338676998	55.6107266947106	69.856626254473241	60.862163986317675	64.381828594369594	65.789668718474431	65.386906420916418	66.009451071995187	Measured Ke (GPa)


Calculated Ke (GPa)
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