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ABSTRACT 

Naturally occurring fracture systems contain a separate porosity and permeability that can 

impact the way fluid flow through a rock by either providing flow obstruction or avenues of 

preferential flow. Current techniques for quantifying fracture porosity and permeability are 

limited to length scales of 10’s to 100’s of microns up to millimeter resolution, yet we know that 

pore networks in rock are fractal systems with porosity in the micron to manometer length scales. 

Because nano-scale pores play an important role in tight rock matrices, it is possible that pores at 

these length scales in natural fractures could contribute to flow either within the fracture itself or 

between the fracture and matrix. Here we use a combination of electron microscope techniques, 

cathodoluminescence imaging and small-angle neutron scattering to test the hypothesis that 

natural fractures that appear sealed at macroscale have connected micro- and nano-porosity. 

Fracture material from sub-vertical and horizontal mineralized fractures was analyzed. 

Estimates of micro-porosity in the analyzed vertical fractures by SEM image analysis range 

between 2.0 and 9.8%, but a lack of continuous grain boundary porosity suggests that the 

analyzed vertical fractures are not potential pathways for fluid flow. Estimated micro-porosity in 

horizontal fractures by SEM image analysis ranges between 0.9% and 8.3 % of fracture area and 

does contain connected grain boundary porosity. SANS-porosity in the horizontal fractures 

ranges between 0.2% – 1.7%. Preliminary FIB-SEM and TEM imaging shows that the geometry 

of nano-porosity is influenced by the crystal habit of the calcite fracture material. This thesis 

provides the first quantitiative look at nano-porosity in macroscopically filled fractures and gives 

evidence that these pores are potentially connected and could contribute to fluid flow. Additional 

studies with this same approach can help build a knowledge base of nano- and micro-porosity 

presence in natural fractures and help elucidate their contribution to formation permeability. 
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CHAPTER 1: INTRODUCTION 

Where present, naturally occurring fractures can impact the way fluids flow through a 

rock or reservoir. Fracture porosity and permeability (often controlled by mineralization) 

determine whether the fracture system provides flow obstruction or preferential flow. 

Mineralization reduces fracture porosity and is often thought to reduce fracture permeability, but 

mineralization can also leave behind an open pore network for fluid flow (e.g. Gale, 2014; 

Laubach, 2003; Laubach et.al., 2010; Nelson, 2001).  In low permeability rocks, like 

unconventional oil and gas reservoirs, natural fractures can play an important role in fluid 

movement. These rocks have a dual porosity system: matrix porosity contained in the host rock 

and fracture porosity. The relative porosity and permeability of these two pore systems controls 

the importance of the fractures to overall reservoir connectivity and production.  For example, in 

the Tuscarora Sandstone, the rock matrix porosity is ~0.5 % while the dissolution/fracture 

porosity is ~ 1%, thus the dissolution/fracture porosity creates the total reservoir quality (Nelson, 

2001). In the Taranaki Basin, New Zealand, hydrocarbons are hosted and produced principally 

from mineralized, natural fracture systems (Hood et.al., 2003). While in the case of the Sanish 

Pool in North Dakota, fractures connect the Sanish to the overlying Bakken Shale resulting in 

higher oil yields than would be possible if the Sanish were the only hydrocarbon source (Murray, 

1968).  

The morphology of natural fractures is an important factor in determining fracture 

porosity and permeability. Nelson (2001) characterizes four basic types of natural fracture as (1) 

open fractures, (2) deformed fractures (3) mineral-filled fractures, and (4) vuggy fractures. These 

morphologies are usually determined from observations in core and outcrop specimens and in 

some instances can be inferred from well logs (Nelson, 2001). While the factors that affect 
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fracture porosity and permeability are generally understood, quantifying fracture porosity is 

difficult. Standard methods for estimating fracture porosity are mostly based on indirect 

measurement, for example extrapolation from fracture density and aperture data sometimes 

combined with permeability experiments, bulk density analysis of fractured core compared to 

matrix, comparison of different well log data that measure total porosity and matrix porosity 

separately, or flow tests across multiple wells with results compared to matrix porosity and 

permeability and differences attributed to fractures (Nelson, 2001). The different methods 

generally give slightly different estimates for fracture porosity because they probe different 

aspects of the pore structure, or the impact of the pore structure on other rock properties. Thus 

fracture porosity may be calculated using a combination of methods to determine a range of 

possible values (Nelson, 2001). In practice well tests and discrepancies between expected and 

observed well production are more commonly used to estimate fracture porosity than specific 

analytical techniques that measure or estimate porosity directly (Laubach, 2003).  

Natural fractures in low-permeability oil and gas reservoirs have been studied at the 

micro-scale using scanning electron microscopy (SEM) and cathodoluminescence (CL) imaging 

since the 1980s and continues to the present (e.g. Gale et.al. 2010; Laubach, 1988; Laubach, 

2003A; Laubach et.al., 2004; Laubach & Ward, 2006; Nollet et.al. 2009; Pitman & Sprunt, 1986 

and others). However, these techniques are limited to length scales of 10’s to 100s of microns 

(SEM) up to mm resolution (CL imaging), yet we know that pore networks in rocks are fractal 

systems with porosity in the micron to nanometer length scales (e.g. Anovitz et.al., 2009; 

Anovitz & Cole, 2015; Jin et.al., 2011;Radlinski et.al., 1996; Radlinski, 2006; and others).  

