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Abstract: 

This report summarizes the work carried out during the period of September 29, 2000 to 
September 28, 2001 under DOE Research Contract No. DE-FC26-00BC15308.  Our goal 
is to establish an integrated methodology of fractured reservoir characterization and show 
how that can be incorporated into fluid flow simulation.  We have made progress in the 
characterization of mineral infilling of natural fractures.  The main advancement in this 
regard was to recognize the strong interplay between diagenetic and mechanical 
processes. We accomplished several firsts in documenting and quantifying these 
processes, including documenting the range of emergent threshold in several formations 
and quantifying the internal structures of crack-seal bridges in fractures. These results 
will be the basis for an appreciation of fracture opening and filling rates that go well 
beyond our original goals.  Looking at geochemical modeling of fracture infilling, our 
theoretical analysis addressed the problem of calcite precipitation in a fracture. We have 
built a model for the deposition of calcite within a fracture.  The diagenetic processes of 
dissolution and partial cementation are key controls on the creation and distribution of 
natural fractures within hydrocarbon reservoirs. Even with extensive data collection, 
fracture permeability still creates uncertainty in reservoir description and the prediction 
of well performance. Data on the timing and stages of diagenetic events can provide 
explanation as to why, when and where natural fractures will be open and permeable.  We 
have been pursuing the fracture mechanics testing of a wide range of rocks, particularly 
sandstone using a key rock property test that has hitherto not been widely applied to 
sedimentary rocks.  A major accomplishment in this first year has been to identify sample 
suites available in the core repository at the University of Texas that represent a wide 
range of diagenetic alteration and to begin to test these samples.  The basis for the fluid 
flow simulations to be carried out in this part of the project is the adequate spatial 
characterization of fracture networks.  Our initial focus has been on the tendency of 
fracture sets to cluster into highly fracture zones that are often widely separated.  Our 
preliminary modeling work shows the extent of this clustering to be controlled by the 
subcritical fracture index of the material.  With continued progress, we move toward an 
integrated fracture characterization methodology that will ultimately be applied through 
detailed reservoir simulation. 
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Executive Summary:  

This report summarizes the work carried out during the period of September 29, 2000 to 
September 28, 2001 under DOE Research Contract No. DE-FC26-00BC15308.  All of 
the work described has been performed at the University of Texas at Austin. 
 
The research tasks for this project as proposed are the following: 
 
• Task 1:  Observational verification of emergent threshold, a characteristic fracture 

size (aperture) below which natural fractures are completely mineralized by cements 
precipitated concurrently with fracture opening and above-which fractures may 
preserve porosity and would be expected to be conduits for flow in the absence of 
later cements. 

• Task 2:  Theoretical investigation of the geochemical controls on fracture 
mineralization, how fracture aperture size can affect the amount of preserved porosity 
in natural fractures, and how large fractures (above emergent threshold) can become 
closed by cements. 

• Task 3:  Quantification of the fracture mechanics properties, particularly subcritical 
crack growth parameters, in oil reservoir rock types, and investigating the role of 
diagenesis in controlling the change of these parameters through time (over the burial 
history of a reservoir). 

• Task 4:  Fluid flow analysis of fracture network realizations generated using a 
geomechanical model that depends on subcritical index as a key input parameter and 
that incorporates diagenetic modification of fracture apertures. 

 
Our accomplishments in the first year, organized by task, are: 
 
Task 1.  In the first year of this project, we made progress in the characterization of 
mineral infilling of natural fractures.  The main advancement in this regard was to 
recognize the strong interplay between diagenetic and mechanical processes. We 
identified two processes that control fracture porosity preservation and made a 
breakthrough in quantifying how one of these processes works. In the depth ranges where 
diagenesis occurs, the temperature and rate of fracture opening controls whether a 
fracture is sealed, forms mineral bridges that preserve evidence of opening, or is 
completely open except for a thin mineral lining. We accomplished several firsts in 
documenting and quantifying these processes, including documenting the range of 
emergent threshold in several formations and quantifying the internal structures of crack-
seal bridges in fractures. These results will be the basis for an appreciation of fracture 
opening and filling rates that go well beyond our original goals.    
 
Task 2.  Looking at geochemical modeling of fracture infilling, we have thoroughly 
researched the kinetics of quartz and carbonate precipitation.  Our theoretical analysis has 
addressed the problem of calcite precipitation in a fracture. We have built a model for the 
deposition of calcite within a fracture.  The diagenetic processes of dissolution and partial 
cementation are key controls on the creation and distribution of natural fractures within 
hydrocarbon reservoirs. Even with extensive data collection, fracture permeability still 
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creates uncertainty in reservoir description and the prediction of well performance. Data 
on the timing and stages of diagenetic events can provide explanation as to why, when 
and where natural fractures will be open and permeable. 
 
Task 3.  A major accomplishment in this first year has been to identify sample suites 
available in the core repository at the University of Texas that represent a wide range of 
diagenetic alteration and to begin to test these samples.  We have postulated a 
preliminary theoretical model for the control of grain and cement mineralogy on the 
subcritical fracture index, and established a procedure for the mechanical testing and thin 
section description necessary to execute the project. 
 
Task 4.  The basis for the fluid flow simulations to be carried out in this part of the 
project is the adequate spatial characterization of fracture networks.  Our focus in the first 
year of the project has been the tendency of fracture sets to cluster into highly fracture 
zones that are often widely separated.  Our preliminary modeling work shows the extent 
of this clustering to be controlled by the subcritical fracture index of the material, the 
parameter that we are measuring in our experimental work in Task 3.  In general, rocks 
with a low subcritical index (n<20) are expected to have irregularly spaced fractures with 
an average spacing less than layer thickness.  Intermediate values (20<n<40) result in 
regular fracture spacing that is roughly equal to layer thickness.  High values of 
subcritical index (n>40) result in strongly clustered fracture zones that are widely spaced. 
 
With continued progress on each of our four tasks, we move toward an integrated fracture 
characterization methodology that will ultimately be applied through detailed reservoir 
simulation.  
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1. INTRODUCTION 

1.1. Organization of this report 

This report documents progress on the following research tasks as originally proposed to 
the Department of Energy for this project: 
 
• Task 1:  Observational verification of emergent threshold, a characteristic fracture 

size (aperture) below which natural fractures are completely mineralized by cements 
precipitated concurrently with fracture opening and above-which fractures may 
preserve porosity and would be expected to be conduits for flow in the absence of 
later cements. 

• Task 2:  Theoretical investigation of the geochemical controls on fracture 
mineralization, how fracture aperture size can affect the amount of preserved porosity 
in natural fractures, and how large fractures (above emergent threshold) can become 
closed by cements. 

• Task 3:  Quantification of the fracture mechanics properties, particularly subcritical 
crack growth parameters, in oil reservoir rock types, and investigating the role of 
diagenesis in controlling the change of these parameters through time (over the burial 
history of a reservoir). 

• Task 4:  Fluid flow analysis of fracture network realizations generated using a 
geomechanical model that depends on subcritical index as a key input parameter and 
that incorporates diagenetic modification of fracture apertures. 

 

In the introduction we review background material on the state of the art in naturally 
fractured reservoir engineering, which is the jumping off point for our work.  Much of 
this material pertains to the fluid flow modeling that will be performed in Task 4, a major 
component of our future work.  After reviewing the  current state of fracture reservoir 
engineering, we focus on the geologic description of fractures under the 
EXPERIMENTAL section of the report.  In relation to Task 1, we present a detailed 
discussion on how fracture attributes are preserved and/or modified through diagenetic 
processes (porosity reduction through compaction and cement precipitation), which is 
extensively documented with observations from outcrop and subsurface reservoir 
samples.  The work in RESULTS AND DISCUSSION is motivated by the descriptive 
geology.  We describe the theoretical groundwork for geochemical modeling of fracture 
diagenesis of Task 2, discussing the controlling processes for both quartz and carbonate 
cement precipitation.  Future work will consist of the development of a numerical model 
to simulate this process.  The geomechanical analysis of fracture propagation is also 
discussed, which falls under Task 4.  Topics not discussed in this report include the 
experimental quantification of fracture mechanics parameters is the focus of Task 3, and 
the application of that information to fracture network prediction for the purpose of fluid 
flow modeling is the focus of task 4.  These will be highlighted in the second year report. 
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1.2. A Survey of Naturally Fractured Reservoir Engineering 

In recent years interest has increased in the area of flow and transport in low permeability 
fractured rock. The more brittle the rock, the more intensely it fractures. The spatial 
variation of fracture properties, such as aperture size and orientation, are complicated and 
irregular so that characterization of a fractured reservoir is substantially more difficult 
than that of a conventional reservoir. Thus, the characterization of a fractured reservoir 
should start from the local characteristics of a single fracture to fracture systems. 
Parameters for characterization of fractures include fracture property distributions, matrix 
block size and shape, and fracture density. 
 
Outcrop study is an important way to investigate fractured reservoirs. It involves the 
collection of various data along the face of the outcrop, including the orientation of 
fractures, fracture density, aperture and lithological data. One of the disadvantages of this 
method is that surface outcrops may have experienced geological processes different 
from those of the analog subsurface reservoir, and the nature of the fracture systems 
might have dramatically changed. Although outcrop study is currently very important 
way to study fracture systems and can provide some valuable information, it is not 
sufficient to obtain a complete description of fracture reservoirs. 
 
Detection and evaluation of fracture systems are the results of information obtained 
during various phases of fieldwork, such as outcrop study, drilling, coring, logging, well 
testing and production. Some of these results represent direct information, such as 
observations on outcrops, core analysis, and images obtained from logging. Drilling can 
provide useful information of fracture zones when there are high drilling rates, loss of 
drilling fluids, unusually poor core recovery and significant increase in wellbore size (van 
Golf-Racht, 1982).  Various logging techniques are based on an anomaly in the normal 
tool response in a fractured zone. A logging tool is usually sensitive to the presence of a 
high permeability zone in rock matrix. Core analysis can provide direct information on 
underground fracture systems, such as aperture, orientation and morphology of a single 
fracture.  
 
Because macrofractures can rarely be observed from core samples, microfracture study 
provides the useful information about critical attributes of macrofractures (Laubach et al., 
2000).  In many cases, observations show that microfractures have a diagenetic history of 
mineralization similar to that of macrofractures. This result indicates that the relative 
circumstances of those fractures are similar, and that their roles in conducting fluids are 
analogous. Many data also show that microfractures share common orientation patterns 
with macrofractures. Also, the same differential stresses control the orientations of both 
very small and large fractures. Therefore, microfracture proxies for large fractures are the 
surrogates that can provide complete, reliable, bed-by-bed evidence of fracture attributes.   
 
It has long been recognized that the permeability of a rock matrix in a fractured reservoir 
is small relative to that of the fractures. This concept was adopted in the classic paper of 
Warren and Root (1963) wherein it was assumed that the matrix blocks were arranged in 
a systematic array of identical, rectangular parallelopipeds. These blocks provided fluid 
to the fractures that transported the fluid.  The Warren and Root model was extended by 
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Kazemi et al. (1969).  In their theoretical development, they stated the assumptions for 
which their conceptual model holds such as (1) the matrix porosity has a high storage 
capacity but low flow capacity; (2) the converse is true of the fracture porosity; (3) radial 
flow to the wellbore is only through the fracture network and matrix flow goes into the 
fractures; (4) matrix flow to the fractures is quasi-steady state and fracture flow to the 
wellbore is unsteady state; (5) the flow rate is constant and gravity effects are negligible, 
and (6) vertical pressure gradients are negligible. 
 
Another paper published by Kazemi et al.  (1969) described a two-phase water-oil flow 
model, which employed a three-dimensional finite difference formulation. The overall 
gravity segregation process from grid to grid was represented. This model formulation 
generated a conservation equation for the matrix and the fractures. The two equations 
were coupled by assuming the matrix flux to the fractures to be proportional to the 
pressure difference between matrix and fracture. To characterize the reservoirs, core and 
well log data can be investigated. However only extremely small amount of fractures can 
be observed in core; determining which particular fractures are controlling fluid flow and 
by which mechanisms they produce are difficult tasks. Often, the most reliable way of 
characterizing the response of fracture system is through the analysis of reservoir 
production behavior, such as well productivity and breakthrough data. 
 
Dual-porosity reservoirs are systems where two distinct types of porosity coexist in a 
representative rock volume. One porosity represents the matrix blocks and the other 
represents that of fractures. For example, in dual-porosity hydrocarbon reservoirs, 
fractures provide the main path for fluid flow from the reservoir. Hydrocarbon from the 
matrix blocks flows into the fracture space, which carries the oil to the wellbore.  The 
dual-permeability concept reported by Hill and Thomas (1985) allows both matrix-to-
matrix and fracture-to-fracture flow between grid blocks. Dual-permeability models 
require much greater computing time than the dual-porosity model. Gilman and Kazemi 
(1983) used the dual-permeability model to develop an efficient algorithm to account 
accurately for gravity effects both in the fracture and the matrix. They also accounted for 
viscous displacement in matrix blocks caused by pressure gradient in the fracture 
network. 
 
Interconnected open fractures normally contribute little pore volume to a reservoir, but 
provide highly conductive flow channels throughout the reservoir. The main portion of 
the reservoir pore volume is attributed to the broken-up pieces of the reservoir rock 
known as matrix blocks, which have much smaller permeability than the fractures. The 
presence of interconnected open fractures significantly affects the choice of mechanisms 
used for oil recovery from the matrix blocks. Viscous displacement of oil by water or gas 
in the matrix is often not very significant because of the small pressure gradients across 
the individual matrix blocks. Solution gas drive, gravity drainage, and water imbibition 
are the most prevalent recovery mechanisms in naturally fractured reservoir. 
 
Gravity drainage is an effective means for recovering oil from fractured reservoirs. The 
buoyancy of oil in the matrix relative to the surrounding gas or water can cause these 
fluids to invade the matrix blocks and displace oil. Imbibition of water from fractures to 
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matrix blocks also recovers oil. The rate and extent of water imbibition depend on 
wettability of the rock, the absolute permeability, relative permeability, and the size of 
matrix blocks. In water-wet reservoirs, water that comes in contact with the oil zone 
imbibes into the matrix blocks to displace oil. Combinations of large flow rates, low 
matrix permeability, and weak imbibition result in water fingering through the fractures 
into the wellbore. Once fingering of water occurs, the water-oil ratio increases to large 
values. In oil reservoirs containing free gas, gas fingering and high gas-oil ratios can also 
occur. 
 
In conventional dual-porosity simulators, fracture and matrix saturations are dispersed 
over the entire grid block. Therefore, gravity displacement calculation is not rigorous in 
such simulators. Gravity displacement calculations in dual-porosity simulators have three 
categories. The first method involves the use of pseudo capillary pressure functions for 
such calculations (Rossen and Shen, 1989).  The second method uses a fine grid in the 
vertical direction to account for both gravity segregation and displacement. This can be 
efficiently accomplished using vertical dual-permeability or matrix grid refinement. The 
third method relies on the assumption that all phases segregate instantaneously in both 
the fracture and matrix (Sonier et al., 1988). 
 
Especially in low permeability reservoirs, natural fracture permeability is an important 
issue. In the crystalline rocks, the system permeability is largely associated with the 
fracture, while the tight matrix contains most of the reservoir fluid. In many of these 
reservoirs, major fractures appear to dominate reservoir performance with smaller and 
tighter fractures playing only a minor role. Within crystalline rocks, natural fracture 
permeability is highly sensitive to any change in the effective stress acting normal to the 
fracture plane (Dyke, 1995).  Some very tight fractured reservoirs show a productivity 
decline on pore pressure drawdown, while others show no permeability decline even after 
experiencing massive drawdown pressures. Whether or not a permeability decline, due to 
closure of natural fractures, will occur during depletion of a reservoir is of critical 
importance in assessing the economics of a future reservoir development 
 
In general, the two rock surfaces that bound a fracture are rough. The degree of roughness 
can be a function of the fracture aperture and the fluid properties within the fractures. 
Fractures can be partially- or fully-filled by mineral precipitation. Properties of rock in 
regions of contact between rock matrix blocks may also differ from bulk rock because of 
large compressive stresses. Compressive stress in regions of contact is greater than the 
average stress in the surrounding rock. Therefore, the nature of fracture is reservoir-
specific, depending on mineralogy, tectonic stress history, diagenesis and petrophysical 
properties. 
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2. EXPERIMENTAL 

2.1. Diagenesis and Fractures - Observations 

Fracture systems reflect interactions among mechanical and chemical processes 
integrated over geologic timescales. For fractures in the deep subsurface (>1000 m), 
where fractures are new rock surfaces created in the presence of high temperatures and 
reactive fluids, the effects of diagenesis on fracture attributes and mechanics could be 
significant. Yet the dynamic evolution of coupled diagenetic reactions and fracture 
mechanics and their effects on fracture attributes remain largely unknown. Recognized 
examples of interacting mechanical and chemical processes include rock strength 
evolution driven by cement precipitation and dissolution and reaction-enhanced 
subcritical crack growth. Equally profound effects on fracture mechanics arise from 
cement precipitation within the growing fracture system. One manifestation of diagenetic 
processes within growing fractures is crack-seal texture and associated fracture porosity. 
Fracture examples are from sandstones that otherwise lack significant structures—they 
are ‘regional’ fractures equivalent to barren joints formed in near-surface environments. 
The message from widespread linked crack-seal textures and fracture porosity—and other 
evidence for interacting mechanical and chemical processes—is that successful 
comprehensive models for subsurface fracture systems have equal mechanical and 
diagenetic components.   
 
Essential to progress in fracture modeling is appreciation of chemical processes in 
opening-mode fracture systems. The purpose of this observational work is to motivate 
fracture pattern models having equal mechanical and diagenetic components by 
illustrating a widespread but little appreciated by-product of these linked processes, 
namely crack-seal texture and associated fracture porosity. Mechanical and chemical 
processes such as compaction and cement precipitation govern rock-property history and 
chemical processes drive subcritical crack growth (Olson et al., 2001). Important effects 
on fracture mechanics and fracture patterns arise from cement precipitation within 
growing fractures (Olson, in press). Porosity, roughness, sensitivity to effective stress 
changes, and aspect ratio are among the fracture attributes modified by diagenetic 
reactions in the growing fracture system. Moreover, as illustrated here, owing to advances 
in microscopy, fine-scale observations are now possible that can better guide mechanical 
and diagenetic modeling. 
 
Crack-seal texture is the result of repeated fracturing during cement precipitation. Thus, it 
is emblematic of mechanical and diagenetic interaction. Although documented primarily 
in veins in low-temperature metamorphic rocks and faults, as we demonstrate here it is a 
widespread but little appreciated attribute of opening-mode fractures in flat-lying and 
nearly flat-lying sedimentary rocks (see also Laubach, 1988; Reed and Laubach, 2000).  
 
In basinal and platform settings, where regional opening-mode fractures are unrelated to 
faults and folds, crack-seal texture reflects episodic fracture growth driven by interplay of 
cementation, compaction, stylolitization, pore pressure changes, burial-related 
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temperature changes and overburden and remote tectonic loads. In these settings 
cementation-related pore-pressure change is a mechanism for overpressure generation 
(Lander et al., 1999; Wangen, 2001, Walderhaug et al., 2001) that may be as important a 
driver for fracture growth as is remote tectonic load. In moderately to deeply buried 
sandstones, crack-seal texture is most frequently associated with quartz cement 
precipitation, possibly because throughout much of a sandstone’s burial history, rock-
dominated fluid and substrate chemistry dictates that this cement is most likely to 
precipitate    

Sample Suite 

An extensive core data base of more than 200 samples from more than 50 formations 
shows that the structure association of crack-seal and fracture porosity is common in 
opening-mode fracture systems in moderately to deeply buried sandstones, and it is also 
present in at least some dolomites and limestones. These associations show that fracture 
growth and cement precipitation are linked.  
 
Samples are from a spectrum of mostly low to moderate porosity (0 to 20 percent) rocks 
that are either deeply buried or have been so in the past. Authigenic cement volumes are 
typically high (>20 percent). Some examples are from open folds, but in general, samples 
are not from structurally complex areas, tight folds or near faults. Instead, fractures are 
responses to some combination of burial and regional tectonic loading and pore pressure 
changes. However, as is typical for regional opening-mode fracture arrays, it is rarely 
possible to uniquely specify loading paths to fracture growth. 
 
A spectrum of burial histories and tectonic settings is represented. More than half the 
samples are from foreland basins with most of the rest from passive margins and 
platforms or from within fold-thrust belts. Foreland samples are from both recent, active 
basins such as those of Venezuela, Colombia, Bolivia, and older, inactive foreland basins 
including the Appalachians, West Texas, and Rocky Mountains.  