In addition to the impacts natural fractures in have on economic oil and gas recovery, 

there are also potential impacts on geologic engineering projects such as CO2 sequestration. 
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Discussion of determining adequate cap rocks for carbon sequestration often centers around the 

question of acceptable leakage rates (Fitts & Peters, 2013; Olabode 2012). Not only is there 

concern of CO2 reentering the atmosphere through leakage, but also concerns about 

contamination of drinking water if seals leak (Wunsch et.al., 2011). Tight rocks considered as 

potential seals have pore sizes dominated by nano-porosity (Olabode, 2012). However, many of 

these rocks contain natural or induced fractures that may contribute to seal permeability (Fitts & 

Peters, 2013) Evolution of fracture permeability due to precipitation or dissolution of calcite 

cement in these tight rocks creates additional complexity to consider when evaluating potential 

seals. Calcite dissolution can cause both increased and decreased fracture permeability, where 

dissolution can open up pore space leading to increased permeability but can also liberate other 

non-soluble, small particles (i.e. clay) that can migrate and trap in small pores reducing porosity 

and permeability (Fitts & Peters, 2013).  

Fracture porosity at the nano-scale has thus far been unaccounted for in understanding 

how fractures impact fluid flow in rocks because it is difficult to analyze, yet these small, nano-

scale pores may be an important avenue for fluid flow, especially in tight rocks, like 

unconventional reservoirs and CO2 storage formation seals. One previous study imaged nano-

scale pores within fracture fill in vertical calcite-filled fractures in the Barnett Shale (Vega et.al., 

2015). These nano-fracture and intracrystalline pores were imaged with focused ion beam (FIB)-

SEM and transmission X-ray microscopy (TXM) at sub-micron resolution (Vega et.al., 2015). X-

ray CT tomography was used to image Kr infiltration into pore space and calculation porosity, 

but the contribution of nanoporosity could not be explicitly accounted for due to lower resolution 

of the X-ray CT data (0.19 mm). Thus, the contribution of nanoporosity was averaged into the 

total porosity. Here we use small-angle neutron scattering (SANS) to evaluate nano-porosity in 
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calcite mineralized fractures. Neutron scattering studies performed on rocks from shale 

reservoirs have confirmed that a significant portion of porosity in shale matrix is distributed in 

nano-scale pores (e.g. Clarkson et.al., 2013; Ruppert et.al. 2013; Thomas et.al., 2014; Mastalerz 

et.al., 2012; and others). Because nano-scale pores play an important role in the shale matrix, it is 

possible that pores at these length scales in natural fractures could contribute to flow either 

within the fracture itself or between the fracture and matrix.   This approach allows us to test the 

hypothesis that natural fractures that appear sealed at macroscale have connected micro- and 

nano-porosity.  
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CHAPTER 2: METHODS 

Fracture material from the samples was analyzed using a combination of scanning 

electron microscopy (SEM), cathodoluminescence (CL) imaging and small-angle neutron 

scattering (SANS) techniques. Pores are classified using the pore size classification suggested by 

Mays (2006), based on SI units: 

Nano-pore  pore size between 0.1 and 100 nm 
Micro-pore  pore size between 0.1 and 100 µm 
Milli-pore  pore size between 0.1 and 100 mm 

2.1 Sample Preparation 

The seven core fragments used in this study were sampled from a single well bore at 

depths ranging from 3264.2 m and 3272.2 m below ground surface. Each sample was sub-

sampled, producing a total of 20 samples for analysis of sub-vertical and horizontal mineralized 

fractures (Table 2.1). Sub-samples were chosen to maximize fracture coverage in horizontal and 

Sample 
number 

Depth  
(m) 

Fracture 
Orientation 

Fracture width 
(mm) 

Analyses Performed 

B-6422A1 3264.22 Horizontal 13-14 SANS/SEM/CL 
B-6422A2 3264.22 Horizontal 9-14 SANS/SEM 
B-6422B 3264.22 Horizontal 8.5-12 SANS/SEM/FIB 
B-6923C 3269.23 Vertical ~0.5 CL 

B-6923D* 3269.23 Vertical ~0.5/<1 SEM 
B-7126 3271.26 Horizontal 7 SANS/SEM/CL 

B-7146A 3271.46 Vertical < 1 SEM 
B-7150B 3271.50 Vertical ~0.5 SEM/CL 
B-7168A 3271.68 Horizontal 11- 17 SANS/SEM/CL 
B-7168B1 3271.68 Horizontal 9- 11 SANS/SEM 
B-7168B2 3271.68 Horizontal 7- 10 SANS/SEM/FIB/TEM 
B-7168B3 3271.68 Horizontal 8- 11 SANS/SEM 
B-7219* 3272.19 Horizontal ~ 1/<1 SEM/CL 

Table 2.1 List of fractures analyzed 

*samples with 2 fractures 
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vertical fractures within a thin-section sized sample (thickness and number of fractures, 

respectively). In horizontal fractures sub-samples were also chosen containing fractures large 

enough to cut along parallel and perpendicular planes within the same fracture. These samples 

allow for analysis of fracture volume and any potential 3D nature of the pore space, not just the 

2D face where the core was split during processing.  Standard, uncovered, polished thin sections 

were made for all of the samples selected for analysis. Sample B-6422B and B-7168B2 rock 

billets were polished and gold coated for FIB-SEM and transmission electron microscopy (TEM) 

analysis. Additionally, 150 µm thick wafers glued to glass slides were made for eight samples 

containing horizontal fractures wider than 5 mm for neutron scattering analysis. Most of the 

analyses focused on these horizontal fractures. Wide horizontal fractures such as the samples 

analyzed with neutron scattering potentially provide pathways for fluid flow if a connected pore 

network exists. 

2.2 Electron Microscopy 

Rock billets and polished thin sections were imaged with an FEI Quanta 600i 

environmental SEM using a backscatter detector to identify and determine the length scales of 

pores within the fracture fill material and for petrographic analysis. Samples were imaged under 

low vacuum (0.98 Torr) to prevent charging of sample surfaces. Multiple images were combined 

into mosaics with standard graphics software for petrographic analysis. Individual images were 

used to qualitatively describe pores > 10 microns in diameter at several locations on each sample.  

Chemical composition was determined for at least three points at each area of investigation (3 to 

12 points for each sample) with energy dispersive spectroscopy (EDS). Points for EDS analyses 

were chosen based on visual variation within the sample including dark and light color variation 

in the calcite (related to changing density), high reflectance areas (mostly pyrite), and dark and 
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smooth areas indicative of hydrocarbon content. 

Preliminary FIB-SEM imaging and TEM foil preparation were conducted using a Helios 

NanoLab 600i FIB-SEM with a Ga ion column for imaging and sample milling, Pt deposition 

(GIS) capability, and an electron backscattered diffraction (EBSD) system. Resolution for the 

FIB-SEM is 0.9nm at 15 kV. An Omniprobe Autoprobe™ 200 nano-manipulator with 10nm 

positioning resolution was used to perform in-situ manipulation for TEM foil extraction. TEM 

imaging was performed on a FEI Talos F200X 200keV field emission scanning/transmission 

electron microscope with a high-angle annular dark field detector. Imaging resolution for the 

STEM is 0.16 nm.  

2.3 Small-Angle Neutron Scattering 

Neutron scattering is a non-destructive method for probing the microstructure of different 

materials including geological samples. Neutrons scatter at the interfaces of materials with 

different chemistry and density. The angle at which the neutrons scatter, or the scattering vector 

(Q), is inversely proportional to the size of the scattering object. For fractal systems such as rock 

porosity, the size is given by Equation 2.1 (Radlinski, 2006), where λ is the neutron wavelength 

and θ is the angle of diffraction. 

                                            (2.1) 

Scattering intensity at ach Q value, I(Q), is a function of the square of the scattering density 

contrast         between the two materials at the scattering interface (Equation 2.2), the 

porosity (    and a form factor (F(Q)) related to the geometry of the scattering particle interface 

(i.e. spheres or discs) (Radlinski, 2006).  

                                              (2.2) 

The coherent scattering length density ( ) for a solid phase is given by Equation 2.3: 
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                           (2.3) 

Here, bci is the bound coherent scattering length of atom i, summed up over all n atoms of a 

mineral, and Vm is the molecular volume (g mol
-1

) (Radlinski, 2006). Scattering density values 

for different minerals are similar but very different from the scattering density of dry pores. The   was calculated with an online resource provided by NIST1 calcite is 4.7 x 10-6 Å-2 compared to 

effectively zero for air filled pores. Thus, SANS data for porous rocks are often interpreted using 

a two-phase approximation where the data are modeled with scattering contrast between an 

average scattering density for the mineral matrix and empty pores (Radlinski et al, 1996; 

Radlinski, 2006; Anovitz et al., 2009; Navarre-Sitchler et al., 2013). The two-phase 

approximation is valid in the samples studied here because the two phases are the solid calcite 

matrix with little chemical variation and the pore space. Hydrocarbons typically have   values 

either similar to minerals or close to zero (e.g. Radlinksi et al., 1996; Mouzakis et al., 2016) and 

hydrocarbons in the samples were very localized within the fractures. Thus, the contribution of 

interfaces between hydrocarbons and minerals to scattering are likely minimal.  

SANS data was collected from 150 µm thick rock wafers at the National Institute for 

Standard and Technology (NIST) Center for Neutron Research (NCNR) on beamline NG7 30 m.  

Data on NG7 was collected at sample to detector distances of 1.0, 4.0, and 15.0 m with a neutron 

beam wavelength of 8.09Å and 11.5% Δλ/λ resulting in a Q-range of 9.026 x 10-4 < Q < 0.4268 

Å-1, corresponding to length scales of approximately 5-315 nm. The area of interrogation was 

defined by a placing a cadmium mask with a 0.635 cm circular opening in front of the sample 

(Figure 2.1).  Locations for sample analysis were selected to minimize the amount of shale in the 

beam. Additionally, areas within samples with visible shearing (i.e. bent crystals) and different 

                                                
1 https://www.ncnr.nist.gov/resources/activation/ 
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crystal geometries were analyzed to capture heterogeneity within the fractures. All samples were 

analyzed dry in two locations within each fracture with two sample locations (one each in B-

7168A and B-7168B2) also analyzed soaked in a contrast-matched fluid (75% D2O – 25% H2O 

by volume with an SLD = 4.6 x 10-6 Å-2). The rock wafers were lifted from the glass slides by 

dissolving the glue attaching the sample in acetone.  The wafers were then placed into a soaking 

cell comprised of two glass slides separated by a rubber gasket glued into place. The cell was 

then injected with the contrast matching fluid and the samples were soaked for a minimum of 12 

Figure 2.1 Horizontal fractures were analyzed by SANS in two locations on each sample. The 
yellow circles indicate samples that were analyzed dry only. Orange circles indicate the areas 
that were analyzed dry and saturated with contrast matching fluid. 
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hours. Each cell containing a sample was analyzed along with a blank cell filled with the contrast 

matching fluid for data processing and collection. Scattering intensity from dry samples gives 

information about the total pore networks while contrast-matching gives information about the 

connected pore network.  When samples are soaked with a contrast-matched fluid the scattering 

density contrast of calcite and fluid filled pores (i.e. connected porosity) becomes ~0 and 

scattering intensity arises only from scattering density contrast between unfilled pores and calcite 

(i.e. unconnected porosity).  