Imaging Methods 

High-resolution microstructure imaging using SEM-based cathodoluminescence (scanned 
CL) allows delineation of patterns in fracture microstructure that were previous obscure 
(Milliken, 1994; Laubach, 1997; Milliken and Laubach, 2000; Reed and Laubach, in 
preparation, 2001; Reed and Milliken, submitted) (Figure 3.1). The high sensitivity of 
these photomultiplier-based cathodoluminescence systems and the high magnification 
and stable observing conditions of the SEM significantly enhance weak luminescence. 
This provides an advantage over conventional CL systems in that it allows efficient high-
magnification (up to ~1500x) examination of silicate minerals having low levels of 
luminescence over large specimen areas (mm2). Much clearer resolution of both zones 
within cements and cement-filled microfractures that cut grains and/or cement is possible 
with scanned CL. Accurate microstructure maps that delineate interactions of fracture 
growth, cement precipitation, and porosity development were obtained using scanned CL 
imaging of quartz fill in fractures and wall rock.  
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Fig. 3.1. Features associated with the crack-seal mechanism. (a) Inclusion trails are a series of grain 
fragments parallel to displacement direction. Fragments of different grains define inclusion bands, which 
are arranged perpendicular to displacement direction and formed during same growth step. Q = quartz, C = 
calcite, spacing of inclusion bands is ~50 µm, modified after Ramsay, 1980. (b) Color CL image mosaic of 
quartz-lined fracture in sandstone formed by numerous individual crack and cement precipitation events. 
Quartz grains and cement compose most of image area; fragmented nonluminescent grain is feldspar, and 
spotted areas are rock fragments. Sample is a quartz-cemented lithic arkose, Cretaceous Frontier 
Formation, Wind River Basin, Wyoming. Scale bar is 200 µm. 
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The detectors and processing used for these images record CL emissions in the range of 
185 to 850 nm (ultraviolet through visible into near infrared) and convert them to 
grayscale intensity values. Most images in this paper were acquired with an Oxford 
Instruments MonoCL2 system attached to a Philips XL30 scanning electron microscope 
(SEM) operating at 15 kV. A disadvantage of scanned CL is that acquisition of color 
images requires filters and superposition of multiple images. In some samples examined 
with scanned CL, imaging only part of the available spectrum of CL emissions provides a 
clearer picture of texture than does using the whole spectrum. In other samples, using 
color filters to convert an originally panchromatic CL source to a synthetic color image is 
useful.   
 
Scanned CL reveals other structures resulting from linked deformation and precipitation, 
including cement-filled fringes and shadows around porphyroclasts, fibrous quartz veins 
in metamorphic rocks (Dietrich and Grant, 1985), and fault gouges in sandstone. The 
imaging capability of scanned CL has clarified grain-grain contacts in compacted 
sandstones (Dickinson and Milliken, 1995), provenance of quartz grains (Seyedolali and 
others, 1997), delineated quartz-cement stratigraphy (Hogg et al., 1992) and internal 
structure of deformation bands (Milliken, 1996; Fowles and Burley, 1994; Reed and 
Laubach, 1999, Milliken and Reed, in preparation). It provides detailed evidence of 
crack-seal texture that was hitherto inaccessible. 

Crack-Seal Texture 

Crack-seal texture (Hulin, 1929; Ferguson and Ganett, 1932; Ramsay, 1980) is the 
product of a deformation mechanism where small increments of extension repeatedly 
occur across a planar discontinuity. Cements seal the fractures. Fracture and cementation 
might be episodic or essentially continuous over the course of structure development. 
This mechanism of vein formation has been widely described in low-grade metamorphic 
rocks and carbonates, mostly from rocks with significant deformation. In sedimentary 
rocks the most common structure is mostly what Ramsay termed “stretched crystals.” In 
stretched crystals, crack-seal texture is developed in fracture fill that is in crystallographic 
continuity with grains in the wall rock.  

 

In sandstone, crack-seal texture is common in isolated fracture-bridging quartz crystals 
nucleated on broken quartz grains (“stretched crystals”). Some of these crystals show 
dozens to hundreds of micron-scale, sealed cracks. Most examples of crack-seal texture 
are in isolated single crystals or clusters of crystals that span or that formerly spanned a 
fracture. For relatively wide fractures where crack-seal texture is most common, these 
bridges are typically either flanked by fracture porosity or by later, infilling 
(postkinematic) cement (Laubach, 1988 and in preparation). Quartz bridges adjacent to 
each other do not necessarily show the same patterns of breakage. Euhedrally terminated 
quartz crystals growing into fractures (partial bridges and fracture-lining material) 
commonly show crack-seal texture at their bases.  

 

Fractures in sandstone cores have a wide range of sizes (Marrett et al., 1999). In terms of 
kinematic aperture, sizes range from microns to decimeters and more. Well-developed 
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crack-seal texture is documented in microfractures as narrow as 35 microns. 
Microfractures of this size and smaller tend to be sealed or have only small, 
discontinuous areas of porosity. Fractures having kinematic apertures of millimeters 
commonly have crack-seal texture along part of their length. Larger fractures frequently 
have cemented areas (bridges) having crack-seal texture and adjacent areas of porosity in 
the same fracture (Figure 1). Textural relations show that crack-seal texture and porosity 
developed at the same time. Although bridges having crack-seal texture may be 
surrounded by a veneer of unfractured quartz, for fractures having apertures visible to the 
unaided eye, later fracture-sealing cements--if present--are mostly other phases. The 
largest fractures lack bridges in their centers because cement precipitation rates were 
insufficient to bridge fractures during fracture growth. These fractures have only relict 
crack-seal texture near formerly bridged fracture segments. In some examples fractures 
are bridged or filled by quartz that lacks crack-seal texture, marking cements that filled 
static fractures. 
 
Thus, in sedimentary rocks fracture growth produces both crack-seal texture and fracture 
porosity. Areas within fractures but between bridges either are porous or are partially to 
wholly filled by cement that post-dates fracture growth (postkinematic cement)(Laubach, 
1996; 2001).  Figures 3.1 through 3.3 show color CL image mosaics of quartz-lined 
macrofractures in sandstone. These fractures contain quartz bridges having crack-seal 
texture as well as fracture porosity. They show many of the features of creak-seal texture 
in diagenetic sandstone (Figure 3.4). Numerous individual crack-seal events 
accommodated widening of fractures. Inclusion trails composed of grain fragments 
parallel wall-rock displacement direction. Grain fragments also define inclusion bands 
perpendicular to displacement direction. Bands formed during the same growth step.  
 

 
Fig. 3.2. Evidence of fracture opening mechanics. (a) Color scanned CL image showing crack-seal texture 
in quartz, and associated fracture porosity and sealed microfractures. Sample depth is 3,009 m. Scale bar is 
200 µm. (b) Color scanned CL image showing post-fracture-opening quartz overgrowths on quartz pillars 
having central crack-seal texture. Quartz precipitation outlasted fracture expansion. Sample depth is 1,865 
m. Scale bar is 50 µm. Both samples are from the Cretaceous Travis Peak Sandstone, East Texas. 
 
Structures in Figure 3.3 are from flat-lying beds near the center of East Texas Basin, 
distant from faults or folds. The cement bridge is in a vertical fracture that transects 
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subhorizontal stylolites. Porosity is prominent in the fracture, but the bridge is cut by 
numerous minute sealed microfractures. A few of these are marked by planes of primary 
fluid inclusions trapped presumably during rapid quartz precipitation on the fresh fracture 
surface. Quartz cement was deposited concurrently with fracture opening. It is 
synkinematic (Laubach, 1988). 

 

 
Fig. 3.3. Demonstrations of how new imaging techniques reveal mechanically significant microstructures. 
Image set from a quartz-rich sandstone comparing color CL (center), secondary electron (right), and plane-
polarized-light petrographic (left) views. In CL image, fracture-filling epoxy is pale green, quartz grains are 
blue, red, and purplish red, and quartz cement is dark blue, black, or red. Calcite cement (an isolated patch 
in lower right quadrant) is nonluminescent. Altered feldspar grain in left center shows a patchwork of CL 
colors. Deformed quartz grain in right center shows a mixture of blue and red luminescence. Microfractures 
that parallel main fracture are completely filled with blue-luminescent quartz cement. Macrofracture with 
limited crack-seal texture has been rebroken during sampling, with reopened area now filled with epoxy. 
Sample is from Devonian Iquiri Formation, Bolivia. Scale bar is 200 µm. 
 
These examples illustrate two common features associated with mineral-bridged 
macroscopic fractures in sandstone. Although the large fracture is open, micron-scale 
microfractures are almost all fully sealed; a reflection of their small volume and relatively 
large surface area compared to the large fractures and possibly also the repeated opening 
of the large fractures, exemplified by crack-seal texture. The large fracture has won a 
competition between fracture opening and cement precipitation, whereas microfractures 
are closed by cement that grew without interruption by additional fracture events. Crack-
seal textures are present in microfractures as narrow as 35 microns, but microfractures of 
this size and smaller are frequently sealed. 
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Fig. 3.4. Internal structure of synkinematic cement bridges. Simple crack-seal texture, quartz bridge 
spanning fracture in quartzarenite. Macrofracture strike in all images is identical. Sample depth 3,008.8 m, 
Cretaceous Travis Peak Formation, East Texas. Macrofracture is near vertical and is associated with 
subhorizontal stylolites. (a) Plane-polarized-light photomicrograph. Red arrow indicates quartz bridge in 
(b). Note fracture porosity (now filled with blue epoxy) distributed along fracture length. Scale bar is 0.5 
mm. (b) Panchromatic CL mosaic of entire quartz bridge. Note dozens of smaller fractures that have broken 
quartz and been sealed (crack-seal texture). Scale bar is 200 µm. (c) Color CL image of part of (b), red lines 
connect corresponding points. Scale bar is 100µm.  
 
Second, synkinematic cement is locally much thicker in the bridge than elsewhere along 
fractures. Mineral bridges span a wide gap in these fractures but cements lining fracture 
walls are a thin veneer comparable in thickness to cement in host-rock pore space. 
Diagenetic modeling of fracture growth shows that this phenomenon of extra cement in 
crack-seal mineral bridges in part reflects normal, predictable precipitation on repeatedly 
renewed fracture surface area (Lander, 2001). Used in conjunction with diagenetic 
modeling and burial history information, the ratio of fracture to host rock cement volume 
is a potentially important metric of deformation history (R. Lander, in progress, 2001).  
 
Complex crack-seal texture is present in otherwise undeformed beds from a wide range 
of depths (Figures 3.5 to 3.8). The crack-seal texture and porosity association persists in 
extremely deeply buried samples. Some residual fracture porosity is associated with 
material in fracture walls that are not favorable substrates for quartz precipitation. 
Examples of unfavorable substrates include vacuolized feldspars (Figure 3.8). Elsewhere 
after fracture opening ceased quartz cement grew around pillars of quartz containing 
crack-seal texture. The amount of residual fracture porosity remaining is likely a function 
of the progress of cementation (Lander, 2001).  
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Fig. 3.5. Complex crack-seal texture within an almost completely quartz-filled macrofracture. Fracture is 
parallel to long axis of (a). Sample is lithic-rich, quartz-cemented sandstone, ~2,417 m, Cretaceous 
Cozzette Sandstone (Mesaverde Group), Piceance Basin, northwestern Colorado. (a) Gray-scale CL-image 
mosaic showing segment of fracture. Images represent only CL emissions in 600 to ~850 nm range (red to 
infrared). This emission range proved to show better contrast than a more complete spectrum. Scale bar is 
200 µm. (b) Color CL image mosaic of part of (a). Color imaging allows better determination of inclusion 
trains within crack-seal texture. Scale bar is 250 µm. (c) Gray-scale CL-image mosaic of red to infrared 
emissions showing detail within (b). Scale bar is 100 µm. (d) Plane-polarized-light photomicrograph of 
area shown in (a). Red lines connect corresponding points. Scale bar is 0.25 mm.  
 
Crack-seal patterns commonly vary along trace lengths of fractures and from one bridged 
area to the next.  Crosscutting relations within fracture-spanning cements are consistent 
with alternating fracture opening and cement precipitation. For example, blunt fracture 
ends of quartz-filled fractures at CL-zoning boundaries mark areas where porosity existed 
at the time fractures formed (Figure 3.7). Some structures reflect simultaneous euhedral 
quartz growth from both sides of a fracture. These patterns mark interplay between 
incremental fracture widening and patterns of crystal growth into fracture cavities.  
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Fig. 3.6. Limited wavelength (UV-blue) gray-scale CL image showing crack-seal texture at the bases of 
euhedral quartz crystals growing into a macrofracture. Material on right side of image is Fe-dolomite 
postkinematic cement. Sample is from Cretaceous Williams Fork Formation, northwest Colorado. Sample 
depth 1,748 m. Image by A. Makowitz. 
 
The amount and location of crack-seal texture visible in a given fracture is therefore 
likely to be highly variable. In many cases evidence for crack-seal processes is subtle and 
highly localized. Quartz can precipitate in an open fracture undergoing repeated episodic 
opening without recording crack-seal texture except near fracture tips and in bridges. 
Subsequent post-movement cement can fill the fracture, further hiding evidence for 
contemporaneous deformation and cementation. Such cements will of course not contain 
a record of movement. Consequently, along much of their length, most macrofractures 
will not show prominent crack-seal texture.  
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Fig. 3.7. Comparison of textures in central area of fracture with textures in fracture tip. (a) Color CL image 
from center of a macrofracture. (b) Panchromatic CL image mosaic of fracture tip from same 
macrofracture. Both images show crack-seal texture, but note increased porosity and prevalence of 
unfractured, zoned, euhedral quartz in color CL image from center of macrofracture (a). Sample is a quartz-
cemented quartzarenite, depth 3,008.8 m, Cretaceous Travis Peak Formation, East Texas. Scale bars are 
200 µm. 
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Fig. 3.8. Images showing variability in fracture structure along fracture trace. (a) Color CL-image mosaic 
along a partially open, quartz-lined macrofracture. Mosaic has been split, top half is on left. Epoxy-filled 
porosity has a bright green luminescence. Note association of fracture porosity with nonluminescent 
feldspar grains. Scale bar is 200 µm. (b) Plane-polarized-light photomicrograph mosaic of macrofracture 
shown in (a). Image shows more of fracture length than is visible in (a), but dashed lines indicate location 
of that image. Brown grains are altered feldspars and rock fragments. Sample is from Cretaceous Frontier 
Formation, Wind River Basin, Wyoming. Sample is lithic arkose from 6,244.6 m. Scale bar is 0.5 mm. 
 

However, many macrofractures commonly show either limited crack-seal development 
from early stages of fracture growth, or traces of a small number of growth steps. An 
example from Permian Wolfcamp Formation (Figure 3.9) shows euhedral, mostly blue-
luminescent, quartz cement that grew into a fracture cut by incremental fractures. These 
fractures were filled with orange-luminescent quartz cement. In the purple-luminescent 
grain, microfractures paralleling the macrofracture cut an earlier microfracture having a 
different trend. Such patterns are potentially significant guides for unraveling linked 
mechanical and geochemical history. 
 
Another example from Cretaceous Travis Peak Formation, East Texas, shows a partially 
open quartz-lined macrofracture (Figure 3.10) having two bridges with different crack-
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seal textures, probably a function of differing growth rates along different crystal axes in 
quartz (most rapid growth is parallel to the c-axis). The rose luminescent grain on the left 
would have had a faster growth rate parallel to the extension direction than those on the 
orange luminescent grain on the right. 
 
Early crack-seal texture marks part of growth history of fractures when they are still so 
narrow that cement can span them (Figure 3.11). Together with temperature, burial 
history information, and cement kinetics, these relict crack-seal textures could provide 
evidence to constrain fracture-opening rates. By studying growth histories of individual 
fractures in a population, and tying growth history to cement stratigraphy and other 
geochemical information, it should be possible to compare the temporal evolution of 
fracture arrays to thermal and burial history models and numerical models of fracture 
growth (cf. Olson, in press).  

 
Fig. 3.9. Panchromatic gray-scale CL image showing an apparently chaotic crack-seal texture within a 
macrofracture, Pennsylvanian-Permian Weber Formation, Rangely field, Piceance Basin, Colorado. Grain 
fragments located with fracture have been plucked from walls and rotated prior to sealing. Least 
luminescent material in macrofracture is Fe-bearing carbonate cement that surrounds and postdates 
euhedral quartz overgrowths. Sample depth 1,738.2 m. Scale bar 100 µm. 
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Fig. 3.10. Crack-seal texture in microfractures. (a) Panchromatic gray-scale CL image of sample from 
Cretaceous Dakota Formation, depth 2154.4 m, San Juan Basin, New Mexico. Scale bar is 50 µm. (b) 
Panchromatic gray-scale CL image of sample from Pennsylvanian Pottsville Formation, Black Warrior 
Basin, Alabama, depth 1,052.5 m. Bright-luminescent linear structures in quartz grain are result of plastic 
strain. Round structure in upper left is an imperfection in sample preparation. Scale bar 80 µm. 
 

 
Fig. 3.11. Contrasting structures related to crystallographic orientation. Color CL image of partially open, 
quartz-lined fracture. Two grains broken by fracture show different crack-seal textures, probably a function 
of differing growth rates along different crystallographic axes. Lower (rose-luminescent) grain had faster 
growth rate parallel to opening direction than upper (orange-luminescent) grain. Sample is from Cretaceous 
Travis Peak Formation, depth 1,865.1 m, East Texas Basin. Scale bar 100 µm.  

 

Crack-seal texture is also present in a few carbonate-filled macrofractures from flat-lying 
sandstones. The relative rarity of crack-seal texture in carbonate fracture fills (which are 
in themselves not rare) suggests that mechanical conditions leading to fracture growth 
infrequently coincide with geochemical conditions favoring carbonate mineral 
precipitation in these quartzose rocks. For many sandstones, fluids associated with crack 
growth are the same as those that precipitate quartz cement. Fluid composition from 
primary fluid inclusions trapped in crack-seal texture along fracture surfaces by new 
mineral growth, and in associated microfractures have a wide range of temperature and 
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salinity (e.g., Laubach, 1989; Burruss, 2001). Nevertheless they narrow the range of 
choices for fluids associated with fluid-sensitive mechanical processes such as subcritical 
crack growth in these environments. 
 
Owing to mechanics of bridge rupture care is needed in interpreting fluid-inclusions from 
crack-seal texture. Scanned CL allows better determination of sequence and complexity 
of crack-seal texture. Scanned CL reveals that growth steps do not have to be marked by 
an inclusion band within fracture fill. In sandstones, fracturing occurs in both syntaxial 
and antitaxial positions, and these patterns may be mixed within the same fracture set or 
even the same fracture. Thus, extension in stretched crystals in sandstone macrofractures 
is commonly ataxial, with new fracture increments forming at various points throughout 
existing fracture fill. From one quartz bridge to the next, patterns are not necessarily 
consistent. Consequently, retrieving conjoined mechanical and fluid history of a mineral 
bridge having crack-seal texture requires careful scanned CL mapping. 
 
Many types of sandstone have fractures with the following general attributes. Quartz is 
the first cement to precipitate in fractures, as shown by its presence along sharp fracture 
surfaces. Crack-seal texture is present in some micron-scale fractures and in many 
millimeter-scale fractures (size in terms of kinematic aperture). More numerous small 
microfractures appear to have mostly opened only once. They tend to have little or no 
porosity. For progressively larger fractures, porosity is increasingly prominent; there 
frequently is a gradation from mostly filled to partly bridged to mostly open fractures in 
the aperture size range of 0.1 mm to 1 mm. The exact aperture value of this transition 
varies with several factors, including burial history, that have yet to be fully described. 
The transition size from sealed to open fractures owing to infill by synkinematic cement 
has been called the emergent threshold (Laubach, 2001). In the transition size range, 
crack-seal texture and fracture porosity evolve together.   
 
In some fractures with fills formed by the crack-seal mechanism, there is a gradation 
inward from closely spaced microfractures in fracture walls, to highly fractured wallrock 
and cement zones, to massive less fractured fill within fracture centers. Fracture patterns 
near the fracture walls can be complex, but in some cases the textures are compatible 
with progressive increase in the size of wall rock inclusion formed in each stage of 
opening and sealing. Possibly this could reflect cementation-induced porosity loss and 
wall-rock strengthening during the fracturing processes.  

Evidence for Opening Mechanics: Fracture Tips and Links 

Tips of sandstone macrofractures and areas of fracture overlap and linkage show many 
interesting features in CL that are obscure using other methods. In both of these settings 
textures can develop that resemble crack seal formed within the main parts of fractures. 
These represent distinct varieties of crack-seal texture.  
 
Near fracture tips some macrofractures die out by transforming into swarms of 
microfractures. Both crack-seal texture and within-fracture quartz cement tend to more 
common near tips than in centers of macrofractures. In many cases, the center of a 
macrofracture will show only limited early stage crack-seal texture and euhedral quartz 
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crystals, but fracture tips will have full-span quartz bridges with crack-seal texture. This 
is probably a result of incomplete cement closure of the widest parts of fractures during 
incremental crack growth. Crack-seal texture can only form where cement can span 
fracture gaps prior to the next increment of fracture growth (Figures 3.12 and 3.13). 
 
Transcement or transgranular, quartz-lined microfractures are common at macrofracture 
tips (Figure 3.12). Some of these may be fossilized process zone microfractures. Some, 
however, are arranged in divergent fans of crosscutting, superposed microfractures 
localized at macrofracture tips but not elsewhere along fracture walls (as might be 
expected for bypassed process zones) (Laubach, 1989). This pattern is a type of crack-
seal texture we infer to be associated with stationary crack tips. Each growth increment 
and expansion of the macrofracture results in a new quickly sealed microfracture 
extending away from the main porous section of the fracture. The fracture lengthens but 
subsequently shrinks owing to cement deposited in fracture tips.  

 

   
Fig. 3.12. Composite color CL image of quartz-lined fracture. Quartz grains and faceted overgrowths 
partially filling fracture are broken repeatedly by syncementation fractures. Green speckled areas within 
fracture are epoxy-filled fracture porosity. Sample of Cretaceous Frontier Formation, Wyoming, depth 
6,242.15 m. Scale bar 250 µm, thin section cut parallel to bedding. 1) Note blunt termination of this quartz-
filled fracture at a CL-zoning boundary. At time fracture formed, blue-luminescent band was edge of a 
euhedral crystal bordered by porosity. Red-luminescent cement band grew after fracture formed and filled. 
2) Prekinematic quartz overgrowths are generally euhedral (pore-filling) and show zoned mostly blue 
luminescence. 2A is an overgrowth that has been broken off its grain (see quartz grain at 6), 2B is still 
attached to grain on which it grew. This prekinematic cement is probably responsible for the rock originally 
being cohesive enough to fracture. 3) Detrital feldspar grains are not typically nonluminescent, as these are, 
unless they have undergone significant alteration Authigenic feldspar cement (see 11) is typically 
nonluminescent. 4) Rock fragments in this sample have intermixed red and green luminescence in color 
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CL. Green is probably due to luminescent epoxy filling microporosity within grain. 5) “Dovetail” shape 
defined by CL-zoning. This structure results from simultaneous euhedral quartz growth from both sides of 
a fracture meeting in the center. Note 120 degree angle of intersection. These structures help unravel 
complex history of this macrofracture. This fracture occurs entirely in quartz cement within a larger 
fracture. 6) An inclusion band defined by (top to bottom) a rock fragment, part of a quartz grain, fractured 
prekinematic quartz cement and a train of small nonluminescent feldspar grain fragments. This band marks 
boundary between two microstructural provinces inside larger macrofracture, possibly one side of the 
earliest fracture increment. 7) A quartz crystallographic boundary that is a boundary between quartz bridges 
with different mechanical histories. Area shown here includes four different quartz crystallographic 
domains, three of which span the macrofracture (Fig. 12). 8) Unfractured, late euhedral cement growing 
into a pore. 9) Partial trace of an early fracture surface that cuts grains and prekinematic cement but not 
synkinematic cement. This trace is cut by at least one later fracture. 10) Fractured quartz grain with at least 
7 pieces in its inclusion trail. 11) Euhedral outer zones (nonluminescent) growing into fracture porosity 
represents cryptic authigenic feldspar cement associated with host feldspar grains. 12) Euhedral quartz 
cement that grew laterally into fracture porosity adjacent to a broken feldspar grain. 13) Pore-filling epoxy 
typically has a speckled green luminescence in color CL. In this case, epoxy is filling microfracture 
porosity inside a rock fragment. 
 

 
Fig. 3.13. Polyphase quartz cement defined by different luminescence colors. Color CL image shows one 
side of macrofracture rebroken during sampling. Euhedral, mostly blue-luminescent, quartz cement in 
fracture is cut by incremental fractures filled with orange-luminescent quartz cement. Sample is a quartz-
cemented sandstone from Permian Wolfcamp Formation, Val Verde Basin, West Texas, depth 2,516.7 m. 
Scale bar 100 µm. 
 
This pattern implies feedback between cement precipitation and fracture growth and 
interaction progress. Perhaps the right loading, temperature, and fluid conditions result in 
fracture systems that ‘stall.’ Our examples of this style of crack-seal texture are mostly 
from sandstones deeper than 1000 m in tectonically quiescent passive margin basins. 
Macrofractures associated with this style of crack-seal texture tend to be unusually wide 
relative to their heights (height-to-width ratios less than 200).  
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Microfractures are common where en echelon macrofracture strands overlap (Figure 
3.14). An example of microfractures in the overlap region connecting large fracture 
segments from Permian Ozona Canyon Formation shows how segments can link and 
amalgamate into a single continuous macrofracture. Along large fractures, previous areas 
of overlap fossilize a variety of crack-seal texture representative of fracture linkage.  
 
A Dakota sandstone core shows multigenerational fracture growth near a step between 
two en echelon macrofractures (Johns et al., 1995). In plan view, early microfractures 
obliquely span the step between tips of large fractures, indicating low contrast between 
crack-normal and crack-parallel compressive stresses (Olson and Pollard, 1998). These 
are crosscut by later microfractures aligned parallel to the macrofracture trend. Here 
microfractures record a growth history in the process zone surrounding interacting crack 
tips. Their textures suggest increased far-field crack-parallel compressive stress and 
decreased fracture connectivity during fracture growth.  
 
Crack-seal texture can have a chaotic appearance (Figure 3.15). An example from within 
a macrofracture from Weber Formation, Rangely Field has grain fragments located with 
the macrofracture that were plucked from the walls, but rotated prior to sealing. This 
pattern could result from particles that are freed from the fracture wall and subsequently 
have fallen within a fluid-filled fracture.  

 
Fig. 3.14. Limited crack-seal texture in en echelon overlap zone between fracture tips. At right and left of 
color CL image, macrofracture on top is filled with nonluminescent postkinematic carbonate cement. 
Permian Ozona Canyon Formation, depth 1,922.9 m, Val Verde Basin, West Texas. Scale bar is 50 µm. 
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Fig. 3.15. Variations in extension direction recorded by bridge structures. (a) Color CL image showing 
crack-seal texture in a quartz bridge. Trends of fractures forming growth increments have changed with 
time. However, reconnection of grain fragments suggests that extension direction has not changed. 
Cretaceous Frontier Formation, Wyoming, 6,242.1 m. Scale bar is 200 µm. (b) Color CL image showing 
crack-seal texture in quartz-lined fracture from Permian Wolfcamp Formation. Fractured quartz bridge in 
center is surrounded by almost nonluminescent postkinematic carbonate cement. Early and late incremental 
extension directions differ. Sample from Val Verde Basin, West Texas, depth of 2,386.4 m. Scale bar is 
200 µm. (c) Panchromatic gray-scale CL image showing crack-seal texture in a quartz-lined fracture. 
Orientation of small fractures within larger fracture show that displacement direction of opening steps 
changed with time. (d) Line drawing delineating extension directions in (c). Early fractures are blue; late 
fractures are purple. Sandstone sample from Cretaceous Frontier Formation, Wyoming, depth 6244.6 m. 
Scale bar 200 µm. 

Summary of Evidence for Fracture Opening Mechanics  

Crack-seal texture is present in opening-mode fractures having apertures of a few tens of 
microns to several millimeters or more in flat lying undeformed to slightly deformed 
beds, for a wide range of sandstone rock types, burial depths, and tectonic settings. 
Similar structures and patterns are evident in carbonate rocks. These structures document 
episodic fracture growth that can include tens to hundreds to growth increments. 
Fractures open in numerous micron-scale steps recorded in discontinuous quartz bridges. 
Many quartz-lined macrofractures display at least some crack-seal texture even if only in 
their early development. Quartz cement precipitation is frequently contemporaneous with 
fracture opening. Such synkinematic cement is common in fractures from sandstones 
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even where no other structures are present.  
 
Crack-seal texture is almost invariably associated with precipitation of quartz cement but 
also preservation of fracture porosity for fractures of a specific size and larger. Crack-seal 
textures are commonly associated with residual fracture porosity because synkinematic 
cement precipitation rarely keeps up with fracture opening in fractures having kinematic 
apertures of more than a few millimeters for a wide range of fracture and burial histories. 
In diagenetic environments typical of petroleum reservoirs, crack-seal structure is 
compatible with development and retention of fracture porosity, but diagenetic modeling 
is essential to predict the patterns and rates of cement precipitation in these fractures 
(Lander, 2001). Comprehensive models need to be cognizant of both fracture growth and 
cement precipitation rates, both of which are sensitive to fluid composition and thermal 
history.  
 
The majority of large fractures that we examined show some evidence of crack-seal, at 
least near fracture walls, a record of early stages of fracture growth. In wide fractures this 
texture is commonly found near fracture tips and in isolated to amalgamated bridges of 
quartz that span fractures. As fractures widen, cement can no longer grow across the open 
part of the fracture before the next fracture growth increment, and in many cases cement 
deposition falls far behind fracture expansion, leading to wide, mostly open fractures 
having thin veneers of quartz on the fracture walls. Thus crack-seal texture and fracture 
porosity reflect competition between fracture growth and cement precipitation that large 
fractures win. Most fractures, however, never achieve the critical size to outstrip cement 
precipitation, become sealed, and cease growing. Diagenetic history defines a critical 
size, the emergent threshold, below which microfractures are sealed with synkinematic 
cement, but above which large fractures may be open. This critical size depends on burial 
and time/temperature history, which governs cement deposition. 
 
Most samples described in this report are from horizontal to subhorizontal beds distant 
from faults or folds. In many instances fractures, associated crack-seal texture, and bed-
parallel stylolites are the only structures in the rock. Most previous published examples of 
crack-seal texture in quartz-filled veins have been in low-grade metamorphic rocks and 
not in unmetamorphosed sandstones. Previously described crack-seal textures from 
sedimentary rocks are mostly from fault zones (Wiltschko and Anders, 1994), although a 
few examples had been described in relatively undeformed rocks (Laubach, 1988; Johns 
et al., 1995). Crack-seal texture in macrofractures from folded and faulted sandstones is 
expected because the large forcing structures likely grew incrementally. The prevalence 
of this texture in less deformed sandstones is consistent with natural hydraulic fracture 
mechanisms of fracture growth (Laubach, 1988; Engelder and Fischer, 1996). Our large 
database shows that this crack-seal phenomenon is widespread. 
 
Crack-seal texture in sandstone macrofractures have similar features to crack-seal texture 
in low-grade metamorphic rocks. However, probably as a result of greater overall fracture 
porosity, sandstone macrofractures tend to be ataxial, more variable in texture along their 
length. In general, extensional increments in sandstones in the diagenetic realm are also 
relatively small, with many growth steps of only a few microns. Moreover, these 
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structures have never been imaged so unambiguously as revealed by scanned CL. 
 
Associated crack-seal texture and porosity places a basic constraint on how fractures and 
veins form in sandstones in the diagenetic environment. Veins (that is, completely filled 
fractures) are a reflection of the interaction of hot, reactive diagenetic fluids and evolving 
fractures plus any subsequent diagenesis to affect static fractures and host rock (Laubach, 
2001). The degree of cement fill depends on fracture size and overall exposure to high 
temperatures (diagenetic history).  
 
This interpretation contrasts with models of vein formation where vein and fracture 
growth are basically different processes. For example, based on geochemical 
considerations and the concept that veins are characteristically filled with cement, 
Wiltschko and Morse (2001) proposed that data on veins and experiments are consistent 
with pressure due to growing crystals as the cause for vein widening. They suggested that 
some veins originate at sites of precipitation and then propagate due to pressure exerted 
by crystal growth. As materials precipitate, vein walls are pushed apart. Resulting veins 
have shapes typical for opening-mode cracks except that, mechanically, crystallization 
pressure replaces the role of internal fluid pressure in their propagation. A nonzero remote 
differential stress serves to align veins.  Veins formed by this mechanism involve 
cracking to the extent that precipitation forces an original flaw to extend during 
precipitation. They ascribed apparent crack-seal texture to geochemical self-organization 
at the vein wall driven by pressure-solution-enhanced supersaturation in pore fluid and 
nonlinear precipitation kinetics at the vein wall rather than to crack-seal processes.   
 
The association of clearly delineated crack-seal texture and increasing fracture porosity 
with increasing fracture size shows that cement fills fractures passively, responding to the 
growing crack rather than driving it. Some combination of increased fluid pressure, 
decreased confining stress and subcritical crack propagation is sufficient to drive crack 
growth (Engelder and Fisher, 1996; Olson, et al., 2001). Narrow-diameter bridges of 
vein-fill material having crack-seal texture are incompatible with models of fracture 
growth that call on cements to push fracture walls apart. Vein-filling carbonate cements in 
the samples we examined are almost exclusively postkinematic, that is, textural evidence 
shows that they were deposited in fractures after fractures ceased widening. Thus the 
force-of-crystallization mechanism for vein expansion (Wiltschko and Morse, 2001) is 
not a viable explanation for the most widespread fractures in sandstones in diagenetic 
environments.  
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3. RESULTS AND DISCUSSION 

The observations of natural fractures and their diagenetic character motivates the 
theoretical analysis and numerical modeling of fracture propagation and fracture in-filling 
with cement. 

3.1. Structural Diagenesis of Sedimentary Rocks - Theory 

The reservoir quality of sedimentary rocks is closely related to diagenesis, a process 
involving post-depositional alteration of freshly deposited sediments. Rock properties 
such as porosity, permeability, pore-size distribution, reservoir heterogeneity and spatial 
correlation can be the product of diagenetic modification of original properties. One of 
the most important mechanisms of diagenetic processes is the chemical reaction between 
minerals and migrating fluids.  Fluid-mineral reaction is a dynamic process that involves 
many effects: complex fluid flow, pore space evolution, surface chemistry, and 
mineralogy. We have developed a simple precipitation / dissolution (PD) model for the 
flow in a finite parallel plate, which represents a single fracture. The general idea behind 
the model is to approximate the description of the variable fracture aperture, surface 
reaction, and diffusion by a set of parameters and simple rules governing the alteration of 
fractures. Fracture aperture can either grow or shrink as chemical reaction proceeds at the 
fracture surface. In this study, we solve mass conservation equations for the species of 
aqueous and solid phases simultaneously and show the fracture aperture size distribution 
with time. Calcite cementation is mainly considered as precipitation.  

Quartz Cementation of Sandstone and Associated Fractures 

In addition to depositional fabric and near-surface and mechanical processes, the 
interactions of organic and inorganic components control mineral reactions during 
diagenesis. These physical and chemical processes provide a mechanistic explanation of 
why the diagenetic sequence shown in Table 4.2 is so common in sandstones that have 
undergone progressive and continuous burial diagenesis (Surdam et al., 1989). 

Table 4.2. Schematic of diagenetic mineral reactions and zones 

Shallow Burial 
(sediment/water interface ~ 80°C) 

Intermediate Burial 
(80°C ~ 140°C) 

Deep Burial 
(140°C +) 

Compaction  
Carbonate Cementation 
- Calcite 
- Siderite 
- Dolomite 
Clay 
- Infiltration 
- Hydration/Reprecipitation 
- Bioturbation 
Silica cementation 
Kaolinite precipitation 

Smectite - illite 
Dissolution 
- Carbonate 
- Feldspar 
- Lithic fragments 
Albitization 
K-feldspar overgrowths 
Precipitation 
- Kaolinite 
- Illite 
- Quartz 

Dissolution 
- Ferroan carbonate 
- K-feldspar 
- Anhydrite 
- Aluminosilicates 
Precipitation 
- Pyrite 
- Illite 
- Quartz 
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Porosity of quartz-rich sandstone, which is the most common sandstone reservoir type, is 
mainly controlled by two classes of diagenetic processes: compaction and quartz 
cementation. Lander and Walderhaug (1999) presented the porosity prediction model in 
sandstone where the porosity is dominantly controlled by compaction and quartz 
cementation. Their porosity prediction is directly comparable to petrographically 
determined intergranular porosity. 
 
Quartz cementation may occur from coupled cementation and compaction arising from 
pervasive intergranular pressure solution, precipitation of quartz cements from cooling 
fluids, and diffusion-controlled derivation of quartz cementation from nearby shales 
(Walderhaug, 1996).  The kinetics of quartz precipitation and the surface area available 
for quartz cement growth are the essential elements of the quartz cementation model. The 
cementation rate per surface area has been shown empirically to be a function of 
temperature (Walderhaug, 1994): 
 

bTar 10=  

 
where a is the quartz precipitation rate pre-exponential constant [mol/cm2 s], b is the 
quartz precipitation rate exponential constant [°C-1], and T is temperature [°C]. When the 
temperature history of a sandstone is given as linear functions of time, as is typically the 
case for existing basin modeling systems, T can be replaced by T = cnt + dn. cn is heating 
rate [°C / s], dn is the initial temperature [°C], and the index n refers to the relevant 
segment of the temperature history curve. 
 
Dissolved silica is considered to be the source from quartz dissolution at the individual 
quartz grain contacts containing clay or mica, and diffuses short distances to the sites of 
the precipitation on clean quartz surfaces (Walderhaug, 1996). After the quartz 
cementation starts, the compactional porosity loss is typically minor, and the porosity loss 
within the modeled sandstone volume is therefore considered to be equal to the volume of 
the precipitated quartz cement. 
 
Common minerals, dissolved or precipitated in an aqueous phase can be grouped into 
those that are relatively reactive or inert in that their dissolution or precipitation rate are 
fast or slow respectively, relative to the flow rate of the aqueous phase (Nordstrom and 
Munoz, 1994).  Berner (1978) has outlined the consequences of variations in mineral 
solubility reaction rates relative to flow rate of the fluid in which the minerals are 
reacting. Minerals can be further grouped in terms of simple stoichiometry and complex 
stoichiometry. Those minerals with complex stoichiometry are much less likely to reach 
the solubility equilibrium than those with simple stoichiometry. For example, it is well 
known that simple ionic solids with high solubilities (such as halite, mirabilite, and 
carnallite) will reach solubility equilibrium more easily than complex solids with much 
covalent character and low solubility. The quartz cementation is characterized as an inert 
reaction  (Nordstrom and Munoz, 1994).  Since calcite is a reactive mineral and has 
simple stoichiometry, it is considered as an example of water-rock reaction problem in 
this study. 
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Carbonate Structural Diagenesis  

Generally, diagenesis of carbonate rocks includes all the processes on the sediments after 
their initial deposition. High temperatures and pressures at the subsurface create minerals 
and structures by metamorphism. It is recognized that physical, chemical, and organic 
processes begin acting on carbonate sediments after their deposition and have an 
influence in the mineralogy and structures. Diagenesis typically changes porosity, 
permeability and capillary pressure characteristics. The porosity of modern sediments 
varies from 40 to 70% and the porosity of carbonate reservoirs in the USA ranges from 9 
to 17% (Schmoker et al., 1985).  The permeability of carbonate reservoirs is also reduced 
with porosity. Therefore, an understanding of diagenetic processes is important for 
carbonate reservoir characterization as well as for understanding precipitation of calcite 
and related phases in siliciclastic rocks, where they are know to be responsible for sealing 
large fractures (Laubach et al., 2000). 
 
Early cementation processes require fluid flow to import calcium and carbonate into the 
system, but the fluid flow is closely tied to the depositional environment through 
permeability. Late or burial cementation may occur by chemical compaction and thus be 
linked to a depositional environment, or it may require regional transport of ions by 
groundwater. The interpretation of the diagenetic history of a carbonate rock may 
contribute significantly to our understanding of the environment of deposition of the 
sediment and other various environments, which has been subjected to following 
deposition. In this sense, it is possible to generalize that the composition of subsurface 
fluid and the flowrate are the prime determinants in diagenesis. Thus the interpretation of 
the diagenetic history of a carbonate rock is an interpretation of fluid flow history. For 
example, the presence of vugs in a carbonate rock implies that water of markedly 
different composition has moved through the rock in large volumes. Many significant 
advances of diagenetic processes have resulted from chemical studies of the sedimentary 
material and the reactions that occur between these materials and groundwater. Here, 
cementation of calcite is the major process that we study. 

Issues of Supply and Delivery of CaCO3 for Cementation 

The source of the calcium and carbonate ions required for continued cementation are (1) 
grain dissolution associated with chemical compaction, (2) dissolution of unstable 
minerals such as aragonite, and (3) long distance transport of ions by groundwater flow 
(Lucia, 1999).  Common burial cement fabrics are equant calcite spar and syntaxial 
overgrowths as shown in Figure 4.3. Equant cements are often unevenly distributed 
throughout the rock, producing a small-scale heterogeneity that may explain some small-
scale permeability variability. Syntaxial cements are overgrowths on grains that are 
composed of a single calcite crystal.  
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(a) Equant of blocky sparry cement        (b) Syntaxial or overgrowth cement 
Figure 4.3: Common calcite cement textures (from Lucia, 1999). 

Two petrographic facts make the problem of identifying the source of the CaCO3 
difficult. The first is that many limestones normally show scant evidence of pervasive 
compaction, although evidence of spaced dissolution surfaces (stylolites) may be 
widespread. The second fact is the known high porosity of unconsolidated recent 
carbonate sediments, ranging commonly from 40 to 70%.  Those facts indicate that 
cementation can begin early, before compaction, and that a large amount of CaCO3 may 
be carried into the sediment from outside.  
 
In general, the content of CaCO3 in aqueous solution in porous media is unlikely to 
exceed 0.05 [g/l] for near-surface water containing CO2 at 25 °C (Krauskopf, 1967).  
Therefore we can say that 54,000 pore volume of solution will be needed to fill a pore 
volume with calcite cement (specific gravity = 2.7), even if all the CaCO3 in the solution 
is assumed to be precipitated. Clearly, only a small fraction of the CaCO3 is precipitated 
from the formation fluid. Dunham (1969) put a probable figure of 10,000 pore volumes 
of solution to yield one fully cemented pore assuming that the process is fully efficient 
and all CaCO3 is precipitated. Therefore the actual number of pore volume is much higher 
than 10,000 and the complete process would take a hundreds of thousands of years. 

Cementation of Carbonate Minerals 

Cementation in carbonate rocks normally refers to the growth of crystals into a void 
space from carbonate rock surfaces. The new crystal occupies space that formerly was 
occupied by fluid. The composition of the carbonate cements depends on the composition 
of the fluid from which the crystals grow. In general, when the cementing crystals grow 
from seawater or a similar solution, aragonite and sometimes high-magnesium calcite 
form, which are unstable minerals and are replaced by the stable form. Aragonite, for 
example, can be precipitated from seawater, but it is unstable at the Earth’s surface 
temperature and pressure, and can persist metastably because of kinetic reasons. This can 
be explained by the difference of Gibbs free energy that indicates the reaction should 
proceed from aragonite to calcite at standard condition (Morse and Machenzie, 1990).  
When the cement grows from a freshwater solution, calcite forms.  
 
A characteristic of all cements is that they propagate from pore walls into pore space and 
therefore reduce pore size as they grow. In the case of uniformly distributed cement, the 
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pore size is reduced in proportion to the amount of cement precipitated as shown in Fig. 
4.4 (Lucia, 1999).  Evenly distributed cementation from A to B as in Fig. 4.4 follows 
same slope in permeability vs. porosity plot. Therefore, cementation makes capillary 
pressure curve stiffer. The reduction in pore size accounts for the observed systematic 
changes in permeability and capillary pressure with changes in interparticle porosity. 