Data were processed using standard methods including empty-cell correction (blocked 

beam and slide), background scattering correction, transmission correction, and normalization to 

absolute intensity (Kline, 2006). Each SANS dataset was then fit to Equation 2.4 at high Q 

values to determine the amount of incoherent scattering at all Q values (c) attributed to hydrogen 

in the sample.  

                         (2.4) 

This incoherent scattering was then subtracted from scattering intensity at all Q values to obtain 

a curve of scattering intensity as a function of the scattering vector, Q.  Corrected I(Q) versus Q 

data were fit to a poly-disperse hard sphere model to calculate porosity and pore size distribution 

with the software PRINSAS version 2.0.1 (Hinde, 2004). Total porosity (Φ) was also calculated 

using the invariant method (Equation 2.5) for comparison (Radlinski, 2006). 

                                         (2.5) 

2.4 Cathodoluminescence Imaging 

Cathodoluminescence (CL) imaging was used to evaluate variation in calcite composition 

that can indicate different generations of precipitation of calcite fracture fill. The sequence of 

calcite mineralization in fractures can be inferred based on different degrees of luminescence that 
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are generally caused by varying concentrations of trace manganese, lead, and iron in the calcite 

(e.g. Smith &  Stenstrom, 1965; Machal, 1985; and Gillhaus, 2001). While manganese and lead 

increase luminescence in calcite, the presence of trace amounts of iron depress or quench calcite 

luminescence (Frank et.al., 1982; Long & Agrell, 1965). CL imaging was performed on carbon 

coated thin sections with a HC5-LM hot cathode CL microscope (Lumic Special Microscopes) 

with an attached high sensitivity, double-stage Peltier cooled Kappa DX40C CCD camera. The 

microscope was operated at 5x magnification and a current of 14.0 V.  
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CHAPTER 3: RESULTS AND DISSCUSSION 

Vertical and horizontal fractures displayed different characteristics, thus the fractures 

were analyzed separately based on orientation. 

3.1 Vertical fractures 

Calcite fill in vertical fractures has low luminescence indicating luminescence-quenching 

concentrations of trace iron. The luminescence in each fracture maintains a consistent intensity 

with less than 10% of the calcite having markedly different luminescence intensity; thus, the 

vertical fractures appear to be filled by a single generation of calcite cement (Figures 3.1 and 

3.2). The luminescence intensity does change along a gradient in some areas along vertical 

fractures (Figure 3.1C). This gradient is probably due to local compositional changes and not 

multiple precipitation events because the change in intensity is gradual and not delineated by 

crystal growth rings or crystal boundaries. Long-prismatic crystals dominate the crystal habit of 

calcite in the vertical fractures (e.g. Figure 3.1,  3.2, & 3.3) with little to no evidence of shearing 

that would be indicated by bending of crystals that span across the fractures (SEM images Figure 

3.4, Figure 3.5, Figure 3.6 and Figure 3.7). Vertical fractures contain some hydrocarbon (Figure 

3.3 & 3.7) indicating open porosity pathways during the time of hydrocarbon migration. 

However, vertical fractures are thin (150 µm - 500 µm) and do not appear to presently contain 

connected grain boundary pores that would indicate potential pathways for fluid flow, thus, 

much of the analysis and discussion focuses on horizontal fractures within the samples. Isolated 

pores at crystal intersections/terminations and intracrystaline pores are present in vertical 

fractures. A visual estimate of micro-porosity was conducted on 8 to 10 individual SEM images 

from each mosaic (Table 3.1). Porosity is reported as percent of fracture area for these visual 

estimates. 
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Figure 3.1 CL images (A & C) and plane light images (B & D) of sample B-7150. (A) 
Quenching of luminescence is high along the entire section of fracture. Large opaque areas 
within the fracture are shale lenses. (C) Quenching of luminescence increases gradually towards 
the right within the fracture. Calcite nodules present in the shale matrix and visible under plane 
light (B and D) have much lower luminescence than the fracture fill calcite (A). 
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Figure 3.2 CL images (A, C, & E) and plane light images (B, D, & F) of sample B-6923C. 
Long, prismatic crystals are evident in images A, B, E, and F. A large shale lens dominates the 
fracture character in images C and D. One disadvantage of only having 2D images is that the 
shape of the fracture around such shale pieces cannot be determined. Prismatic crystals in 
images E and F span the width of the fracture. The black lines across the fracture in image E 
and the blue lines in image F are markings placed on the sample to locate this area during 
imaging. 
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Table 3.1 Estimated micro-porosity of vertical fractures 
Sample Porosity Range 

(% of fracture area) 
Mean Porosity 

(% of fracture area) 
B-6923D 3.8 - 5.1 4.6 
B-7146A 2.0 - 4.5 2.9 
B-7150B 3.6 - 9.8 5.7 

  

 
Figure 3.3 SEM images of sample B-6923 unpolished rock billet 
showing hydrocarbon spanning the shale/fracture boundary (arrow).  
This is the largest hydrocarbon feature observed in any of the SEM 
imaging.   
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Figure 3.4 Section of SEM mosaic and individual SEM images (locations highlighted in boxes and in order from left to right) of 
sample B-7146A. Image A contains limited grain boundary porosity that is discontinuous across the fracture (arrows). An area with 
intracrystaline porosity (circle) is prominent in image B. Image C contains isolated pores at crystal intersections/terminations (arrows). 
The edge of the thin section is located at the right edge of the mosaic and in the individual image at right.  
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Figure 3.4 Section of SEM mosaic and individual SEM images (locations highlighted in boxes and in order from left to right) of 
sample B-7146A. Image A containes limited grain boundary porosity that is discontinuous across the fracture (arrows). An area with 
intracrystaline porosity (circle) is porminent in image B.Image C containes isolated pores at crystal intersections/terminations 
(arrows). The edge of the thin section is located at the right egde of the mosaic and in the individual image at right. 