 

Fig. 4.4: Change in permeability and capillary properties with decreasing porosity resulting from occlusion 
of intergrain pore space. As 20\% intergrain pore space in sample A is reduced by cementation to 7\% in 
sample B, permeability is systematically reduced and the shape of the capillary pressure curve is 
systematically changed to reflect smaller pore sizes (from Lucia, 1999). 

Unevenly distributed calcite cement will produce small-scale heterogeneity. The total 
porosity of the sample will be reduced, but the porosity and pore size of the noncemented 
portions will remain unchanged. Because permeability and capillary pressure are 
principally functions of pore size, unevenly distributed cementation will make them less 
than they would be if the same volume of cement were evenly distributed. 
 
We assume that an undersaturated solution takes up CaCO3 from one place and, after 
moving through porous sediment, becomes supersaturated and loses CaCO3 as 
precipitated cement. Because of the slow movement of the formation fluid within rock 
matrix, equilibrium is almost completely reached between the surfaces of the particles 
and the solution. The rate of reaction at the particle surface is relatively fast compared 
with flow transport in porous media (Weyl, 1958).  Experimental results showed that the 
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limiting factor of reaction is the rate of transport of ions by diffusion and convection 
away from the dissolving surface. The importance of the rate of diffusion in controlling 
the rate of precipitation of CaCO3 was also noted by Hasson et al. (1968) in their study of 
the growth of CaCO3 scale in the water pipes of industrial heat exchangers. 

3.2. Geomechanical Analysis of Fracture Network Attributes  

Adding Diagenesis to Fracture Mechanics 

Aside from the phenomenon of subcritical crack propagation (Atkinson, 1984), the 
potential for diagenetic reactions in fractures to influence fracture mechanics has not been 
widely appreciated. For example, the topic is not addressed in three relatively recent 
reviews (Hancock, 1985; Pollard and Aydin, 1988; National Research Council, 1996). 
Another review (Engelder and Fischer, 1996) focuses on subcritical crack propagation 
but does not consider the effects of cement precipitation in and around growing fractures. 
Yet recent advances in diagenetic modeling based on the concept that rock surface area is 
fundamental in controlling the progress of diagenetic reactions (Lander and Walderhaug, 
1999) have obvious implications for a process like fracturing, which progressively 
produces new surface area within the rock mass. 
 
Linked structure and diagenesis models provide insight into how fracture growth interacts 
with cementation (Lander, 2001). Preliminary application of such coupled models has 
reproduced fracture structures and correctly predicted fluid-inclusion temperatures in 
fractures. These coupled diagenetic and fracture models show, for example, that fractures 
may grow in rocks considerably less cemented at the start of fracture growth than at the 
end. One consequence is that for a particular burial history fractures above a certain size 
may retain porosity despite sealing of smaller fractures (Lander, 2001), as is observed. 
Modeled fractures began to grow in sandstones having ~5 percent quartz cement and 
nearly 30 percent porosity, yet the final open, cement-lined fractures (in both model and 
natural example) are in sandstone having more than 20 percent quartz cement and less 
than 10 percent porosity.  
 
This is consistent with observations that show fractures in porous, slightly cemented 
sandstones break predominantly around grains rather than across them (Laubach, 1988). 
Large apertures and high aperture-to-height ratios of these fractures (Laubach, 1989) are 
consistent with fracture of slightly cemented rock having extensive non-elastic wall rock 
deformation. 
 
Textural patterns indicate a progressive evolution from crack-seal to euhedral growth of 
quartz for those fractures that grew large enough to remain open. Because aperture size 
distributions for these fractures follow power laws (Marrett et al, 1999 and unpublished) 
rather than negative-exponential distributions, textures and size patterns may be 
compatible with positive feedback and increasing rapid growth of large fractures (Clark 
et al., 1995). Small fractures, below the emergent threshold, contain most fracture surface 
area (Marrett, 1996) and sequester most of synkinematic cement deposited in fractures. 
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In light of the kinematic evidence from crack-seal texture and diagenetic models that 
imply that rock properties and fracture systems evolve together, comprehensive models 
of fracture systems need to incorporate temporally evolving rock and fracture properties 
that reflect both mechanical and chemical processes.   

Fracture Spatial Arrangement 

A common attribute of opening mode fractures (Pollard and Aydin, 1988) in sedimentary 
rock sequences is that observed fracture spacing is proportional to layer thickness (Bai 
and Pollard, 2000b; Narr and Suppe, 1991; Wu and Pollard, 1994).  Two dimensional, 
plane-strain, static analysis demonstrates how the stress relief around a pre-existing crack 
can create a propagation "exclusion" zone (Pollard and Segall, 1987).  Olson (1993) 
showed how this stress shielding can develop in an areal sense as multiple fractures grow 
in length and their stress shadows overlap, diminishing the stress available for additional 
parallel fractures to grow.  Recent work (Bai and Pollard, 2000b) has shown that in well-
bonded, layered materials under crack-normal, extensional loading, the crack-normal 
stress between closely spaced, parallel fractures (spacing ≤ layer thickness) actually 
becomes compressive (Figure 5.1).   
 

This surprising result dictates that increasing the remotely applied extensional strain will 
not promote the propagation of additional cracks between the pre-existing ones, but will 
only cause the existing cracks to open more to accommodate the added extension.  Thus, 
a minimum spacing approximately equal to layer thickness is expected for parallel, 
equally-spaced opening-mode fractures, and such a fracture set is termed "saturated," as 
there is no room for additional fractures to grow (Rives et al., 1992; Wu and Pollard, 
1994).   

 
Fig. 5.1.  A three-layer composite, where the middle layer is fractured.  When fracture spacing becomes 
less than or equal to layer thickenss (saturated spacing), the static 2-d analysis shows that the stress in the 
region between the fractures (σxx) becomes compressive, no matter how large the applied extension  (εxx) 
perpendicular to the fractures (Bai and Pollard, 2000a). 

 

This well-established stress relief analysis explains much of what is observed in fracture 
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patterns in rock and other layered materials, but it cannot explain fracture swarms or 
other situations where local fracture spacing is significantly less than layer thickness 
(Figure 5.2).  Bai and Pollard (2000) proposed that fracture spacing closer than bed 
thickness can be attributed to the vertical growth of flaws located near the intersection of 
fractures with layer boundaries.  Their model predicted a minimum spacing to layer 
thickness ratio of ~0.3.  This work describes an analogous model except that lateral 
fracture growth (along the bed rather than vertically through it) is taken as the main 
fracture propagation mechanism, and the time history of growth of all fractures from the 
flaw size to macro-scale is explicitly modeled using a subcritical crack growth model.  
The model addresses the mechanics of fracture swarms (and other closely spaced 
fractures) and shows how subcritical crack growth properties can be used to predict 
swarm occurrence.  This incorporation of time-dependent crack propagation and 
additional three-dimensional effects can explain a wide range of fracture spacing 
distributions, as well as predict whether minimum fracture spacing will be equal to or less 
than mechanical layer thickness based on a measurable rock property, the subcritical 
fracture index.    

 
Fig. 5 2.  Examples of fractures in rock with spacing much less than layer thickenss.  A)  Regularly-spaced 
joints in Devonian shale where the average spacing, s, is less than 1/3 the minimum fracture height, h.  B)  
A fracture cluster where three to five long fractures lie within a 20 cm wide zone.  The inter-cluster spacing 
is approximately 10 meters, which is also the thickness of the fractured layer. 

Fracture Propagation in Layered Rocks 

A model has been constructed that simulates lateral fracture propagation along a layer 
assuming the fractures have already propagated vertically across the layer from top to 
bottom.  This treatment of lateral propagation is crucial to understanding fracturing in 
mechanically layered materials, as the shortest dimension of fractures in layered material 
will be their vertical (or layer-perpendicular) extent or height (Olson, 1993).  
Consequently, most of the fracture propagation in bedded rock involves increasing the 
lateral dimension of the fracture (length as measured along the layer).  Figure 5.3 depicts 
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a roadcut example of fractured, interbedded sandstone and shale.  The photograph depicts 
the vertical outcrop face, which is a composite surface made up of coplanar but non-
continuous fracture segments.  The central brittle sandstone bed is bounded by thin, more 
ductile shale layers.  The plumose structure on the fracture can be used to determine that 
the fracture in this bed propagated from right to left, and was bounded in its propagation 
between the shale stringers indicated in the figure (Kulander and Dean, 1995).  The 
fracture breached the entire layer thickness early in its growth history, and most of the 
subsequent propagation involved increasing the fracture length (lateral propagation), 
resulting in a fracture length that greatly exceeds the height.  A two-dimensional, cross-
sectional analysis (which would be done in the x-z plane) would be inadequate for 
analyzing the more dominant lateral fracture propagation along the y-direction.  Only 
propagation in the vertical (z) direction can be adequately represented in such a cross-
sectional geometry.  However, as suggested above, height growth is early-time behavior 
that is only a small part of fracture network development.   

 
Fig. 5.3.  Three dimensional representation of a fractured exposure illustrating evidence of fracture growth 
direction and mechanics.  The sandstone beds are separated by thin shale stringers that stopped the vertical 
growth of the fractures (see middle sandstone with 10 cm scale).  The plumose markings on the fracture 
surface for the middle bed indicate the fracture grew from right to left, reaching a length many times the 
height, indicating the dominance of lateral versus vertical fracture propagation.  
 
A more appropriate geometric configuration for modeling this type of fracture 
propagation analysis is to look at the x-y plane, capturing the sequence of lateral 
propagation and fracture interaction.   The conceptual framework of the fracture 
propagation model presented here assumes that the initial starter flaws in a layer already 
extend across the full thickness of the layer, and the modeled propagation is the addition 
of fracture length caused by some manner of extensional loading.  This model is similar 
to previous work by Olson (1993) and Renshaw and Pollard (1994) except for the fact 
that it represents the three-dimensional effects of fracture height contained by bed 
thickness. 
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Subcritical Crack Growth 

In order to analyze the simultaneous propagation of multiple fractures, both a failure 
criterion and a propagation velocity model are required.  Brittle fracture strength is 
influenced by environmental factors such as relative humidity and chemical reactivity 
that can weaken the bonds between material grains (Atkinson, 1984; Swanson, 1984).  
For instance, most rock and ceramic material exhibit maximum fracture resistance 
(termed critical fracture toughness) when tested in a vacuum, and that strength is 
significantly reduced in the presence of water or water vapor.  Fracture propagation under 
critical conditions is catastrophic and occurs at velocities comparable to the elastic wave 
speed of the material (Lawn and Wilshaw, 1975).  Fracture propagation below the critical 
toughness, termed subcritical crack propagation, occurs at lower stress levels and much 
lower velocities.  A useful attribute of subcritical crack growth is that propagation 
velocity, v, can be related to opening mode stress intensity at the crack tip, KI, with an 
empirically quantifiable, power-law relationship (Atkinson, 1984; Swanson, 1984; Olson, 
1993),  
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where KIc is the critical fracture toughness, n is the subcritical index, and A is a 
proportionality constant.  The power-law exponent, n, can vary widely depending on 
environmental conditions (such as dry versus wet) and rock type.  Reported values for 
carbonates and sandstones vary from 20 or less for tests done in water to greater than 100 
under dry conditions (Atkinson and Meredith, 1987; Holder et al., 2001). 

Fracture Propagation Model 

Two dimensional, plane strain modeling of the development of fracture networks utilizing 
subcritical crack growth conditions has shown that the value of the subcritical index, n, 
exerts a strong influence on the spatial arrangement and length distribution of fractures 
(Segall, 1984; Olson, 1993; Renshaw and Pollard, 1994).  Results in Olson (1993) 
demonstrated how subcritical index controls fracture spacing to bed thickness ratio when 
modeling vertical fracture propagation across a bed under plane strain conditions.  A very 
low subcritical index (n=1) garnered a spacing to bed thickness ratio of 0.25, while a 
higher index (n=15) resulted in a spacing/thickness ratio of 0.875.  The Olson (1993) 
numerical results also demonstrated a mechanism for fracture cluster growth that had 
been postulated for joints in sandstone by Dyer (1983).  The idea is that a propagating 
joint causes the stresses ahead of the tip to be more tensile, promoting the growth of 
nearby fractures in a manner similar to the process zone often observed around igneous 
dikes, where the intensity of dike-parallel joints is found to be very high close to the dike 
(Delaney et al., 1986; Pollard, 1987).  The new, three dimensional simulations presented 
here more clearly delineate how variation in the subcritical parameter n can determine 
whether the fracture pattern will exhibit  clustered or more regular spacing.  We also 
show, contrary to previous theorizations (Olson, 1993; Renshaw and Pollard, 1994), that 
fracture pattern development at very high subcritical index values (n > 40) can be 
materially different than results generated at moderately high subcritical index values (n 
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= 20). 
 
The simulations in this report were performed with a model modified from Olson (1993) 
which is based on the conceptual formulation for joint growth as postulated by Segall 
(1984) and implemented using the displacement discontinuity method of Crouch (1976).  
The fractures are represented by series of equi-length boundary elements.  Fracture 
pattern development is strongly influenced by the mechanical interaction between 
neighboring fractures throughout the fracture growth history.  The opening or shearing of 
one fracture perturbing the stress field acting of other fractures manifests this interaction.  
Mathematically, the normal stress acting on an ith fracture element ( i

nσ ) due to shearing 

and opening displacement discontinuities on the jth fracture element ( j
sD  and j

nD , 
respectively) can be given by the equation (modified after Crouch (1976)) 
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where ij
nsA  is the plane-strain, elastic influence coefficient giving the normal stress at 

element i due to a shear displacement discontinuity at element j, and ij
nnA  gives the 

normal stress at element j due to an opening displacement discontinuity at element j.   An 
analogous equation can be written for shear stresses.  The fundamental integral for 
determining the influence coefficients A is presented by (Crouch, 1976).  The difference 
here as compared to Olson (1993) and Crouch (1976) is the factor ijF , given by 
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where dij is the distance between the centers of elements i and j, and h is the fracture 
height (assumed equal to bed thickness).  This correction factor is modeled after the 
analytical equation for normal stress perpendicular to a vertical, plane-strain crack, where 
the infinite (out of plane) dimension is the fracture length (Pollard and Segall, 1987).  As 
dij gets large relative to h, Fij goes to zero, meaning fractures that are widely spaced 
relative to bed thickness have no mechanical influence on one another.   Thus, equation 
(3) is an approximate three-dimensional correction factor that asymptotically approaches 
1 at small d/h and approaches 0 at high d/h. 

Numerical Results 

The simulation results demonstrate the role of subcritical index, layer thickness, and 
initial flaw density on fracture spacing and length (Figure 5.4).  The initial set of  
simulations were run with 800 starter flaws, randomly located in a finite body with an x-
dimension of 24 meters, a y-dimension of 34 meters and a layer thickness of 8 meters.  To 
prevent unwanted edge effects between the propagating fractures and the boundaries of 
the finite body, initial flaws were excluded from a 2-meter thick border around the body 
perimeter, and subsequent growth was excluded from a slightly thinner 1-meter thick 
border.   Straight crack propagation was imposed to simplify calculations, but such 
geometry is reasonable if a strong horizontal stress anisotropy is assumed (Olson and 
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Pollard, 1989).  Crack growth was induced by a constant strain rate (2x10-20/s) extension 
in the y-direction of final magnitude 9x10-5.  (Because of the greater fracture propagation 
for the n=5 case, the simulations was run in a body of half the size with half the flaws and 
the same imposed strain to reduce computing time and memory requirements.  However, 
the loading conditions and flaw intensity were exactly the same.) 

 
Fig. 5.4.  Examples of subcritical fracture growth for various propagation indices.  A) n=5, B) n=20 and B) 
n=80.  All simulations started with the randomly located, parallel flaws, a layer thickness of 8.0 meters, and 
srain imposed by normal displacement, zero shear stress conditions at the top and bottom body boundaries, 
resulting in an ultimate strain perpendicular to the flaws of 9x10-5 at a strain rate of 2.0x10-20/s.  The 
boundary conditions on the right and left boundaries of the body have zero normal displacement and zero 
shear stress.  To reduce the computing burden for the n=5 case, a smaller representative body was 
simulated, changing all parameters appropriately to keep simulations equivalent.  The elastic properties of 
the rock were a Young’s modulus of 20 GPa and a Poisson’s ratio of 0.25. 
 
At the beginning of a simulation, the flaw with the highest stress intensity propagates 
first, and the magnitude of the propagation velocity contrast between the higher and 
lower stress intensity cracks is defined by the power-law relationship of equation 1.  
Previous work has shown that for very low subcritical index values (n < 10) (Olson, 
1993; Holder et al., 2001; Olson et al., 2001), many cracks propagate roughly at the same 
time and at the same velocity.  Even flaws that are initially close together relative to the 
layer thickness increase in length at a comparable rate, penetrating one another's 
propagation exclusion zones prior to the stress relief being fully developed.   Using n=5, 
a fracture pattern was generated having a wide distribution of fracture lengths and an 
average spacing much less than the bed thickness where spacing is highly irregular 
(Figure 5.4A).  Increasing the subcritical index to 20 significantly reduced the number of 
fractures that propagated and the amount of total fracture length created (Figure 5.4B), 
but more very long fractures grew.  The spacing became more regular and systematic.  
This pattern development was characterized by fractures that grew one at a time as a 
consequence of a large relative velocity contrast between fractures of even slightly 
different KI values as defined by equation 1.   
 
Finally, the subcritical index case of n=80 gave some surprising results (Figure 5.4B).  
Instead of resulting in just a more sparsely fractured version of the n=20 case, the 
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fracturing mechanism seemed to completely change to the growth of widely spaced 
fracture clusters.  There were again less fractures that propagated (a consistent result for 
increasing n), but because of the clustering, the spacing distribution had many small 
values.  Because of the very close spacing within clusters, there was an increase in 
fracture interaction that reduced the ability of a given fracture to reach great length, 
resulting in a pattern with fewer long fractures than the n=20 case.  This represents a 
reversal in trend - moving from very low to moderate subcritical index, the fracture 
lengths increase for the same external loading, but when moving from moderate to very 
high subcritical index, fracture lengths go back down (due to stronger clustering).   

 
Fig. 5.5.  Cumulative frequency diagram of fracture length for the patterns from Figure 5.4.  Each plot has a 
best-fit negative exponential curve with an R2 value to indicate goodness of fit. 
 
The fracture length and spacing data for Figure 5.4 are displayed in Figures 5.5 and 5.6.  
The change in fracture length distribution with changing subcritical index shows that the 
n=5 case is not that different from the n=20 case, but with n=80, there is a significant 
reduction in fracture lengths achieved (Figure 5.5).  The clustered nature of the fracture 
pattern at n=80 is the reason for this decrease in fracture lengths, as the stronger 
mechanical interaction within the cluster limits length development.  Another feature of 
the length distributions from these simulations is that the cumulative frequency is very 
well described by a negative exponential function.  This characteristic has been shown to 
be theoretically predicted if fracture length is limited by crack to crack mechanical 
interaction (Olson et al., 2001).   
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Fig. 5.6.  Cumulative frequency diagram of fracture spacing for the fracture patterns in Figure 5.4 based on 
a scanline at x=0.05 m. 
 
The cumulative frequency distribution of spacing values (Figure 5.6) shows that changing 
the subcritical index from n=5 to n=20 causes a significant increase in fracture spacing, 
changing the median value from 2 meters to almost 6 meters.  Although the data is too 
sparse to make definitive statistical statements, there is a small degree of clustering (very 
small spacings) for n=5 not present in the data for n=20.   It is the intermediate 
subcritical index values that are most likely to give the fracture spacing roughly 
proportional to bed thickness.  Since one fracture grows at a time at this subcritical index, 
each fracture can fully develop its stress shadow before neighboring fractures get a 
chance to compete for propagation energy, and the spacing scales with the size of the 
fully developed fracture’s stress perturbation (Pollard and Segall, 1987).  In the n=80 
case, spacing is bi-modal, with an average spacing of less than 0.5 meters within clusters 
and about 10 meters between clusters.     
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Fig. 5.7.  Fracture tracemaps for simulations. Numerical experiments run under similar conditions as those 
for Figure 5.4 except all cases have a subcritical index of 80, there are only 400 starter flaws instead of 800, 
and the bed thickness is varied from 2 to 4 to 8 meters. 
 

 
Fig. 5.8.  Cumulative frequency diagram of fracture length for the patterns of Figure 5.7.  Note that all three 
patterns have markedly similar length distributions. 
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Fig. 5.9.  Cumulative frequency diagram of fracture spacing for the fracture patterns in Figure 5.7 based on 
a scanline at x=0.05 m. 
 
Additional simulations were run to demonstrate the effects of varying bed thickness and 
initial flaw density (Figures 5.7 through 5.9).  These simulations were run only for the 
condition of n=80, under the same strain boundary conditions but with only half the 
initial flaw density (400 instead of 800 flaws) and with bed thickness varying from 2 to 8 
meters.  All of the trace maps show some degree of fracture clustering (Figure 5.7), but 
clustering is weakest for the thinnest bed (b=2 meters).  This is because of the limited 
mechanical interaction between fractures in thin beds when interaction is restricted to a 
distance proportional to fracture height.  As bed thickness increases, the mechanical 
interaction between fractures increases and clustering is more fully developed.  However, 
even though the trace maps for the different bed thickness cases look substantially 
different, the fracture length cumulative frequency data for all cases follow virtually the 
same exponential curve (Figure 5.8).  This suggests that subcritical index has a much 
stronger effect on length distribution than does bed thickness.  However, comparing the 
exponent for the negative exponential fit in Figure 5.8 (-0.3678) to the exponent for the 
n=80 case in Figure 5.5 (-1.011) shows that the initial flaw density has a very strong 
influence on fracture length distribution.  The steeper slope for the higher fracture density 
case (Figure 5.5) shows that more flaws cause additional length growth hindrance.  Even 
though both cases were run to the same final strain and had the same bed thickness (cases 
c800b8n80 and c400b8n80), the maximum length for the higher flaw density case is 5 
meters while for the lower density case it is almost 10 meters.  This strong dependence of 
length development on flaw density is similar to that found in Olson et al. (2001).   

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 2 4 6 8 10 12

Fracture Spacing, m

C
um

ul
at

iv
e 

Fr
eq

ue
nc

y 
   

 .
c400b2n80
c400b4n80
c400b8n80



 41

As evident in the tracemaps, the fracture spacing distributions are strongly affected by 
bed thickness, even though the fracture length distribution is relatively independent of it 
(Figure 5.9).  Conclusions based on this spacing data can only be qualitative as the 
limited extent of the body perpendicular to fracture strike makes for a rather sparse data 
set, particularly for the bed thickness of 8 case (the body is only 4 bed thicknesses long in 
the y-direction).  Also, the minimum fracture spacing value is an artifact of the minimum 
spacing of the grid on which the original flaws were laid out, but beyond these 
limitations, there are still some real differences that can be observed in the cumulative 
spacing frequency data.  The observation based on the tracemaps that the thin bed case is 
less clustered seems to be supported by the fact that the median spacing (spacing at a 
cumulative frequency of 0.5) of about 2 meters represents the spacing between clusters 
and not within clusters.  The spacing within clusters is represented by the cumulative 
frequency data above 0.75, where spacing is at the minimum possible value of 0.2 meters.  
Looking at the tracemap itself (Figure 5.7), it is evident that most of the fracture 
“clusters” are overlapped en echelon pairs of fractures.  Only rarely is there a cluster of 
three or more closely-spacing fractures. 
 
For both the 4 and 8 meter bed thickness cases (Figure 5.9), the median spacing appears 
to be the intra-cluster spacing, and this spacing within clusters becomes smaller with 
increasing bed thickness (1.1 m for b=4 m as compared to 0.4 m for b=8 m).  This 
decrease in minimum fracture spacing seems counter-intuitive at first, but reflects the 
stronger fracture clustering at greater bed thickness due to three-dimensional effects.  
Thicker beds allow for stronger mechanical crack interaction and more stress elevation in 
the crack tip region, causing the growth of more fractures in the “process zone” that 
ultimately leaves behind the fracture swarm.  The maximum spacing, conversely, which 
represents spacing between clusters, increases with increasing bed thickness, more 
consistent with traditional fracture spacing theories.   

Discussion of Clustering Mechanisms 

As mentioned earlier, the mechanism of fracture clustering can be likened to a process 
zone propagating across the body.  The reason for clustering to occur in the high 
subcritical index cases is related to the stress intensity factor values when propagation 
occurs.  Since fracture propagation velocities for the highest n value cases are initially 
very lower due to the power-law nature of equation 1, propagation is delayed in the high 
subcritical index case until more strain has accumulated.  Consequently, when fracture 
growth finally occurs, it is at higher stress intensity values that approach or exceed 
critical values.  Since stress scales linearly with stress intensity factor in the near tip 
region (Lawn and Wilshaw, 1975), the tensile stress perturbation around the crack tip is 
increased by high KI values and the propagation of flaws in the crack tip region is 
enhanced for high n cases.  The clusters or fracture swarms essentially record the 
movement of a process zone across the rock body, and because of the higher stress 
intensity factor values, the propagation mechanism is not subcritical but critical 
( IcI KK ≥ ).    This mechanism is similar to the process zone fracturing seen in dikes 
(Delaney et al., 1986; Pollard, 1987) and at the microscale around joints (Labuz et al., 
1987; Nolen-Hoeksema and Gordon, 1987). 
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Looking at the sequence of development of fracture aperture and stress intensity factor in 
a growing cluster helps illustrate the cluster growth mechanism.  Figure 5.10 shows the 
time sequence of fracture growth for the cluster located around y=8 meters from the 
n=80 case in Figure 5.4, mapping fracture opening at each boundary element in the 
simulation (fractures are made up of contiguous series of elements 0.1 meters in length) 
and stress intensity factor at every crack tip.  Fracture opening is represented by the 
diameter of the white circles located at each fracture patch center.   (Fracture aperture 
exaggeration is approximately 450 times – the maximum aperture in the final plot of the 
sequence, Figure 5.10H, is approximately 1.75 mm located at x=0 m, y=8.4 m).  The 
stress intensity factor is proportional to the diameter of the dark gray circles which are 
located at the center of every crack tip element.  The scale for stress intensity factor 
magnitude is the large, dark circle centered at (0,0) on each plot, whose size represents a 
stress intensity factor value of 10 MPa-m1/2. 
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Fig. 5.10.  Sequence of fracture aperture and stress intensity factor development for the cluster from Figure 
5.4 (case n=80) in the vicinity of y=8 m.  The circle centered at (0,0) is the scale for KI, showing the 
diameter appropriate for a value of 10 MPa-m1/2.  Each fracture segment modeled has an opening 
represented by a white circle with a proportionate diameter.  The fracture tip elements have a gray circle 
representing the magnitude of KI.  Frames A through H show the propagation of a cluster across the body, 
the stress shadow effects of growing fractures on other nearby fractures, and the tapered fracture opening 
shape approaching the crack tips for interacting fractures. 
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In Figure 5.10A, only a small amount of fracture growth has occurred, starting at the 
cracks with the largest initial KI values.  None of the cracks in the simulation have any 
visible fracture aperture except for the crack whose tips are indicated to have the highest 
KI on the plot.  After additional growth has occurred (Figure 5.10B), the fracture aperture 
for the main crack is clearly visible, and the KI values are rising for this main growing 
crack as well as for some of its close neighbors.  The fracture cluster growth (or the 
process zone) is well-developed by Figure 5.10C, where several cracks are propagating 
ahead of the left tip of the main crack.  It is interesting to note that the cracks in the 
cluster have elevated KI values at both tips, suggesting that they are both propagating out 
ahead of the main crack (to the left) as well as back toward it (to the right).  Eventually, 
the crack interaction of the overlapping en echelon crack tips will hinder growth of the 
clustered fractures toward the right and the main crack toward the left, causing arrest  at 
some tips and providing a limitation on length growth (Pollard et al., 1982; Olson and 
Pollard, 1989).   

 

Another aspect of crack interaction can be seen by comparing Figures 10 A and D.  While 
there is fracture propagation enhancement ahead of the tip of the main propagating 
cracks, there is propagation hindrance to either side of the main body of the crack as 
pointed out in the Figure 5.10D.  The propagation hindrance is exemplified by the 
diminished KI values of the pre-existing flaws in that area as compared to their initial 
state.  Further propagation of the fracture cluster completely across the body is shown in 
Figures 10 E through H.  Further development of the stress shadow or propagation 
suppression zone is evident, as well as the tapered, non-elliptical displacement profiles at 
the tips for many of the overlapping, en echelon fractures.  Although the fracture opening 
solution for a uniformly loaded, isolated crack predicts an elliptical opening distribution 
(Pollard and Segall, 1987), it has been shown that non-uniform loading or fracture 
interaction in a linear elastic model will modify this distribution (Olson and Pollard, 
1991; Pollard, 1976; Pollard, 1987).  Although non-elastic failure (as implied by cohesive 
crack tip models) will generate similar tapered displacement distributions in the neartip 
area (Cowie and Scholz, 1992; Vermilye and Scholz, 1995), such a mechanism is not 
required. 
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Fig. 5.11.  Comparison of the final fracture 
aperture distribution and tracemap of fractures 
that grew (left hand pair of images), showing that 
some fractures grow and then subsequently close 
or never reach an observable aperture. 

Fig. 5.12.  Rescaled versions of Figures 5.10A 
and 5.10H, emphasizing the heterogeneity of KI 
throughout the fractured body (right hand pair of 
images).

 
 
Comparing the final fracture aperture map with the trace map (Figure 5.11) show that not 
all fractures that propagate are left with an appreciable aperture at the end of the 
deformation cycle.  The figure clearly shows that although there are many fractures that 
propagated in the cluster (Figure 5.11B), there are a few dominant ones that have the 
largest aperture at the expense of their neighbors.  Comparing the initial state to the final 
state but increasing the scale of the KI values emphasizes the stress shadow or 
propagation suppression effects around an open fracture or cluster of fractures (Figure 
5.12).  This KI suppression extends almost 6 meters to either side of the open fracture 
zone (the bed thickness for this case was 8 meters).  Surprisingly, however, there is still 
some K1 left on the overlapped tips of the fractures within the cluster, a location where 
one would expect very strong stress shadow effects.  These non-trivial stress intensity 
values may be related to an overall weakening of the body due to the fracture zone that 
may enhance opening or propagation. 

Conclusions on Initial Geomechanical Models 

This work shows that spacing of fractures in layered, sedimentary rock depends not only 
on the static stress distribution around a fracture but also on fracturing dynamics and the 
three dimensional nature of lateral fracture propagation.  The two-dimensional, static 
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analysis of a layer cross-section implying a minimum fracture spacing approximately 
equal to layer thickness is only one end-member of fracture spacing behavior.  This 
relationship is reproduced in dynamic, pseudo-3d propagation simulations for materials 
with intermediate magnitude subcritical indices (n ≅ 20).  Another regime of propagation 
behavior exists for very low subcritical index materials (n ≅ 5), where fractures tend to 
have spacing that is very irregular and much less than bed thickness.  This spacing could 
be called clustered, but the clusters themselves are very close to one another relative to 
bed thickness.  Finally, at very high subcritical index (n ≅ 80), fracturing is also very 
clustered, but the clusters are very widely spaced and the fracture growth is actually 
critical.  These fracture swarms propagate like a process zone across a rock body.   
 

Although fracture height as constrained by bed thickness has an influence on fracture 
spacing, simulations show little impact of bed thickness on the cumulative frequency of 
fracture length.  The key parameters controlling fracture length development appear to be 
subcritical index and flaw density in the body.  Another unusual result related to bed 
thickness effects was found in the n=80 cases.  Although increasing bed thickness 
increased the maximum observed spacing between fractures for a given pattern, which 
seems to be consistent with stress shadow ideas, the median spacing of the distribution 
actually decreased as bed thickness was increased.  This behavior is attributed to the 
stronger mechanical crack interaction for larger bed thickness cases, causing more intense 
fracturing in the neartip region of a propagating crack.  For a thin bed, the zone of 
elevated stress is less well developed around the propagating crack tip, and thus fracture 
clusters are less significant and median spacing is broader. 
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4. CONCLUSION 

4.1. Summary 

In summary, progress by task is as follows: 
 
Task 1.  In the first year of this project, we made progress in the characterization of 
mineral infilling of natural fractures.  The main advancement in this regard was to 
recognize the strong interplay between diagenetic and mechanical processes. We 
identified two processes that control fracture porosity preservation and made a 
breakthrough in quantifying how one of these processes works. In the depth ranges where 
diagenesis occurs, the temperature and rate of fracture opening controls factor in whether 
a fracture is sealed, forms mineral bridges that preserve evidence of opening, or that is 
complete open albeit with a thin mineral lining. These processes in effect control the 
emergent threshold, so in addition to measuring emergent threshold, it may be possible to 
predict emergent threshold based on burial history and other information. We 
accomplished several firsts in documenting and quantifying these processes, including 
documenting the range of emergent threshold in several formations and quantifying the 
internal structures of crack-seal bridges in fractures. These results will be the basis for an 
appreciation of fracture opening and filling rates that go well beyond our original goals 
and that will continue to guide activities in task 2.    
 
Task 2.  We made progress on geochemical modeling of fracture infilling by focusing on 
the second of the two processes that we identified as sealing natural fractures because this 
second process, the precipitation of late cements in static fractures, is the main one 
responsible for sealing large fractures. Our theoretical analysis addressed the fundamental 
problem of calcite precipitation in a fracture. We have built a model for the deposition of 
calcite within a fracture.  The diagenetic processes of dissolution and partial cementation 
are key controls on the creation and distribution of natural fractures within hydrocarbon 
reservoirs.  
 
Task 3.  We tested a wide range of rocks, particularly sandstone using a key rock property 
test that has hitherto not been widely applied to sedimentary rocks, the subcritical crack 
index.  A major accomplishment in this first year has been to identify sample suites 
available in the core repository at the University of Texas that represent a wide range of 
diagenetic alteration and initial testing of these samples.  We have postulated a 
preliminary theoretical model for the control of grain and cement mineralogy on the 
subcritical fracture index, and established and tested a procedure for the mechanical 
testing and thin section description necessary to execute the project. 
 
Task 4.  The basis for the fluid flow simulations to be carried out in this part of the 
project is the adequate spatial characterization of fracture networks.  The topic that has 
been focused on first is the tendency of fracture sets to cluster into highly fracture zones 
that are often widely separated.  Our preliminary modeling work shows the extent of this 
clustering to be controlled by the subcritical fracture index of the material, the parameter 
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that we are measuring in our experimental work in Task 3.  In general, rocks with a low 
subcritical index (n<20) are expected to have irregularly spaced fractures with an average 
spacing less than layer thickness.  Intermediate values (20<n<40) result in regular 
fracture spacing that is roughly equal to layer thickness.  High values of subcritical index 
(n>40) result in strongly clustered fracture zones that are widely spaced. 

4.2. Technology Transfer 

Results of work to date have been transferred to the public via technical papers that have 
been published and or that are submitted and in review, and by technical presentations at 
professional meetings and specialized workshops we held. A listing of papers and key 
presentations is appended. We held a major review of progress on the project in June, 
2002, which was attended by representatives of more than a dozen companies.  

4.3. Plans for Next Research Steps 

In the context of the timetable described in our research plan (Table 7-1), we are ahead of 
schedule in several key areas. We have completed the observation verification of the 
emergent threshold, and in addition, as described in section 3, we now have a hypothesis 
for how this phenomenon arises. We have delineated two processes for fracture 
mineralization, identified the process that has the greatest impact on the large fractures 
that affect flow in petroleum reservoirs, and we have begun modeling of these processes. 
 

Table 7-1. List of Tasks and Timeline. 

 Year 1 Year 2 Year 3 
Task 1 - Observational verification of 
emergent threshold 

              

Task 2 - Geochemical investigation of 
fracture mineralization 

                   

Task 3 - Fracture mechanics testing and 
modeling 

             

Task 4 - Fluid flow analysis of fracture 
networks 

              

 
 
The results of Task 1 provide the observational framework for the testing the geochemical 
results from Task 2, and these tests are underway.  The fracture mechanics testing of Task 
3, as well as associated microstructural and diagenetic analysis of the samples, is well 
advanced.  Progress on Task 4 includes training on the code and preliminary fracture 
network results for use in the reservoir simulation code.  This work will continue in 
parallel with Task 3 until the end of the third year. 
 
With continued progress on each of our four tasks, we move toward an integrated fracture 
characterization methodology that will ultimately be applied through detailed reservoir 
simulation. 
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Abstract 
Observations of natural fractures in core or image logs 
typically give limited information on orientation, aperture and 
intensity.  Because of the sparseness of wellbore intersections 
of fractures, data analysis results in incomplete statistical 
characterization of the fracture population, leaving interwell 
characterization almost impossible.  Using basic fracture 
mechanics models and a novel core-testing technique, we 
propose that the fundamental shape of fracture parameter 
distributions can be predicted, and that there is a characteristic, 
quantifiable relationship between fracture length, spacing and 
aperture.    We have performed subcritical fracture growth 
tests on numerous core samples, using credit card sized 
specimens, demonstrating the ability to characterize fracture 
mechanics properties of rock on a bed by bed basis.  Using the 
subcritical index, a parameter that quantifies the relationship 
between natural fracture propagation velocity and tip loading 
conditions, we can predict the degree of fracture spacing 
regularity or clustering for a given reservoir bed.  This 
subcritical parameter, along with information on the number 
of initial natural flaws in a given rock type, allows us to 
quantify the expected length distribution of the fractures.  
Under many conditions, as verified from outcrop data, fracture 
length is theoretically expected to follow an exponential 
distribution.  Since natural fracture length is typically 
unobservable in subsurface data, we derive relationships that 
relate fracture length to aperture and spacing, both more 
readily measurable quantities.  With this information, matrix 

block size and fracture drainage continuity can be estimated 
for the purpose of flow simulation in a fractured reservoir. 

Introduction 
Direct characterization of fracture network attributes such 

as length, spacing, aperture, orientation and intensity from 
core or image logs is often difficult. Fractures are infrequently 
intersected by wells, and if fractures do intersect the wellbore 
they are rarely abundant enough to give a good representation 
of the fracture geometry.1  Due to sparseness of these data 
sets, various predictive schemes, based on geostatistics2,3 or 
geomechanical models,4,5,6 are used to estimate subsurface 
fracture attributes. 

There are two types of statistical approaches in modeling 
fracture network geometry7. The first approach addresses each 
fracture characteristic separately. Data for each attribute are 
gathered, and distributions are fit to the data. If not enough 
data are available, distributions published in literature are used 
(Table 1). This type of modeling is particularly useful to 
estimate the upper and lower bounds on reservoir response.  
However, lack of reservoir data often makes selecting a 
correct distribution difficult, thus leading to the use of outcrop 
data rather than wellbore data,8 which can sometimes be 
misleading.  Recent advances in using microcracks as proxies 
for larger scale fractures have improved the capability of 
getting pertinent subsurface data,9 circumventing some of the 
problems associated with data sparseness.   

The second statistical approach takes the statistical data for 
individual fracture attributes and also specifies their 
interdependence, describing the 3D fracture network as a 
whole.  The simplest model often used in petroleum 
applications is a network of three unbounded, mutually 
orthogonal fractures.10,11 However, there are many fracture 
characteristics and a seemingly limitless number of 
correlations between those parameters, although Dershowitz 
and Einstein7 argue that nature restricts the number of 
applicable models and only a few predominant models need to 
be defined.  Choosing among the possible models may require 
more fracture data than is available, and it may be difficult to 
determine a priori whether, for example, a fracture network is 
clustering or more uniformly distributed spatially. 

An alternative to geostatistical characterization is a 
geomechanics-based approach, where a physical 
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understanding of the fracturing process is combined with 
measurements of mechanical properties of rock to predict 
fracture network characteristics.  This process-oriented 
approach can also provide a theoretical basis for deciding what 
types of fracture attribute distributions are physically 
reasonable, and how attributes such as length, spacing and 
aperture are inter-related.5,6,12,13  The combined prediction of 
all fracture attributes is possible using geomechanics, and the 
mechanistic approach as postulated in this paper requires less 
direct fracture sampling than typical statistical methods. The 
subcritical fracture index, a rock parameter that can be 
measured from core samples, can be used to constrain the 
distributions of aperture, spacing and length.  Additional 
geological information, such as the strain, pore pressure and 
diagenetic history of the reservoir can provide further 
constraint on fracture network predictions. 

Fracture Mechanics Constraints on Fracture 
Network Properties 

Linear elastic fracture mechanics has been successfully 
applied to many geologic fracture problems.4,12,14-21  The 
parameters of particular interest for fractured reservoirs are 
fracture length, spacing, aperture and connectivity.  Each of 
these parameters can be addressed using mechanical analyses 
based on geologically-inferred or measured boundary 
conditions and rock properties.  We find that fracture length 
and spacing are both tied to the same mechanical property, the 
subcritical crack index, and that further analysis can relate 
fracture aperture to fracture length. 

 
Fracture Length. The analysis of mode I (opening mode), en 
echelon fracture arrays has shown that mechanical fracture 
interaction will influence a fracture’s stress intensity factor, 
KI.

4,22  The stress intensity factor for a uniformly loaded, 
isolated crack of length 2a is defined as23 

aK II πσ∆= ....................................................................(1) 

The mode I driving stress, Iσ∆ ,is defined as 

)( npI P σσ −=∆ .................................................................(2) 

where Pp is the pore pressure in the rock, and nσ  is the in situ 
stress resolved perpendicular to the crack.  The stress intensity 
factor is compared to the fracture toughness of a material, KIc,  
to determine crack propagation.  For critical crack 
propagation, IcI KK ≥ , but fractures in rock can also 

propagate subcritically ( IcI KK < ).  Fig. 1 shows the 
normalized stress intensity factor for the right (inner) tip of the 
left member of a two crack, en echelon array, as a function of 
overlap as the two cracks grow toward one another.  An 
overlap of –0.5 corresponds to zero length for the echelon 
segments, an overlap of 0 corresponds to each segment having 
a length of ½ the total array length, and an overlap of 0.5 
corresponds to each segment side by side with a length equal 
to the total array length.  The stress intensity factor for the en 
echelon crack is normalized by the stress intensity factor of an 

isolated crack of the same length with the same driving stress 
(Eq. 1).  As parallel, en echelon fractures approach one 
another and have just begun to overlap (overlap between -0.1 
and 0.02 in Fig. 1), mechanical interaction increases the stress 
intensity at the inner tips.  When the fracture tips pass one 
another and the overlap increases, the stress intensity is 
reduced at the inner tips, hindering propagation.  However, the 
outer tips experience a stress intensity increase (propagation 
enhancement), such that the outer tips are expected to grow 
while the inner tips arrest.  These interaction effects diminish 
as the fracture spacing increases relative to the fracture height, 
such that when spacing is equal to fracture height, the peak 
perturbation of the stress intensity factor is less than 20%. 