 
Figure 3.5 Section of SEM mosaic and individual SEM images (locations highlighted in boxes and in order from left to right) of 
sample B-7146A, adjacent to section in Figure 3.4. An isolated micro-pore (arrow) approximately 20 µm in the longest dimension is 
located above the shale lens in image A. The calcite crystal to the left of the pore terminates in the pore space. Image B shows an area 
with isolated intracrystaine pores (circle). Hydrocarbon is present along the edge of the fracture material in the shale lens (arrow). 
The high-relief particle in image C is an artifact, possibly dust, on top of the polished thin section.  
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Figure 3.6 Portion of SEM mosaic and individual SEM images (locations highlighted in boxes 
and in order from top to bottom) of sample B-7150B. Image A: Area of minimal micro-
porosity with only scattered isolated pores in contrast to image B, which contains many 
intracrystalline pores as well as micro-pores at crystal terminations/intersections. Image C: A 
large micro-pore with a longest dimension of ~ 60 µm (arrow) is situated adjacent to an area 
of relatively low micro-porosity. 
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Figure 3.7 SEM mosaic and individual SEM images of polished thin section of sample B-6923D. Image A shows hydrocarbon in a 
shale lens (arrow). Image B shows an isolated hydrocarbon spot within the calcite (arrow) that is typical of the hydrocarbon seen in 
horizontal and vertical fractures. Image C shows hydrocarbon in the shale adjacent to the fracture and a small hydrocarbon in the 
fracture near the hydrocarbon in the shale (arrow), possibly indicating fluid connectivity between the shale and porosity in the fracture 
during hydrocarbon emplacement. 
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3.2 Horizontal fractures 

Horizontal fractures contain open pores ranging in diameter from 10 µm to 1.0 mm 

divided into three categories in CL and SEM images: grain boundary pores (e.g. Figures 3.8, 3.9, 

& 3.12), intracrystalline pores (Figure 3.13), and pores at crystal intersections/terminations (e.g. 

Figures 3.8, 3.10, & 3.14). Continuous, open pores between long-prismatic calcite crystals (e.g. 

Figures 3.10 and 3.12) suggest potential pathways for fluid migration. A visual estimate of 

combined micro- and milli-porosity was conducted on 6 to 10 individual SEM images from each 

mosaic (Table 3.2). Porosity is reported as percent of fracture area for these visual estimates. 

   Table 3.2 Estimated micro-porosity of horizontal fractures 
Sample Porosity Range 

(% of fracture area) 
Mean Porosity  

(% of fracture area) 
B-6422A1 1.6 - 4.8 3.8 
B-6422A2 1.1 - 2.5 1.9 
B-6422B 1.4 - 5.6 3.2 
B-7126 1.4 - 7.6 2.6 

B-7168A 1.4 - 8.3 4.2 
B-7168B1 1.4 - 6.4 3.7 
B-7168B2 1.6 - 5.8 3.1 
B-7168B3 0.9 - 5.0 3.1 

 

Luminescence in horizontal fractures has two distinct intensities: a low intensity and a 

high intensity. The low luminescence is associated with large prismatic and blocky crystals that 

make up a majority of the fracture fill. The high luminescence is associated with calcite along the 

boundaries of the larger calcite crystals and along pore walls. Low luminescent calcite 

precipitated first filling most of the horizontal fractures. The high luminescent calcite 

precipitated during a second mineralization event filling the available space between crystals and 

in pores not occluded during the first precipitation event. In the case of the fracture B-7126, the 

high luminescent calcite appears to completely fill the boundaries between crystals, eliminating  
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Figure 3.8 CL images (A, C, & E) and plane light images (B, D, & F) of sample B-6422B. 
Detail of the pore spaces in the plane light image B are obscured due to unevenness in the 
carbon coating. The companion CL image A shows the actual pore spaces. The areas captured 
in images A and C show the higher luminescent calcite filling in along only a portion of the 
grain boundaries and along the edges of the milli-pores. The black smear in the upper right 
corner of C and D is a carbon flake from the coating process. Evidence of shearing in the form 
of bent crystals is seen in images E and F. Images A and E contain large pores where individual 
crystals intersect/terminate. Smaller pores along the grain boundaries above the scale are 
interpreted as pores created through dissolution that were not infilled by a later precipitation 
event marked by the high intensity regions along other grain boundaries. 
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Figure 3.9 CL images (A, C, & E) and plane light images (B, D, & F) of sample B-7168A. Image 
A highlights milli-pores at crystal terminations/intersections that are not evident in the 
accompanying plane light image B. Image C shows high luminescent calcite along the ragged 
edge of crystal that has experienced partial dissolution (top center of image). Images C and D 
have crystals that are slightly bent at one end. However this evidence of shearing is clearer in 
SEM images. The area in image E has no grain boundary porosity visible at the millimeter scale. 
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grain boundary porosity (Figure 3.11).  Rough crystal boundaries on low luminescent calcite 

indicate a dissolution event (e.g. Figures 3.8E and 3.9C). These rough boundaries have a layer of 

high luminescent calcite indicating that the dissolution event occurred between precipitation 

events. Horizontal fractures contain both long prismatic and blocky calcite crystals within each 

fracture (e.g. Figures 3.9, 3.10, and 3.11). This could be a change in crystal orientation or a 

different crystal habit due to limited space as occlusion of fractures continued. The majority of 

micro- and milli-pores are associated with low luminescent calcite and found where calcite 

crystals did not completely fill available space during the initial precipitation event  