Based on the mechanical interaction behavior of nearby 
cracks, we developed a fracture length model for larger 
opening mode fractures (main cracks) propagating through a 
material with randomly distributed, parallel flaws (field 
cracks).  If the  propagating main crack passes within a critical 
spacing distance of a smaller field crack, the main crack 
propagation is arrested or captured at its overlapping inner tip, 
and propagation is transferred to the outer tip of the field 
crack.  Simulation results indicate that the critical spacing for 
main crack capture is approximately equal to ½ the field crack 
length.  The probability that a propagating main crack will be 
captured by a smaller field crack corresponds to the 
probability that a propagating crack will reach a particular 
length.  The more field cracks present in a rock, the less likely 
fractures are to achieve great length. 

We have quantified this fracture capture probability, and 
thus quantified the expected frequency distribution of fracture 
length.  The probability that a main crack with length 2a will 
be captured is equal to the probability that at least one field 
crack of length 2b will lie within its capture zone (Fig. 2).  
The capture zone is a rectangular region around the main 
crack with dimensions of crack length by 2 times the critical 
spacing (because the capture zone lies on both sides of the 
main crack), or 2a x 2b.  Assuming N field cracks are 
uniformly randomly distributed in a total area A, the 
probability, P’, that at least one field crack will lie within the 
capture zone of a propagating main crack of length 2a is equal 
to 1 minus the probability that no cracks reside in the capture 
zone, or 

N
A

baA
aP )

22
(1)('

×−
−= ................................................(3) 

The probability, P, of the main crack not being captured is  

NN
A
ab

A
baA

aPaP )
4

1()
22

()('1)( −=
×−

=−= ...........(4) 

Thus, the cumulative frequency of a fracture with length 
ax 2=  can be expressed as 

N
A
bx

xP )
2

1()( −= ...............................................................(5) 

Assuming area A is a square and the main crack of length x is 
prohibited from propagating out of the area of interest, the 
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maximum dimension possible for x is A  (or A ≥ x2).  Given 
also that field cracks are equivalent to flaws or microcracks 
and will always be much smaller than the propagating main 
crack ( 2b << x ), we can say  

122 <<≤
x
b

A
bx

 .....................................................................(6) 

Under these constraints, it can be shown that the cumulative 
frequency for fracture length is an exponential function of the 
form 

A
bNx

exP
2

)(
−

≈  .....................................................................(7) 

This is a significant result because it represents an 
independent, theoretical argument for why fracture length 
distributions should follow a particular shape, in this case a 
negative exponential.   

Further examination and verification of the exponential 
length distribution model (Eq. 7) was carried out with a 
numerical fracture propagation code.12,24  Natural fracture 
pattern development is simulated as subcritical crack growth 
under constant strain rate loading in a linear elastic material 
with constant, finite fracture height (pseudo-3d).  Cracks will 
grow in rock at subcritical stress intensity values (KI < KIc ) 
due to material weakening caused by corrosive pore fluids 
such as water,25,26 and these parameters can be quantified in 
the laboratory.27  The key to fracture pattern development is 
the propagation velocity, v, which can be described as a 
power-law of the form12,25 

n

Ic

I
K
K

CV 







= .......................................................................(8) 

where n is the subcritical index and C is a proportionality 
constant.  By definition, subcritical propagation requires 

IcI KK < , so the 1<
Ic

I
K

K  is always true.  Consequently, 

the higher the subcritical index, the lower the propagation 
velocity at a given stress intensity and the higher the velocity 
contrast between cracks with different stress intensity factors.  
Varying subcritical index affects the propagation velocity 
distribution in a growing fracture network, influencing the 
final length distribution12,21,28 as well as spacing and 
clustering.12,29   

To specifically address the validity of our analytical length 
distribution equation, we examined the effect of increasing the 
density of field cracks by running identical simulations in all 
aspects except the number of initial flaws (analogous to 
changing N in Eq. 7) and quantifying the final length 
distributions from the simulations with an exponential curve 
fit.  A representative subcritical index of 20 was used for each 
simulation, and only fractures that grew are including in the 
cumulative frequency plots (initial flaws that do not grow are 
excluded, although the flaws are plotted in the fracture trace 
maps of Fig. 5).   

As predicted by the analytical model, the exponential 
curve-fits to the numerical results show an increase in the 

exponent value (equivalent to 
A
bN2

) as the number of initial 

flaws increases (Fig. 3).  Normalizing the results to the 100 
crack simulation shows that the analytical model predicts 
exponent magnitude should have changed as  1 : 2 : 4, but the 
numerical results gave 1 : 1.3 : 1.9.  However, the exponential 
form of the length distribution still holds, and the principle 
that increased flaw density reduces the maximum possible 
fracture length for a given imposed deformation is affirmed.  
The discrepancy may derive from the more complex crack 
interaction for a large population of cracks as modeled in the 
numerical simulation rather than the idealized two en echelon 
fracture interaction used for analytical fracture capture 
expression. 

We also investigated the influence of subcritical index on 
the length distribution using 400 initial flaws.  Increasing the 
subcritical index from n=5 to n=20 causes a decrease in the 
exponent magnitude for the cumulative frequency curve from 
0.52 to 0.39, resulting in more longer fractures and less shorter 
ones for the higher n value (Fig. 4).  For n=20, the cumulative 
frequency approaches 1 at a length of just under 2 meters, 
while for n=5 the corresponding length is 0.3 meters.  The 
differences in lengths are also evident in the fracture trace 
maps for n=5 and n=20 as well (Fig. 5).   

Increasing the subcritical index from n=20 to n=40 
reverses the slope change of the length distribution, increasing 
the exponent magnitude of the cumulative frequency curve to 
1.11.  Using n=80 causes a further increase to 1.34.  The 
reason for this reversal in trends can partly be explained by 
looking at the trace maps of Fig. 5.  Where the plots for n=5 
and n=20 show a roughly uniform spatial distribution of 
fractures, the n=40 and n=80 case show very strong fracture 
clustering.  At high subcritical index, fractures are spatially 
arranged in widely-spaced zones of very closely-spaced, 
shorter fractures.  In the high subcritical index cases, since 
fracture propagation velocities are initially much lower, 
propagation is delayed until more strain has accumulated and 
growth consequently occurs at higher stress intensity values.  
These higher stress intensity values increase the tensile stress 
perturbation around the crack tip (in the near tip region, stress 
scales linearly with stress intensity factor),23 and the 
propagation of flaws in the crack tip region is  enhanced.  The 
clusters essentially  record the movement of a process zone 
across the rock body, and because of the higher stress intensity 
factor values, the propagation mechanism is not subcritical but 
critical ( IcI KK ≥ ).     

In addition to using a numerical code to test our analytical 
length distribution model, we have successfully compared the 
exponential model to fracture length data from outcrop for 
opening mode cracks at a variety of scales.  Published 
examples come from joints mapped in granite in the Sierra 
Nevada of California (Florence and Ward Lake outcrops),13,30 
microcracks imaged with SEM cathode-luminescence from 
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the Frontier sandstone of Oil Mountain, Wyoming,31,32 and 
dike segments mapped at Shiprock, New Mexico.33  In all 
cases, the length distributions have a negative exponential 
shape (Figs. 6 and 7), but the negative exponent magnitudes 
tend to be smaller (ranging from about –0.01 to –0.17) than 
those generated in the simulations (ranging from –0.1 to –1.5).  
The exception is the Oil Mountain microcrack data (Fig. 7), 
which has an extremely high magnitude exponent of negative 
136.  It is possible that natural rock is less flawed than we 
modeled, or more likely most flaws in rock are too small to 
impact the propagation of larger fractures.  In the numerical 
model the flaws are quite large, on the order of 0.2 m.  
Another factor that is important to consider is that fracture 
length is exceptionally difficult to quantify in the field because 
of the segmented nature of most natural fractures.13  
Depending on the detail level of the data collection, fracture 
length observations may overestimate the abundance of longer 
fractures by overlooking their segmented nature at smaller 
scales. 

 
Fracture Spacing.  As with fracture length, fracture spacing 
is significantly affected by variations in subcritical index 
(Figs. 5 and 8).  (The results are from the same 400 crack 
simulations used for the length discussion above, and we 
exclude flaws that have not propagated from the spacing 
analysis.)  The first overall spacing attribute is whether or not 
the fractures are clustered.  As mentioned above, the cases 
with subcritical indices of 40 and 80 show strong fracture 
clustering, while those with lower n do not.  The nominal 
correlation of fracture spacing with bed thickness (i.e. fracture 
height) is evident in the fracture pattern for the non-clustered 
cases of n ≤ 20, where the maximum spacing of 3.5 to 4 
meters is close to the bed thickness of 4 meters (Fig. 8).  
Increasing the subcritical index from 5 to 20 increases the 
median spacing (taken at a cumulative frequency of 0.5) from 
0.7 to 2.3 meters.  However, for the clustered cases, the 
median spacing goes back down, such that the median spacing 
for n=80 is 0.5 meters, which is less than that for any other 
case.  However, if fracture trace length were the measure of 
fracture intensity, the trace maps (Fig. 5) clearly show that the 
n=5 case is the most highly fractured. 

 
Relating Fracture Length to Aperture.  A theoretical model 
for fracture length distributions is important because fracture 
length is difficult to observe in core data.  Correlation of 
length with a more easily measured parameter would also be 
beneficial for fracture attribute determination.  One attribute 
just discussed is the spacing, which has been shown to behave 
similarly to fracture length as the subcritical index for the 
fracturing material is changed.  Another important flow related 
parameter that can be correlated with length is the aperture 
(fracture opening), more specifically the maximum aperture.  
For the simplified conditions of two-dimensional, plane-strain 
elasticity, maximum fracture aperture ( Iu∆ ) can be described 
as a linear function of fracture length (2a)  as 

( )a
E

u II 2
)1( 2ν

σ
−

∆=∆ .....................................................(9) 

where E is Young’s modulus and ν is Poisson’s ratio.  Eq. 9 
also requires that the crack is straight, uniformly loaded, and 
not interacting with its neighbors.  For a population of 
fractures of different length to show linear aperture to length 
scaling, all of those fractures must also be experiencing the 
same driving stress, Iσ∆ .  Since crack propagation is 
inherently unstable under constant stress loading (which is 
implied by constant driving stress), such conditions are 
unlikely to be long-lived in nature.  A better model, although 
still idealized, is to assume the driving stress varies from crack 
to crack to maintain a constant stress intensity factor, KI, equal 
to the rock’s fracture toughness, KIc, such that each crack is 
just at the point of propagation, where   

aKK IIIc πσ∆== .......................................................(10) 

Solving this expression for driving stress and substituting it 
into Eq. 9 results in a new aperture to length expression that 
predicts square-root instead of linear scaling.   
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ν )1(2 2−
=∆ ....................................................(11) 

A more illustrative expression is to describe the fracture 

aspect ratio,  
a
uI

2
∆

, as 

2
1)1(

2

2 −−
=

∆
a

E

K
a
u IcI

π

ν
....................................................(12) 

which shows that aspect ratio is expected to decrease with 
increasing fracture length.  This trend can be readily seen in 
examples of outcrop data, such as the Shiprock dike data 
described earlier as well as veins from other sandstone and 
granite outcrops.  The data depicted in Fig. 9 show a best-fit, 
power-law curve with a negative exponent of 0.6, which is 
very close to the inverse square-root relationship predicted in 
Eq. 12.  Further work is required to examine how fracture 
interaction and other effects influence aperture to length 
scaling, particularly the effects of limited fracture height.  
However, this simple analysis brings into question the validity 
of the linear scaling law and suggests sub-linear scaling may 
be a more reasonable model. 

Core-based Measurements of Fracture Mechanics 
Properties 

Geomechanical predictions of fracture attributes need 
some constraints to be used for subsurface reservoir 
characterization.  One parameter we have identified that 
strongly controls fracture pattern development is the 
subcritical crack index.  The laboratory measurement of 
subcritical crack behavior in rock is performed using the 
double torsion testing method.34,35  A large number of 
subcritical index measurements have been reported for a 
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variety of rock types,25 but few measurements have been made 
from subsurface reservoir rocks and no systematic studies of 
petrographic or diagenetic controls of subcritical crack 
propagation have been reported.27  In ongoing studies of 
natural fractures in sedimentary rock, we are carrying out 
suites of measurements on core and outcrop samples from 
several different formations in which there are known 
variations in petrographic properties such as porosity, 
mineralogy, and intergranular cement. Correlations between 
the subcritical index and petrographic properties are needed to 
predict mechanical properties where measurements are not 
available and to correct present-day measurements for the 
diagenetic changes that have occurred since the time of 
fracturing. 

Measurements on Austin Chalk and Clear Fork Dolomite 
core (both from Texas oil reservoirs) showed that different 
layers in the reservoir exhibited different subcritical indices, 
primarily related to rock type with a weak dependence on 
porosity, but some of the variation remains unexplained.27  
The corrosive effects of water on rock are expected to reduce 
subcritical indices,25 and this effect did show up in some of 
our testing.  The Austin Chalk had very high subcritical index 
values in dry tests (ranging from 95 to 125), while the Clear 
Fork had lower values (ranging from 20 to 85).  The Austin 
Chalk values were significantly reduced to the range of 20 to 
40 when tested in water, while the Clear Fork samples were 
unaffected.  A coating of oil on the grains of the Clear Fork 
samples is thought to have prevented the corrosive effects of 
water in those tests.  Since most subsurface rock is expected to 
be saturated with a fluid, the water-saturated test values are 
most appropriate for modeling natural fracture pattern 
development, but the Clear Fork results indicate that the 
presence of oil may have an impact. 

New tests have been performed on subsurface Dakota 
Formation sandstones and siltstones.  The depth profile of 
subcritical indices from dry tests for the Dakota reservoir 
appear to define five zones (Fig. 10) with n values ranging 
from 40 to 80.  The magnitude of variation in indices for 
depths less than 7,218 feet is probably not large enough to 
lead to major differences in natural fracture patterns at those 
depths, but the deeper zones should have significantly 
different patterns. 

Petrographic analysis has been carried out for the Dakota 
samples at 7 of the 12 depths for which the index 
measurements were carried out.  Primary porosity, framework 
grain mineralogy (predominantly quartz) and clay content 
(0.3% to 4%) were roughly the same for all samples.  The 
main variable between samples was cement type (quartz vs. 
dolomite) and cement volume. Limited testing results showed 
that the subcritical index increased with increasing quartz 
cement and decreasing dolomite cement (Fig. 11).  This 
behavior is consistent with observations from secondary 
electron and cathode-luminescence images acquired for two of 
the specimens.  These images showed that the subcritical 
crack propagation in our experiments was almost entirely 
intergranular, and hence most sensitive to cement between 

grains.  This dependence of subcritical index on quartz cement 
was also found for the earlier index and thin section 
measurements on samples from the two blocks of the quarry 
sandstone.27    

In summary, subcritical crack behavior appears to be 
sensitive to intergranular rock features, most notably the 
volume and character of cement and less importantly the total 
pore volume.  However, these preliminary observations are 
based on a very limited data set, and delineation of systematic 
correlations is complicated by the sample to sample variation 
of multiple petrographic properties.   

Discussion 
Although typical fractured reservoir simulation uses 

continuum models which cannot utilize very sophisticated 
fracture characterization, there are discrete models that 
provide alternative modeling capability.36-38  Nakashima et 
al.39 shows how systematic changes in length distribution 
affect fracture permeability, and Johns and Jalali-Yazdi36 
develop a well-test method with variable matrix block-size 
keyed to fracture length distributions.  These methods require 
detailed fracture network information such as that which can 
be generated with geomechanical models, and constraints 
from subsurface core measurements such as subcritical crack 
growth indices provide the potential to predict site-specific 
characterizations.   

Conclusions 
Fracture mechanics can be successfully used to constrain 

the attributes of natural fracture networks.  Based on 
mechanical fracture interaction, fracture length distributions 
are ideally expected to follow a negative exponential form.  
Numerical simulation and outcrop data affirm this conclusion.  
The length distribution is strongly affected by the initial 
density of flaws from which the fracture pattern develops and 
on the subcritical crack index for the rock that is fracturing.  
The subcritical crack index als o exerts a fundamental control 
on median fracture spacing as well as determining whether 
fractures will cluster or be more uniformly distributed.  
However, median spacing does not necessarily reflect the 
amount of fracture propagation that has occured in a rock.  For 
clustered fracture patterns that are fairly sparsely fractured, the 
median spacing is low because of the tight spacing within the 
cluster, even though clusters may be widely spaced.  Finally, 
accounting for the influence of fracture propagation criteria on 
fracture pattern development, fracture aperture is expected to 
ideally vary with the square-root of fracture length.   

Practical fractured reservoir characterization, however, 
requires more than theoretical constraints on fracture 
attributes.  Using the subcritical crack growth index as 
measured from core, more accurate fracture network 
prediction is possible on a site-specific basis. 

Nomenclature 
a = main crack half length, L, m 
b = field crack half length, L, m 
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n = subcritical crack growth index 
x = total fracture length, L, m 
A = area of uniformly distributed field cracks field 

cracks, L2, m2 
C = subcritical velocity constant 
E = Young’s modulus, m/Lt2, Pa 

KI = mode I stress intensity factor, m/t2 L , MPa- m  
KIc = fracture toughness or critical stress intensity factor, 

m/t2 L , MPa- m  
N  = number of uniformly distributed field cracks 
P’  = probability that at least one field crack will lie 

within the capture zone of a propagating main 
crack  

P   = cumulative frequency of a fracture of length x  
Pp = pore pressure, m/Lt2, MPa 
V = crack propagation velocity, L/t, m/s 
∆uI = maximum fracture aperture, L, m 
∆σI = mode I crack driving stress, m/Lt2, MPa 
π = pi 
σn = in situ normal stress perpendicular to crack, 

compression is positive, m/Lt2, MPa 
ν = Poisson’s ratio 
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Table 1: Examples of fracture distributions found in literature 

 
Distribution Length Spacing Aperture 
Negative  
exponential  

Panek, 198540; Miller, 199341; 
Bloomfield, 199642 

Rives et al., 19925; Gross 
and Engelder, 199543 

 

Exponential Rouleau and Gale, 198544 Baecher et al., 197845  
Log normal Baecher et al., 197845; 

Rouleau and Gale, 198544; 
Gale et al., 199146; Miller, 
199341; Deng et al., 199547; 
Bloomfield, 199642  

Rouleau and Gale, 198544; 
Gale et al., 199146; Rives et 
al., 19925; Miller, 199341; 
Gross and Engelder, 199543; 
Bloomfield, 199642 

Snow, 197048 

Power law Gudmundsson, 198749; 
Jamison, 199750; Odling, 
199751 

Barton and Zoback, 19928; 
Gross and Engelder, 199543 

Barton and Zoback, 19928; 
McCaffrey et al., 199452; 
Gross and Engelder, 199543; 
Marrett, 199753 
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Fig. 1.  Stress intensity factor variation for the inner tips of an en echelon fracture array with spacing to fracture height (bed thickness) 
ratios of 0.05, 0.25 and 1.0.  At an overlap of 0, the inner tips of the 2 en echelon segments are side by side (just starting to overlap).   
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Fig. 2.  A main crack of length 2a propagating through a region of field cracks of length 2b.  The capture zone increases in size as the 
main crack grows.  If a field crack is encountered in the capture zone of the main crack, propagation is arrested. 
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Fig. 3.  Fracture length distributions from numerical simulation as affected by changing number of initial flaws.  Total strain applied 
perpendicular to fracture trend was 4.4x10-5. 
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Fig. 4.  Fracture length distributions for a 400 flaw numerical simulation showing the impact of varying the subcritical index on 
results.  Total strain applied perpendicular to fracture trend was 5.6x10-5. 
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Fig. 5. Fracture trace maps for numerical propagation simulations of Fig. 4, using 400 initial flaws and using subcritical indices of 
n=5, 20, 40, and 80.  Each case used an identical crack-perpendicular extensional strain rate.  Note increasing fracture density with 
decreasing n, and fracture clustering n=40 and n=80 (n=10 case not shown). 
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Fig. 6.  Fracture length distributions from published data for 
joints, veins and dikes. 
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Fig. 7.  Fracture length distribution for microcracks measured 
using SEM, cathode luminescence images of outcrop samples 
of the Frontier sandstone at Oil Mountain, Wyoming. 
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Fig. 8.  Fracture spacing distributions from the simulations used for Figs. 4 and 5.  Note median spacing decreases as subcritical index 
decreases, in general, except for the high index cases of n=40 and n=80, where clustering is abundant. 
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Fig. 9.  Plot of fracture aspect ratio (maximum aperture divided by length) versus length for veins and dikes measured in outcrop. 
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Fig. 10.  Depth profile of subcritical crack index measurements 
in Dakota Formation core samples.  Error bars represent repeat 
measurements at the same depth. 
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Fig. 11.  Variation of subcritical crack index, n, with varying 
cement content in Dakota Formation core samples.   
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Predicting fracture length Predicting fracture length 
distributions and fracture clustering distributions and fracture clustering 

based on subcritical crack growthbased on subcritical crack growth

Jon OlsonJon Olson
Center for Petroleum and Geosystems EngineeringCenter for Petroleum and Geosystems Engineering

Fracture Pattern Morphology
Clustered
•spacing very small
•contrary to stress shadow
•spacing doesn't correlate 
with bed thickness?

Non-clustered (regular)
•consistent with stress shadow
•spacing ~ bed thickness
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Regularly Spaced Joint Set 
– Oil Mountain, Wyoming

Note:
• planarity
• spacing
• orientation
• cross-cutting 
relationships

Clustered Fractures – Oil Mtn
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Fracture Zones or Clusters

Comb Ridge, Utah Santa Barbara, CA

Static Analysis - Stress Shadow

0

1

2

3

4

5

0 2 4 6 8

Bed Thickness

Fr
ac

tu
re

 S
pa

ci
ng

Thickness = 2

Thickness = 4

Thickness = 6

new fracture location?

Spacing vs. Bed Thickness



The University of Texas at Austin
Fracture Research and Application Consortium

DOE Annual Report
DE-FC26-00BC15308

Jon E. Olson H-4

What does "stress shadow" concept lack?
• need to look at propagation dynamics
• how fast do cracks grow?
• how many cracks grow at a time?

“Critical Law” Crack Propagation

• Stress concentration at 
crack tip
– KI = (P-σmin) (π a)1/2

• Propagation when KI
exceeds toughness

• Catastrophic acceleration 
& propagation

σmin

P
2a

tip
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"Subcritical" Propagation Law

• Stress Intensity Criterion (pure mode I)
– KI

* < KI < KIc

• Propagation Velocity Rule
– v α (KI / KIc)n

v = propagation velocity
n = subcritical index
KIc = fracture toughness

Propagation Velocity vs. Stress Intensity Factor

lower n
•less velocity contrast
•more growth at low 
stress intensity

higher n
•more velocity contrast
•growth only at high 
stress intensity
•approaching critical
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Why Subcritical Crack Growth in Rock?

• indicative of rock weakening due to
– long term, low-level loading
– corrosive pore fluids (water)

• lack of dynamic propagation 
indications in rock (such as crack tip 
branching)

• modeling gives compelling results

Simulation Boundary Conditions

• Displacement control, 
uniaxial extension

• Lateral boundaries - zero 
normal disp, zero shear 
stress

• Randomly located starter 
cracks

• All fractures are vertical
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Subcritical index & network geometry
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n=80

n=5                                n=20                         n=80

•low n, spacing < bed thickness, early subcritical growth
•high n, widely spaced clusters, late critical growth

Fracture Clustering – Crack Tip 
Stress Elevation

• review n=80 simulation
– stress relief seen through crack tip 

stress intensity factor
– bubble plot shows aperture and 

stress intensity
• note high K1 around propagating 

tips
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•like a process zone
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KI suppressed
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Effect of SCC index on length distribution

• 400 flaws
• same BC's
• vary n from 

5 to 80
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Selected Field Data – Exponential Cumulative 
Frequency
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Thin section data

Exponential model

California K granite (Segall & Pollard) Oil Mtn. Wyoming, Frontier Ss (K)

Summary
• Size of stress shadow exerts basic control 

on spacing
• Propagation modeling suggests subcritical 

growth index, n, controls clustering and 
modifies spacing from simple bed thickness 
proportionality

• Fracture length distribution controlled by 
subcritical index (initial flaw density also 
important)

• Fracture model predicts exponential length 
distributions, consistent with field data
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Discussion
• does localized loading cause clusters, or do 

fractures self-organize?
• can you predict the presence of clustering?
• can you predict the location of a cluster?
• what mechanism controls length distributions –

does it have a distinctive, predictable shape?

Fracture Capture Model

• natural fractures propagate in rocks full of 
flaws

• fracture interaction between propagating 
(main) crack and flaws (field cracks) can 
capture propagating tip

• when field crack captures main crack, 
field crack continues propagation
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Main crack propagating through field cracks

Probability Equations
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Effect of flaw number on length distribution

• n=20
• 100, 200, 

and 400 
flaws

• same BC's
• more flaws 

reduce max 
length
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Fracture spacing and clustering

• increase n from 5 
to 20, median 
spacing increases

• n=40 and 80, 
median spacing 
goes down 
because of 
clustering

• maximum 
spacing increases 
smoothly from 
n=5 to 80
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Microcrack Data from Frontier Fm.
Oil Mtn, WY
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Change in Fracture Network with 
Subcritical Index

n=5
• small prop. velocity contrast
• many cracks grow at one time
• strong interaction, en echelon 

arrays = clusters?
• close spacing < bed thickness
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Change in Fracture Network with 
Subcritical Index

n=20
• large velocity contrast
• one crack grows at a time
• spacing ~ bed thickness

Change in Fracture Network with 
Subcritical Index

n=80
• late fracturing at high KI, 

transition to critical growth
• one cluster grows at a time
• clusters due to strong interaction in 

tip region
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Fractures & Diagenesis
-Steve Laubach & Jon Olson, University of Texas at Austin

PROBLEM - For the fluid flow, fracture length, 
height and spacing are not enough – must know 
OPEN aperture

OBSERVATION - Fracturing & diagenesis are 
intimately linked, contemporaneous processes

OUR PREMISE – knowing where fracturing occurs 
in the diagenetic history, we can predict fracture 
openness by looking only at pore space

Laubach, 1989, Journal of Structural Geology

Fracture Research & Application Consortium 2

of
The University

Texas
at Austin

My Biases as a Mechanics-Oriented, 
Structural Geologist

• All I need to know about diagenesis is whether the 
rock was brittle or ductile during fracturing

• Mineral-fill is deposited after the fracturing event 
is over

• Open fractures in the subsurface are those without 
mineralization, optimally-oriented with respect to 
the stress field
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Terminology

• Structural-diagenetic classification of cements in 
fractures and rock mass
– Prekinematic cement
– Synkinematic cement
– Postkinematic cement

• Emergent threshold
• Degradation

Fracture Research & Application Consortium 4

of
The University

Texas
at Austin

Prekinematic Cement
Precipitated Prior to Category I Fractures
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Synkinematic Cement & Emergent Threshold
Cements Contemporaneous with Fracture

Synkinematic cement

• completely fills 
fractures below 
emergent threshold

• partially fills larger 
aperture fractures

Fracture Research & Application Consortium 6

of
The University

Texas
at Austin

Postkinematic Cement
Leads to Degradation of Fractures Above E.T.
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Weber Sandstone, 
Rangely Field, Colorado

Synkinematic Quartz Cement
(SEM-cathodoluminescence)

euhedral quartz 
lining fracture

quartz grains

quartz cement 
filling porespace

Fracture Research & Application Consortium 8

of
The University

Texas
at Austin

Post-kinematic Calcite Cement
(transmitted light microscopy)

euhedral quartz 
lining fracture

quartz grains

calcite filling 
fracture

Weber Sandstone, 
Rangely Field, Colorado
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Postkinematic Cement
Leads to Degradation of Fractures Above E.T.

it may increase the kinematic aperture

Fracture Research & Application Consortium 10
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at Austin

Austin Chalk
Horizontal Core

Normal lateral
drill azimuth 135°

Oblique lateral
drill azimuth 264°

F F

F

wide bar on scale = 5mm

Open Fractures
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Bridged Open and Degraded Fractures
(transmitted light microscopy)

Synkinematic Quartz Bridge

Cody Ss, WY
Cotton Valley Ss, TX

Synkinematic Quartz Bridge
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Open mineralized fractures in subsurface

MWX Site –Mesa Verde Formation
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Application – Well Diagnosis, 
Interpreting Fracture Permeability
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Using Diagenesis to Diagnose 
Productive Fractures

• Two-well blind test in 
same sandstone
– Similar average porosity

• Engineering procedures 
identical

• Degradation identified 
zones with closed, open
fractures

• Producer, dry hole 
distinguished through 
degradation analysis

High degradation = Closed fractures

Producer        Dry Hole

Chevron Case Study Macrofractures
Sealed
Open
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DISCUSSION

• What is most important for keeping fractures open in 
subsurface?
– mineral bridges / synkinematic cement?
– stress state?
– mismatch / debris?

• Is there an emergent threshold?
• What closes fractures?

– post-kinematic cement?
– changes in effective stress?

Stowell, Laubach, Olson, In Press, DC Rocks
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Wolfcamp Fm., Val Verde Basin, West Texas

Open Fractures SHmax



 70

10. Appendix 2:  FRAC Technology Transfer Meeting 

The Fracture Research and Application Consortium is an industrial sponsors group the 

funds much of our research related to fractured reservoirs and provides much of the cost-

sharing for the DOE contract.  This group consists of 8 to 10 member companies 

(membership varies from year to year.  This appendix includes the handouts for the 

presentations made at this review meeting in February 2001.  The last set of slides (the 

last 8 pages) review this DOE project.  Representatives from the following companies 

attended this meeting:  BG Group, Chevron, Conoco, Devon Energy, Enron Global, 

Lariat Petroleum, YPF Repsol, Marathon, Japan National Oil Company, PEMEX, 

PDVSA, Petrobras, Total-Fina-Elf, Halliburton, and Schlumberger. 



Fracture Research & Application Consortium 
Department of Petroleum & Geosystems Engineering • Bureau of Economic Geology • Department of Geological Sciences 

The  Un ive rs i ty  o f  Texas  a t  Aus t in  
 

 

February 6, 2001 

Reference: Executive Summary 

Dear FRAC Member: 

On behalf of Randy Marrett, Jon Olson and the Fracture Research & Application Consortium team 
at UT, welcome to Austin. A few comments in summary of Today’s meeting. 
 
Our project has the goal of making a significant breakthrough in practical natural fracture prediction and 
evaluation. Since last year, there have been some notable advances toward this goal. Among the 
research highlights to be discussed at the meeting are the following. 
  
• We created the first regional-scale fracture attribute map based entirely on microstructure-based 

measurements (surrogates). This is a significant advance in the quest to overcome sampling 
limitations in fracture mapping. The map, based on our ‘degradation’ parameter, predicts the 
location of open fracture fairways in a sandstone gas play. Preliminary comparison with production 
data shows a remarkable agreement between fairway location and high production. 

 
• A breakthrough has been achieved in quantification of fracture spatial architecture.  This result has 

major implications for assessment of fracture permeability enhancement, seismic fracture 
characterization, and incorporation of fractures in reservoir flow simulators.  

 
• Significant progress is being made in deploying new rock property tests and testing equipment that 

provides critical information for geomechanical modeling. Subcritical crack index measurements 
will be essential to accurate pre-drill prediction of fracture attributes. Tests have been made on a 
variety of carbonate and siliciclastic rock types. 

 
• An important increase in our capability to modeling large arrays of fractures using fracture-

mechanics based methods has been achieved. Moreover, new modeling capability allows us to 
incorporate diagenetic effects in fracture growth. This--and new staff working on the project with 
expertise in quantitative diagenesis modeling--give us confidence that we will soon see significant 
advances in predictive modeling. 

 
• New projects that incorporate fractures in flow simulation are underway.   
 
In addition to this and other fundamental research, we are currently testing these methods in several 
case studies in collaboration with industry partners in our research sponsors group. Among the studies 
underway are efforts to map fracture attributes in the deep gas and oil plays of the western and eastern 
United States and in South America, in both siliciclastics and carbonates.  
 
Sincerely yours, 

Steve Laubach 
Senior Research Scientist 
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presented to

Austin, Texas
February 5 & 6, 2001
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2001 FRACTURE RESEARCH
Introduction Outline

• About FRAC
– Basics
– Objectives

• Highlights
• Information transfer

– Web site
– Application meeting & field trip

• Agenda
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The University of Texas at Austin
Fracture Research and Application Consortium

• Cooperative research program
– Department of Petroleum & Geosystems 

Engineering
– Department of Geological Sciences
– Bureau of Economic Geology
– Industry Members

About FRAC
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Basic Fracture Questions
FRAC Solutions

• What orientation are the 
fractures?

• Are the fractures open, 
closed?

• How large and abundant 
are fractures? Spacing? 
Swarms?

• Where are fractures?
– Stratigraphic, structural 

controls?

• Microfracture strike using 
oriented sidewall cores

• Degradation, emergent 
threshold

• Scaling & geomechanical 
modeling

• Geomechanical modeling, 
SCC tests, spatial scaling, 
fracture stratigraphy, 
seismic calibration
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Multidisciplinary FRAC Research 

• Essential program components
– Quantitative analysis of fracture populations
– Geomechanical modeling
– Experiments on Subcritical Crack Index
– Diagenesis, microstructure, & fracture porosity

• High-resolution microstructure imaging

• Case studies 
– Verify applications of research
– Collaborate with Members
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Conceptual Approach of FRAC

Production:
Reservoir
Simulation

Petrography
(Laubach)

Microfractures

Ge
om

ec
ha

ni
cs

(O
ls

on
)Scaling

(M
arrett)

Diagenesis

Exploration:
Risk

Assessment

Quality, Orientations, Timing,
Apertures, Lengths,
Spacings, Geometry

Macrofractures

Quantitative Quantitative 
Structural & Structural & 

Geomechanical Geomechanical 
DiagenesisDiagenesis
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Fracture Prediction & Evaluation System
For Discussion this Afternoon

Burial History

Rock Type 
Prediction

SCC Test 
Compendium

Diagenesis 
Prediction

SCC 
Prediction

Geomechanical Model

Fracture Prediction

Pre-Drill Prediction         Evaluation

Scaling & Microanalysis
Observations
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Fracture Prediction & Evaluation System
For Discussion this Afternoon

Geomechanical Model

Fracture Prediction

Pre-Drill Prediction Evaluation

Fracture Size Scaling

Fracture Quality

Micro-ImagingFracture Spatial Scaling

Orientation

Diagenesis
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Highlights 2001
On Winter Meeting Agenda

• Fracture quality maps
• New spatial architecture ideas
• Flow prediction 
• Carbonate fracture systems

– Lithologic controls
– Scaling & spatial distribution studies
– Imaging microstructure (poster)

• Progress on between-well prediction
– Subcritical crack index measurements
– Test, model, & scaling results into flow simulator
– Fracture sensitivity to stress
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Fracture Detection in Carbonates
Significant Progress

Fracture porosity

“Invisible” 
microfracture

Synkinematic 
dolomite

Panchromatic Scanned CL Image -- Ellenburger Sidewall Core Study

Oriented 
sidewall core, 
45+ yr old well
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FRAC Research Progress
Not on Winter 2001 Lecture Agenda

• Imaging microstructures in carbonate rocks
• Chemical analysis of fracture-sealing cements
• Modeling fracture sealing processes
• Calibrating seismic fracture detection using 

scaling, degradation, & microfracture data
• Case studies

– Integrated quality, orientation, scaling & rock testing with 
explicit permeability predictions--various sandstone & 
carbonate reservoirs
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2001 FRACTURE RESEARCH
REVIEW MEETING

• About FRAC
– Basics
– Objectives

• Highlights
• Information transfer

– Web site
– Application meeting & field trip

• Agenda
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2001 Information Transfer

• Website reports, images & slides
– Emphasis & level of effort to be discussed

• Application meeting
– Fall 2001
– Field trip options to be discussed

• Site visits
• Member suggestions

Fracture Research & Application Consortium 14
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Project Website
http://www.beg.utexas.edu/indassoc/fraccity/private/index.htm
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2001 Information Transfer

• Website reports, images & slides
– Emphasis & level of effort to be discussed

• Application meeting
– Fall 2001
– Field trip options to be discussed

• Site visits
• Member suggestions

Fracture Research & Application Consortium 16
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Agenda Research 2001
Feb 6 Morning Session

• Characterization/prediction
– Fairways of open fractures
– Spatial architecture-new concepts
– Flow predictions, horizontal wells
– Fractured carbonates
– Modeling & prediction: clustering & length
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Agenda Research 2001
Feb 6 Afternoon Session

• Fracture prediction & modeling
– Subcritical crack propagation tests
– Modeling initiative

• Fractures, fluid flow & SHmax orientations

• Discussion
– Results transfer & case studies

• Information transfer priorities/website
• Research needs/priorities

– Fracture fluid-flow prediction--new initiative

– Research directions
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Identification of Fracture Fairways
Using Regional Fracture Quality Maps

Progress Report

Austin, Texas
February 6, 2001

Steve Laubach

2001 FRACTURE RESEARCH
REVIEW MEETING
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What is ‘Fracture Quality’ and Why is it Important?

• Method to predict whether fractures are 
open or sealed

• Does not require observation of fractures
– Instead uses “surrogates”

• Data can be obtained from any rock 
sample

• Potential to identify fairways for 
conductive fractures via mapping
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The FRAC Approach

• Parallel projects underway
– Geomechanical & geochemical study of 

fracture growth & sealing
– Empirical characterization of fracture & rock 

mass attributes
• Empirical studies

– Comparison of “surrogates” & fractures
– Collect range of “surrogate” observations 

• Case studies
– Map “surrogates”
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Economic
Geology

Outline: Fairway Mapping

• Definitions & background
• Data set & how maps were derived
• Example maps

– Limitations of current maps & next steps
• Issues for further study
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Definitions & Background

• Synkinematic cement

– Related concept: Emergent Threshold

• Postkinematic cement

– Related concept: Degradation (%)
• “Surrogate” for fracture quality
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Fracture Quality using Surrogates
Concepts: Emergent Threshold & Degradation

• Assume large fractures not sampled
• All microfractures sealed with synkinematic cement

– Crosscutting relations of sealed microfractures & cement give 
time of fracture formation wrt diagenesis

• Large fractures are open or sealed
– Large fractures are above emergent threshold
– Where large fractures are sealed, postkinematic cement is 

culprit (high degradation = filled fractures)
• Large fractures can be used for calibration
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Synkinematic Cement
Seals Microfractures, Lines Large Fractures

• Emergent Threshold:
fracture size range where 
porosity becomes evident

80 microns

PorosityPorosity

Example: Cretaceous Lance Fm, Green River Basin, WY

Sandstone example

Synkinematic Synkinematic 
quartzquartz

MicrofractureMicrofracture
SealedSealed
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Fracture Detection in Carbonates
Significant Progress

Fracture porosity

“Invisible” 
microfracture

Synkinematic 
dolomite

Panchromatic Scanned CL Image -- Ellenburger Sidewall Core Study

Oriented 
sidewall core, 
45+ yr old well

Emergent Threshold in DolomiteEmergent Threshold in Dolomite
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Bridged Degraded & Open Fractures

Synkinematic Quartz Bridge Synkinematic Quartz Bridge
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Bridged Degraded & Open Fractures

Postkinematic Ankerite Fracture Porosity

Cody Ss, WY Cotton Valley Ss, TX
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Fracture Quality Assessment
Degradation Index Tests in Well Pairs

• Two-well blind test in 
same sandstone
– Similar average porosity

• Engineering 
procedures identical

• Degradation identified 
closed, open fractures

• Producer, dry hole 
distinguished

High degradation = Closed fractures predicted

Producer Dry Hole

Chevron Case Study
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Fracture Quality Assessment
Degradation Index Tests in Well Pairs

• Two-well blind test in 
same sandstone
– Similar average porosity

• Engineering 
procedures identical

• Degradation identified 
closed, open fractures

• Producer, dry hole 
distinguished

High degradation = Closed fractures

Producer        Dry Hole

Chevron Case Study Macrofractures
Sealed
Open
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Allows Complete Fracture Assessment
from Sidewall Core

Sidewall cores
used to assess 
fracture
quality

Oriented sidewall 
cores also used to 
measure fracture 
strike & intensity

Medina/Appalachians Case Study
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Fracture Quality from Cuttings Analysis

• Degradation from 
cuttings match results 
from sidewall core

Conoco case study

Fracture Research & Application Consortium 16

of
Bureau

Economic
Geology

Predict Fracture Attributes in Dolomite
Several Case Studies in Progress

DEGRADATION INDEX
CLEAR FORK - SOUTH WASSON 
DOLOMITE

Fracture quality 
measured in some 
carbonate rocks

South Wasson Well #7531

Degradation (%)
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Degradation Cross Sections
Initial Steps in Map Generation

Wyoming Case Study
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Outline: Fairway Mapping

• Definitions & background
• Example map

– East Texas, Cretaceous Travis Peak sandstone
• Issues for further study
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Why East Texas?
Cretaceous Travis Peak Formation

• Large core collection 
over wide area
– Macrofractures already 

described
• Stratigraphy & 

diagenesis well 
documented

• Simple burial & 
tectonic loading 
history

Structure-Top Lower Cretaceous Travis Peak Formation

Fracture Research & Application Consortium 20

of
Bureau

Economic
Geology

Cored Wells 
Used for Fracture Quality Map

• 7 county area, 
East Texas

• 27 cored wells
– 25 used to 

generate map
– Other 2 used 

to test map
• More than 

2000 ft of core

Structure & well locations
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Travis Peak Structure
Subtle Regional Structure - Few Folds or Faults

Structural Setting of Regional Fractures
Unspecified V.E.
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Geology

• Tectonic Setting
– Passive margin

• Burial History
– Steady burial, two minor 

uplift episodes
• Stratigraphy

– Marginal marine & fluvial
– Fine sandstone
– Unit Thickness ~ 2000 ft

• “Continuous” type low-
porosity gas play



Steve Laubach Identification of Fairways

6 February 2001 12

Fracture Research & Application Consortium 23

of
Bureau

Economic
Geology

Open & Sealed Fractures
Travis Peak Formation

• Open fractures
Aperture

1 mmPartly Partly 
sealed sealed 
fracturesfractures

QuartzQuartz

AnkeriteAnkerite
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Exploration Fracture-Attribute Map

Fracture quality (D)

Low

High

High quality

0 ~10 km

Using Mapped Fracture Quality Data to Identify Fairways

Fairway

Schematic

Wells
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Regional Fracture Attribute Map
Degradation (%)

• East Texas 
case study

– Regional 
scope

• More than 
400 D values

• Test of 
mapping 
feasibility
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Components of Degradation
Porosity, Ankerite & Bitumen Content

• By-well averages
– Porosity mostly 

less than 10 %
– Ankerite content 

mostly less than 5 
percent

– Bitumen <10 %
– Quartz is main 

porosity-
occluding phase 
(>15 %)

Well Averages
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Components of Degradation
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Travis Peak Fracture-Quality Prediction
Degradation versus Depth  - Example Well SFE 2

• Typical well data set
– Heterogeneous 

degradation
– Specific sandstones 

have dense data
– Gaps are widespread

Well: SFE2
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Data Distribution 
versus Stratigraphic Position

• Mapping issues
– Not all data from same 

position within 
formation

– Some wells lack data in 
upper 400 ft of 
formation

Subset of Well Data

All well data is posted on web site
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Regional Degradation Contrasts
Travis Peak Formation--Well Pair

2 Caldwell  Low D
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Pre-Drill Fairway Identification

• Fairways
– Defined by low 

average 
Degradation

– Upper 400 ft of unit

• High D zones
• Production
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Patterns in Average Degradation Map

• Narrow bad zones
– High, variable 

degradation

• Wide fairways
– Low, uniform 

degradation

North
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Second Map Type “Net Pay” Map
For Open Fracture Target

• Data from only 
upper 500 ft of 
formation

• Based on volume
of high & 
intermediate 
fracture-quality 
rock

• Pattern similar to 
map based on 
averages
Low “Net” belt
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Map Constructed using Different Assumptions
Instead of average degradation, second map is based on ‘net pay’ concept

Thickness of low- & intermediate-degradation intervals as a proportion of average 
upper Travis Peak sandstone

Low “Net” Belt

Fairway

East Texas Case Study -- Upper 500 ft Travis Peak Formation
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What Causes the Pattern?