 
Figure 3.10 CL images (A & C) and plane light images (B & D) of sample B-7168A. In 
addition to the prismatic crystal habit seem in Figure 3.9, fracture B-7168 has areas with large 
blocky crystals. These areas have the largest pores, > 1 mm (A and B). A milli-pore in images 
C and D is partially filled with carbon from the coating process. 
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Figure 3.11 CL images (A, C, & E) and plane light images (B, D, & F) of sample B-7126. 
Images A and B show the edge of the fracture visible in the lower right corner. A plucked grain 
from sample preparation is visible along the bottom edge. The space left behind is filled with 
epoxy from being mounted to the glass slide, which shows up as pale yellow in the plane light 
image. Images C and D were taken from the center of the fracture, which has shale lenses 
running along the length that appear opaque. The higher luminescent calcite is more pervasive 
near the edges of the fracture (images A and E), though it is present to a lesser extent at the 
fracture center. The overall crystal habit of fracture B-7126 is prismatic. However the edges of 
the fracture (images A & B and E & F) contain smaller, blocky crystals. 
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(Figures 3.8 and 3.9). A small portion of pores are associated with grain boundaries that are 

rough and may be related to a dissolution event. Horizontal fractures also exhibit evidence of 

shearing in bent fracture-spanning prismatic crystals (Figure 3.8C&E & Figures 3.13, 3.14, and 

3.15). The bent crystals indicate that shearing initiated while the crystals were forming. It is 

unclear whether the shearing occurred concurrently with the dissolution event. Hydrocarbons are 

present in the fractures as smooth, opaque spots or fibrous-like forms (Figures 3.13,3.15, and 

3.16).   

Preliminary FIB-SEM imaging was performed on samples B-6422B and B-7168B2 to 

better observe nano-pore geometry. Both samples were imaged at locations with prismatic 

crystals. Sample B-6422B was milled parallel to the c-axis of the calcite crystals (Figure 3.17A). 

The site chosen for FIB-SEM imaging was based on a pore seen on the billet surface. We could 

not definitively tell whether the void space along the grain boundary was grain boundary 

porosity or uplifting of the crystal from the rest of the fracture material cause by sample 

preparation. Sample B-7168B2 was milled perpendicular to the c-axis of the calcite crystals 

(Figure 3.17B). This location shows a series of nano-pores along grain boundaries that appear to 

have a cubic or rhombohedral shape. Intracrystaline nano-pores are also just visible. The A foil 

of B-7168B2 was also imaged using TEM to better image the intracrystaline pores seen in the 

FIB-SEM images. The image confirms that nano-pores have rhombohedral shapes (Figure 3.18).  

Two dimensional patterns of scattered neutrons (Figure 3.19) can provide information 

about pore geometry and/or anisotropy. Radially isotropic patterns result from rock samples 

without preferred orientation of scattering objects, for example, rocks with spherical pores. 

Rocks with elongated pores or that have preferential pore orientations or repeating structure in 

the pore network, show radial variations in the 2D scattering patterns (Navarre-Sitchler et.al., 
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Figure 3.12 SEM mosaic and individual SEM images (locations highlighted in boxes and in order from left to right) of polished thin 
section of sample B-6422A1. Pores along grain boundaries seen in images A, B, and C create a connected network for possible fluid 
flow. Image A contains pores associated with crystal termination. Bent crystals in image B indicate that shearing took place during 
the growth of the fracture material. The large space in image C is questionable as to whether the space is a pore, a plucked grain from 
sample preparation, or a combination of pore space and plucked grain. The existence of plucked grains was taken into account during 
the visual analysis of porosity. 
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Figure 3.13 SEM mosaic and individual SEM images (locations highlighted in boxes and in order from left to right) of polished thin 
section of sample B-6422B. Connected grain boundary porosity can be seen throughout the mosaic and in the individual SEM 
images. Many individual intracrystalline pores are concentrated within a prismatic crystal in image A. Image B contains angular 
micro-pores. Image C shows crystals bent along the edge of the fracture. Dark spots (arrows) are hydrocarbon.  
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Figure 3.14 SEM mosaic and individual SEM images (locations highlighted in boxes and in order from left to right) of polished thin 
section of sample B-6422A2. Image A contains an area with low porosity. Porosity is present along grain boundaries. Crystals are 
bent towards the upper left (box) indicating shearing during growth. Image B contains a combination of shale fragments and pores. 
A calcite crystal can be seen growing into a micro-pore that is ~100 µm in diameter (arrow). Image C contains bent crystals 
indicating shearing. There are shale fragments (arrow) along the left edge of the image. Two calcite crystals intersect creating 
several separate pores (circle). 
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Figure 3.15 SEM mosaic and individual SEM images (locations highlighted in boxes and in order from left to right) of rock billet of 
sample B-7168A. Image A contains bent crystals indicative of shearing during crystal growth. Hydrocarbon spots (arrow) show up as 
smooth dark patches in backscatter SEM images. Image B contains a milli-pore (top arrow). This pore is one of many milli-pores in 
sample B-7168A. There is a hydrocarbon spot along the grain boundary of two crystals (bottom arrow). The dotted line in image C 
indicates the approximate boundary between the calcite with prismatic crystal habit and the blocky calcite crystals similar to those in 
Figure 3.10. 
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Figure 3.16 SEM mosaic and individual SEM images (locations highlighted in boxes and in 
order from top to bottom) of polished thin section of sample B-7126. Porosity is concentrated 
towards the center of the fracture. Image A includes two shale lenses with hydrocarbon lining 
the edges of several pores (circle). Hydrocarbon is also present in pores in image B (circle). 
Image C contains a triangular pore (plucked grain) ~150 µm in diameter. 
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Figure 3.17 Image A shows FIB-SEM image of sample B-6422B. A pore originally on the rock 
billet surface has been infilled with the platinum cap needed to prevent damage to the sample 
during milling (arrow). Mineral in the void between crystals (arrow) may be debris if the void is 
the result of sample prep or a calcite bridge if the void is natural pore space. Image B shows 
FIB-SEM image of sample B-7168B2. Nano-pores along grain boundaries have cubic or 
rhombohedral shapes. A micro-pore (arrow)is partially lined with platinum coating. Evidence of 
intracrystalline nano-pores can be seen (circle). The difference in color is due to uneven 
thickness of the sample during the milling process.  

 
Figure 3.18 TEM image of B-
7168B2 of intracrystalline pores 
confirms that nano-pores have a 
rhobohedral shape. This reflects the 
crystal habit and cleavage of the 
calcite. The two small, circlular halls 
(center and upper left corner) in the 
image are beam damage not natural 
pores.  
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2015). 2D scattering intensities across different fractures show some patterns that deviate slightly 

from radially isotropic (Figure 3.19). Stretching of the radial distribution along one axis indicates 

correlation or structure in the pore network along linear trends. Pores aligned along grain 

boundaries that run parallel to each other (e.g. Figure 3.9 & Figure 3.13) may produce this 

observed pattern and provide evidence that grain boundary porosity is a dominant feature in the 

pore network. 2D scattering patterns of the contrast matched samples (Figure 3.20) do not 

contain these tail like features suggesting that the grain boundary porosity is connected.  

Radially averaging the 2D data generates I(Q) as a function of Q for porosity analysis. 

Small-angle neutron scattering (SANS) interrogates pores in both nano-porosity and micro-

porosity range (r = 3 - 315 nm). Therefore, porosity calculated from SANS data is referred to as 

SANS porosity, not nano- or micro-porosity. SANS porosity ranges between 0.2 - 1.7% with a 

mean SANS porosity of 0.7% for all samples (Table 3.3). SANS-porosity at 3264.22 m ranges 

 
Figure 3.19 The 2D data from SANS detector for B-7126 and B-7168A show 
radial variation indicating non-spherical pores or an anisotropic pore spatial 
distribution. In fact, the scattering patterns mimic the rhombohedral crystal 
habit of the calcite crystals. The tails of high intensity may indicate the 
direction pores are spatially correlated. Distance from the scattering profile 
center is proportional to Q. Colors indicate the relative intensity with warmer 
colors indicating higher intensity.  
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Table 3.3 SANS-porosity in horizontal fracture 
samples  

Sample PRINSAS 
Area 1 

Porosity (%) 

PRINSAS 
Area 2 

Porosity (%) 
B-6422A1 0. 23 0. 93 
B-6422A2 0. 19 0. 44 
B-6422B 0. 85 1.70 
B-7126 0. 95 1.22 

B-7168A 0. 35 0. 66 
B-7168B1 0. 49 0. 38 
B-7168B2 0. 84 0. 70 
B-7168B3 0. 64 0. 63 

 

 

from 0.2% in sample B-6422A2 to 1.7% in B-6422B. Total SANS porosity at 3271.26 m was the 

least varied between analysis sites from 0.95% to 1.22%. SANS porosity at 3271.68 m ranged 

from 0.3% in B-7168A to 0.8% B-7168B2. 

 

Figure 3.20 2D neutron scattering intensity patterns for sample B-
7168B2 dry (left) and saturated with contrast matching fluid (right). 
The dry pattern has a rhombohedral shape indicating two directions of 
anisotropy in the pore structure. The contrast matched pattern is nearly 
circular indicating that most of the anisotropic porosity is filled with 
the contrast matching fluid. 
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  The SANS porosity for each horizontal fracture is shown in cumulative porosity 

(highlights the range of porosity values for individual analysis sites on the same fracture) and 

normalized cumulative porosity graphs for each fracture (Figures 3.21 - 3.23). The cumulative 

porosity data for each subsample were normalized to total SANS-porosity of the subsample to 

create additional cumulative porosity plots (values range from 0 to 1) to highlight any changes in 

relative pore size distribution. Despite differences in total porosity, pore size distributions for all 

samples are generally similar with the exception of slight differences in small pore sizes. In three 

of the six locations analyzes in B-6422 and both of the locations analyzed in sample B-7126 25% 

of the SANS-porosity is contained in pores < 15 nm, indicated by a rapid addition of porosity at 

small length scales on the normalized cumulative porosity plots (Figures 3.21B, 3.22B, & 

3.23B).  It is possible that this trend in the normalized cumulative porosity data indicates two 

populations of pores, one with numerous pores at small length scales that adds up to 25% or 

more of the total SANS-porosity. In three of the six locations analyzed in B-6422 and all of the  

 
Figure 3.21 Total cumulative SANS porosity for samples B-6422 in relation to 
pore radius size (A). The line indicates the mean of all data for the fracture. The 
cumulative porosity of each sample was divided by the corresponding total SANS 
porosity value to normalize all cumulative porosity values between 0 and 1 (B). 
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Figure 3.22 Total cumulative SANS porosity for samples B-7126 in relation to 
pore radius size (A). The line indicates the mean of all data for the fracture. The 
cumulative porosity of each sample was divided by the corresponding total SANS 
porosity value to normalize all cumulative porosity values between 0 and 1 (B).  

 
 

 
Figure 3.23 Total cumulative SANS porosity for samples B-7168 in relation to 
pore radius size (A). The line indicates the mean of all data for the fracture. The 
cumulative porosity of each sample was divided by the corresponding total SANS 
porosity value to normalize all cumulative porosity values between 0 and 1 (B).  
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locations analyzed in B7168 there does not appear to be a proportionally high contribution of 

porosity of small pores to the total SANS-porosity (Figures 3.21 & 3.23). However, despite these 

differences porosity contribution from pores < 30 nm in radius accounts for less than half of the 

total SANS-porosity in all locations of all fractures analyzed (Figures 3.21-3.23); thus larger 

pores account for the majority of the porosity present in the fracture material. 

In addition to the total porosity analysis, Samples B-7168A and B-7168B2 were analyzed 

using the contrast matching technique to quantify connected porosity. The porosity calculated for 

saturated samples is the unconnected SANS-porosity which was deducted from total porosity to 

yield the connected porosity. Connected porosity for the smallest pore sizes (<6.31 nm for 

sample B-7168A and <5.01 nm for sample B-7168B2) could not be calculated due to high 

incoherent scattering from hydrogen in the contrast-matching fluid at high Q values. Both 

samples show similar trends in connected porosity (Figures 3.24-3.25). Sample B-7168A has 

0.32 % connected porosity. Connectivity in sample B-7168A is greater than 99% in pores with r 

less than 100 nm. Pores with r greater than 100 nm have a connectivity of ~91%. Sample B-

 
Figure 3.24 Total, connected and 
unconnected cumulative SANS porosity for 
sample B-7168A 
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7168B2 has 0.78% connected porosity. In sample B-7168B2, connectivity is ~96% in pores with 

r less than 100 nm and ~91% in pores with r greater than 100 nm. The main difference between 

the contrast matched samples is the connectivity in nano-pores. Even though sampleB-7168B2 

has greater connected porosity over all, sample B-7168A has a larger percentage of connected 

nano-porosity.  

  Mineralized fractures with porosity greater than the surrounding shale matrix have the 

potential to act as conduits for fluid flow. Conversely, mineralized fractures with less porosity 

than the shale matrix become barriers to flow. In the Vaca Muerta formation, reported porosity 

ranges from 0.1% to 13% (e.g. Sagasti et. al., 2014 and Garcia et. al., 2013). The fracture 

porosity calculated here is within the lower end of this range. However, because the focus of this 

study was on fracture porosity, the porosity of the shale was not analyzed. In the future, studies 

that compare fracture porosity and matrix porosity may result in more accurate estimates of fluid 

flow in tight rocks. 

 
Figure 3.25 Total, connected and unconnected 
cumulative SANS porosity for sample B-
7168B2 
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CHAPTER 4: CONCLUSIONS 

Estimates of micro-porosity in the analyzed vertical fractures by SEM image analysis 

range between 2.0 and 9.8% assuming extrapolation of % area covered of the fracture to the 3D 

volume of porosity. The presence of hydrocarbon in the fracture material shows that fluid flowed 

through these fractures during hydrocarbon emplacement. However, the lack of continuous grain 

boundary porosity suggests that the analyzed vertical fractures are not potential pathways for 

fluid flow currently and may, in fact, act as barriers. The majority of present day micro-porosity 

in vertical fractures is intracrystalline and at crystal terminations or intersections.  

Estimated micro-porosity in horizontal fractures by SEM image analysis ranges between 

0.9% and 8.3 % of fracture area and does contain connected grain boundary porosity in addition 

to the other micro-porosity types identified. SEM and TEM images show that nanopores are 

located along grain boundaries and as intra-crystalline pores.  Many of the pores are 

rhombohedral in shape as they are defined by the crystal structure of the calcite-fill. SANS-

porosity includes pores ranging in size from r = 3 nm to 315 nm. The mean total SANS-porosity 

for all samples analyzed is 0.7%, comparable to porosity values of the host rock quantified by 

others (0.1% - 13%). The two samples analyzed with contrast matching fluid contain connected 

SANS-porosity, greater than 90% of the total SANS-porosity. This high connectivity shows that 

horizontal fractures may provide fluid flow pathways. Pores aligned along grain boundaries that 

run parallel to each other may provide evidence that grain boundary porosity is a dominant 

feature in the connected pore network. Combined, the high SANS-porosity connectivity and 

anisotropy have implications for fracture permeability that cannot be fully understood from this 

study. Future additional analysis of  horizontal fractures with focused ion beam SEM, TEM 

imaging and 2D SANS intensity plots may better define the geometry of  nano-pore pathways 
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Further work combining the behavior of fluids in nano- and micro-pore networks in combination 

with anisotropic fracture pore networks is needed to understand the contributions of these nano- 

and micro-scale pores to fluid flow in naturally mineralized reservoirs.  

This study provides the first quantitative look at nanoporosity in macroscopically filled 

fractures and gives evidence that these pores are potentially connected and could contribute to 

fluid flow. Additional studies with this same approach can help build a knowledge base of nano- 

and micro-porosity presence in natural fractures and help elucidate their contribution to 

formation permeability. Future work that includes a comparison of fracture porosity and pore 

connectivity to matrix porosity and pore connectivity utilizing similar methods to those used here 

is recommended as a possible next step. Such a study will to provide a better idea of fluid 

communication between the fractures and matrix.  
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