• Stratigraphic control?

• East-northeast 
structure trends in 
East Texas?
– Faults
– Opening-mode 

fractures
– SHmax
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Subtle Structural Control?

• Late diagenesis in 
vicinity of previously 
unrecognized small 
faults?

Detail of East Texas Structure Map

Circle = Possible small fault?
Note high well control density
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Structural Control?

Mapped small fault
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Production Data
Maximum Annual Production
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Production Map

• Preliminary results!
– Normalized 

production 
– 100 = most 

productive well
– Based on maximum 

annual production 
(MCF)

Fracture Research & Application Consortium 40
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Comparison

Fairway & Structure Normalized Production
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Production & Fairway Superposed
Showing Well Control

Maximum 
Annual 
Production 
(MCF)

Degradation 
(Avg.)

Fracture Research & Application Consortium 42
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Issues for Further Study

• Can we better 
quantify spatial 
patterns & scale 
of degradation?

• What can we 
learn from 
geochemical & 
geomechanical 
modeling?

• Can we test effect 
on production?
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Summary & Conclusions
Fairway Mapping

• Mapping is feasible
• Much remains to be done, this study

– Production analysis
– Additional well data
– Comparison of D values to fracture observations
– Geochemical analysis of postkinematic cements

• Other areas may  be more appropriate for 
next step in research
– Case study candidates

• Map other parameters

Maps of this type may be useful for calibration of seismic fracture detection methods

Fracture Research & Application Consortium 44
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Appendix: Fairway Mapping

Supplementary Slides
Map Development
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Contouring Scheme

Data is posted on web site

Fracture Research & Application Consortium 46
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Components of Degradation

Space available for 
postkinematic 
cement (RPIV)

Bitumen Ankerite

2%
<1%

3%

1%

12%6%

Components of Degradation make up 
only a small part of rock volume
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Degradation vs Available Volume
Available Volume is Similar Across Range of Degradation

N = 431

RPIV = Available Volume

Fracture Research & Application Consortium 48
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Average Degradation by Well

• Degradation is too 
variable for 
averages to be an 
ideal mapping 
parameter

Box plots-middle 
third of data, mean, 
median, all depths
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Degradation -- All Wells
Travis Peak Formation versus Stratigraphic Position

• Most data is from upper 
500 ft of formation
– Focus of mapping

Fracture Research & Application Consortium 50
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Wells Having Low Average Degradation

10 percent average D or less 20 percent average D or less
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Wells Having High Average Degradation

• Six wells having 
average degradation 
greater than 40%
– Degradation values 

span wide range in 
high D wells  

Travis Peak Formation
Wells having >40% D > 40 percent average D

Fracture Research & Application Consortium 52
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Low D & High D Wells

Low Degradation High Degradation
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Two Approaches to Estimating 
Average Fracture Quality

East Texas Case Study

‘Net Pay’ estimates

Average (mean) degradation versus ‘net pay’

Fracture Research & Application Consortium 54
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More information on this study is posted on the project web site



Spatial Architecture of Fracture Arrays 6 February 2001

Randall Marrett 1

of
Bureau

Economic
Geology

1Fracture Research & Application Consortium

Spatial Architecture of
Fracture Arrays

Randall Marrett

Department of Geological Sciences 
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Why Study Spatial Architecture?

• Arrangement of fractures in rock volumes is 
poorly understood

• Regularly spaced?  Random?  Systematically 
clustered?  Predictable?

• Connectivity will be very different if fractures 
are clustered rather than regularly spaced, 
so fluid flow will be very different

• This will impact decisions regarding well spacing 
and/or deviation
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The FRAC Approach

• Two parallel projects are ongoing
– Geomechanical modeling of fracture growth and 

fracture-pattern development
– Empirical characterization of spatial organization for 

natural fracture arrays

• Empirical study
– Layer-parallel scanlines (1 - 100s m long), 

oriented normal to fractures
– Fracture location and kinematic aperture (0.1 - 10s mm)
– Spectral analysis, geostatistics, fractals
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Natural Fracture Swarm

Fracture locations clustered

Largest fractures located in swarm
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Fracture Sizes for Pedernales

Fracture size organization
(no fracture location

information)

from Marrett et al. (1999)
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Fracture Sizes for Pedernales

from Marrett et al. (1999)
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Fracture Intensity for Pedernales

calculated for overlapping
20 cm windows
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Fracture Spacings for Pedernales
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Fracture Spacings for Pedernales
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Spatial Methods

• Spacing populations
– Random locations result in exponential distributions
– Log-normal and logarithmic distributions are similar
– Technique ignores spacing sequence , so clustering too

• Alternative methods tried, but no useful results
– Fractals: interval counting
– Spectral analysis: Fourier series

• Alternative methods that give useful results
– Fractals: correlation integral
– Geostatistics: indicator semivariogram
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Scanline Data for Geostatistics

b i

L

Scanline length:  L = ∑b + ∑s

Fracture porosity:  Φ = ∑b / L

Comparator used to measure aperture and spacing sequence along scanline

s i P

Every pixel fits entirely inside fracture
spacing or aperture

Indicator sequence: 0 or 1
I(x) = 0, 1

Fracture sizes and locations representedNumber of pixels:  N = L / P
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Geostatistics: Indicator Semivariogram

Semivariance:  

γ =

Sill:  γ = Φ

Length scale of analysis is defined by the lag (can be any integer • P)

No matches: γ = Φ
Some matches: γ < Φ
All pairs match: γ = 0

Expected for random locations:
γ = Φ (1 - Φ)

lag

[ I(x i) − I(x i+lag) ] 2

2 (N − lag)i=1

N−lag

∑

laglaglaglaglaglaglaglaglaglaglaglaglaglaglaglaglaglaglaglaglaglaglaglaglag
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Semivariogram for Pedernales
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Semivariogram for Pedernales
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Semivariogram for Pedernales
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Semivariogram for Pedernales
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Correlogram for Pedernales

Correlogram
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Correlogram for Pedernales

50 randomized versions of fractures
Same apertures, same scanline length
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Correlogram for Pedernales

99% confidence interval for
50 randomized versions of fractures
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Correlogram for Pedernales
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Correlogram for Pedernales
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Outcome of Geostatistical Analysis

• Clear demonstration of fracture clustering

• Fractures are more clustered than random

• Correlogram quantifies spatial architecture

• Correlogram is physically meaningful 
(spatial concentration factor), but noisy

• Suggests a protocol for prediction of fracture 
swarms from small samples
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Scanline Data for Fractals

b i

L

s i

Comparator used to measure aperture and spacing sequence along scanline

Fracture porosity:  undefined

Number of fractures:  n

Number of fracture pairs:
n (n - 1) / 2

Centerpoint of each fracture marks
its location

Fracture locations represented;
no fracture size information

x 1 x 2 x 3 x n. . . . .
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Fractals: Correlation Integral

Correlation integral: C

For a given length scale, 
count the number of fracture 
pairs for which x i - x j < λ

Length scale λ of analysis can be any length

Expected for random locations:
C = [ n (n - 1) / L ] • λ

Expected for fractal locations:
C  ~  λ D

where D is correlation dimension

x 1 x 2 x 3 x n. . . . .

λ λ λ λ
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Correlation Integral for Pedernales
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Correlation Integral for Pedernales
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Normalized Correlation Integral for Pedernales

Normalized
Correlation

Integral
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Normalized Correlation Integral for Pedernales

50 randomized versions of fractures
Same apertures, same scanline length
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Normalized Correlation Integral for Pedernales

Fracture location organization
(no fracture size information)

99% confidence interval for
50 randomized versions of fractures
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Normalized Correlation Integral for Pedernales
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Normalized Correlation Integral for Pedernales
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Normalized Correlation Integral for Pedernales

slope: degree of clustering?

x-intercept:
swarm spacing?
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Outcome of Fractal Analysis

• Normalized correlation integral is almost identical
to correlogram, but smoother and more robust

• Robustness of results reflects fracture locations; 
fracture sizes superpose details on correlogram

• Comparison with correlogram justifies meaning 
of normalized correlation integral in terms of 
spatial concentration factor

• Probably more useful than correlogram for 
prediction of fracture swarms from small samples
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Pedernales is not Unique: Grove Creek

swarm spacing:
~ 50 m
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Spatial Architecture of Fracture Arrays

• Spatial architecture of fracture arrays is critical to 
fracture connectivity and fluid flow

• Two complementary techniques for quantifying 
spatial architecture of natural fracture arrays:
– Geostatistics: indicator semivariogram
– Fractals: correlation integral
– Both show power-law patterns of spatial concentration

• Fracture arrays are organized not only in terms of 
fracture sizes, but also fracture locations
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Basic Issues Requiring More Study

• Swarm spacing and degree of clustering
– Are they characterized by the x-intercept and slope of 

the normalized correlation integral?
– Can they be determined from small samples?
– What geological factors control them?

• What are the scale limits on clustering?

• How do fracture swarms evolve through time?

• What does ‘fracture saturation’ mean in terms of 
the observed clustering?
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Convergence with Geomechanics

• Compare patterns in natural fracture arrays with 
those generated by geomechanical models

• Subcritical crack index governs degree of 
fracture clustering in models

• Quantify model-generated fractures with same 
techniques developed for field observations:

correlation dimension ~ subcritical crack 
index?

• Analysis of microfracture data, geomechanical 
model for upscaling to reservoir network?
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Natural-Fracture Frequency Controls: 
Barremian-Aptian Carbonate Platform, 

Northeastern Mexico 

Orlando Ortega
Ph.D. Candidate

FRACTURE RESEARCH AND APPLICATION CONSORTIUM
2001 Research Review Meeting
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TALK ORGANIZATION

• Motivation 
• Location of study area
• Geologic framework
• Fracture timing, sets and diagenesis
• Fracture-size data collection method
• Fracture intensity normalization
• Geologic controls on fracture intensity
• Conclusions
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Objectives and Motivation (I)

Weber Fm. Outcrops, Yampa River, 
Dinosaur National Monument, Utah.

1) Predict natural-fracture system 
attributes based on sedimentary and
stratigraphic characteristics of the 
host rock.

3 km

1

2

3

4
tim

e 
( s

ec
on

ds
)

2D seismic line.
Offshore West Africa, Hatlelid, 1991.
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Objectives and Motivation (II)

2) Test paradigms of fracture intensity controls:

“Other factors being equal, thinner beds have higher 
fracture intensity than thicker beds .”

(Bogdanov, 1947; Ladeira and Price, 1988; Mandl, 2000)

Why challenge these ideas?

Conclusions based on:
-Mixed fracture populations with different origin/timing.
-Did not quantify fracture size.
-Used scarce fracture data (<100 fractures per bed).
-Ignored scale and topology effects for fracture intensity 
calculations/comparisons.
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Gulf of Mexico

Pacific
Ocean

Volcanic Belt

N

0 300 km

USA

Yucatan
Platform

Sierra Madre Oriental

Sierra Madre Occidental

Study Area

LOCATION OF STUDY AREA
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0

PALEOGEOGRAPHIC SETTING
CUPIDO FORMATION (Barremian-Aptian)

Coahuila
High

USA

Monterrey

0 50 100 km

Exposed areas

Shallow-water 
carbonates

“Deep”-water 
carbonates

N

Es

LP

It

Ch

Modified from 
Goldhammer et al., 1991.

Study locality
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100 m 

STRATIGRAPHIC CONTEXT

NW SE
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n-
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Modified from Wilson et al., 1984.

Chorro Escalera Las Palmas Iturbide

30 km 10 km 100 km

Taraises Fm.

Cupido
Formation

La Peña Fm.

Lower
Tamaulipas Fm.

La Casita Fm.

Cupidito

Carbonera Fm.

La Casita Fm.

Grainstone shoals
Rudists Banks

Tidal flats lagoon

Deltaic

Open
marine

Fan deltas
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Monterrey
Es

LP

ChSaltillo

5 km

DEFORMATION STYLE

SSW

NNE

Upper
Cretaceous

Lower
Cretaceous

Upper
Jurassic

Upper
Jurassic
Evaporites

Triassic and
older

Marrett and Aranda (1999)

SL
-1
-2
-3
-4 km

5 km

NNESSW
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San Blas Anticline at Las PalmasAerial view San Blas Anticline

C
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Escalera Canyon

Cupido ridges
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FRACTURE TIMING, FRACTURE SETS
AND FRACTURE FILL
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Sparry calcite
cement

Mud-filled
fractures

COLLAPSE BRECCIA –Las Palmas

Rotated block
and fractures

Courtesy of R. Marrett
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COLLAPSE BRECCIA –Escalera

15 cm
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Tectonic veins and stylolites

Tectonic stylolites stop at 
vein walls

Courtesy of R. Marrett

of
Bureau

Economic
Geology

ESCALERA 
CANYON

EXPLANATION

set A

set B

set C

set D

T. Stylolites
Bedding

STRUCTURAL
ANALYSIS

Mean vector and 
poles to fractures

Kamb’s (1959)
2σ contours 

Equal area

N=133
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FRACTURE CEMENT AND DIAGENESIS

Postkinematic
calcite

Dolomite
bridges

0.1 mm 0.1 mmDolomite-lined 
fracture walls

crack-seal

Fracture wall

Dolomite 
fibers
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FRACTURE-SIZE DATA 
COLLECTION METHODS
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COLLECTION OF SCALING DATA

Observation line (chalk)

Set#2

Partly open
fracture

Set#1

Bed thickness
(8.2 cm)
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FIRST DESIGN BY ORLANDO ORTEGA (1997)

“THE COMPARATOR”

FIRST USED ON:
CORES OF OZONA SANDSTONE 
WEST TEXAS (Ortega et al., 1997)

LAST IMPROVED DESIGN BY
RANDALL MARRETT(1999)
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DATA BASE

Data collected from the same structural domain of folds:

•El Chorro: Backlimb of El Chorro Anticline

•La Escalera: Forelimb of San Blas Anticline

•Las Palmas: Forelimb of San Blas Anticline

•Iturbide: Forelimb of Iturbide Anticline

42 carbonate beds (limestones and dolostones)

103 scanlines (81 field + 22 thin section)

+14200 macrofracture aperture measurements

+1200   microfracture aperture measurements
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FRACTURE INTENSITY NORMALIZATION
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Fracture intensity: 25 fractures/mFracture aperture>0.5 mm
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Fracture intensity: 143 fractures/mFracture aperture>0.05 mm
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SEDIMENTARY, STRATIGRAPHIC AND DIAGENETIC
CONTROLS ON FRACTURE INTENSITY
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A POSSIBLE EXPLANATION OF THE APPARENT 
BED THICKNESS/FRACTURE INTENSITY RELATION
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IDEALIZED SECTION CUPIDO FORMATION
Modified from Conklin and Moore (1977)

Thin-bedded argillaceous pelagic mudstones with
forams (open marine)

Thin bedded, mudstone-packstones with cryptalgal
laminites and evaporites? (lagoonal-peritidal)

Crossbedded, bioclastic-peloidal packstone-
grainstones with ooids and oncolites (shoals)

Thick bedded, black, pelloid-foram wackestone-
packstones with bivalves and milliolids (subtidal lagoon)

Thick bedded, intraclastic-bioclastic wackestone-
packstones (ramp slope and fore reef)

Massive rudist and coral-dominated limestones
with stromatoporoids (shelf margin)C
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FRACTURE INTENSITY AND CYCLICITY (I)
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Hypersaline water
Sea water

Lucia and Major (1999)

DOLOMITIZATION MODEL

Evaporite tidal flat
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Fractured layers

ESCALERA STRATIGRAPHIC CYCLES



Orlando Ortega Fracture Frequency Controls, Carbonates

6 February 2001 18

of
Bureau

Economic
Geology

CONCLUSIONS I

• Pre-folding fractures are the most abundant in shallow-
water facies of the Cupido Formation, northern Mexico.

• Scaling techniques allow unbiased normalization of 
fracture intensities. 

• Results of the application of normalized intensity 
techniques to shallow-water carbonates of the Cupido
Formation suggest that:

1) Sedimentary facies and bed thickness have little/no 
control on fracture intensity

2) Dolomite content positively correlates with fracture 
intensity.

of
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CONCLUSIONS II

• Dolomitization and fracturing are linked processes in
Cupido Formation carbonates. Dolomite-bridged 
fractures with “crack-seal” textures rooted in matrix 
dolomite crystals suggest that dolomite cement 
precipitated as fractures opened.

• Sequence stratigraphy and depositional system 
bathymetric profile predict localized dolomitization and 
thus high fracture frequency.

• A sequence stratigraphic-diagenetic fracturing model 
explains the observations.

• This genetic fracturing model has potential applications 
for exploration in similar subsurface carbonate fractured 
systems.
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Specifying Lengths of 
Horizontal Wells in 

Fractured Reservoirs

Julia F.W. Stowell
The University of Texas at Austin

Key factors for horizontal drilling

• Choice of horizon

• Drilling direction

• Drilling distance
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Case Study: 
The Austin 
Chalk

Del Rio

Austin

Dallas

San Antonio

QAc 7634c

Grove CreekWaxahatchie

Kinlaw Well
Frio County

McKinney Falls
State Park

TEXAS

Study areas
Trend of fractures,
Kinlaw Core 045°

Austin Chalk
outcrop

Grove 
Creek

Scanline
in this 
horizon 

Chalk / marl 
contact
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Fracture 
terminates
against 
marl bed

Grove Creek

Curviplanar, 
calcite-filled
opening-mode 
fracture

Case Study: 
The Austin 
Chalk

Del Rio

Austin

Dallas

San Antonio

QAc 7634c

Grove CreekWaxahatchie

Kinlaw Well
Frio County

McKinney Falls
State Park

TEXAS

Study areas
Trend of fractures,
Kinlaw Core 045°

Austin Chalk
outcrop
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McKinney Falls

scanline

Case Study: 
The Austin 
Chalk

Del Rio

Austin

Dallas

San Antonio

QAc 7634c

Grove CreekWaxahatchie

Kinlaw Well
Frio County

McKinney Falls
State Park

TEXAS

Study areas
Trend of fractures,
Kinlaw Core 045°

Austin Chalk
outcrop
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Kinlaw 
horizontal core

Normal lateral
drill azimuth 135°

Oblique lateral
drill azimuth 264°

F F

F

wide bar on scale = 5mm

Fracture population and scanline 
statistics

QAc7639c

Well name/
outcrop

Total scanline
length (m)

Number of
fractures recorded

Total fracture
aperture (mm)

Percent strain

Grove
Creek

Kinlaw
normal

Kinlaw
oblique McKinney Falls

246.160 42.761 13.874 34.52
58.98

136 204 51 1
0

371.504 Estimated
50

Estimated
13

0.115
0

0.151 0.117 0.094 ≅0
0
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Kinematic aperture, b (mm)

F = 0.1052b–0.5575

R2 = 0.979

F = 0.3364b–0.6786

R2 = 0.9846
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1
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0.01 0.1 1 10 100

Grove Creek
Kinlaw
Power (Grove Creek)
Power (Kinlaw)

Aperture size distribution

Emergent threshold, Grove Creek

Fracture porosity
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Kinlaw 
horizontal core

Normal lateral
drill azimuth 135°

Oblique lateral
drill azimuth 264°

F F

F

wide bar on scale = 5mm

Threshold frequency prediction

0.001
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0.01 0.1 1 10 100 1000
Kinematic aperture, b (mm)

Emergent threshold
  Kinlaw  0.14 mm

Grove Creek

Kinlaw core

Threshold frequency
1.277/m

Threshold frequency
0.026/m

Emergent threshold
Grove Creek 11 mm
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Average fracture spacing

• Calculate the inverse of each threshold 
frequency 
– Grove Creek  38.5m
– Kinlaw 0.8m

• Assumes fractures are evenly spaced 
and isolated

• Is a minimum spacing for fractures with 
porosity

Grove Creek spacing size distribution

N = -14.38Ln(s) + 42.925
R2 = 0.9928
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140

160

0.001 0.01 0.1 1 10 100

Fracture spacing, s (m)

Data
Best fit function – logarithmic
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Kinlaw oblique core spacing 
size distribution

N = -9.9389Ln(s) + 73.313
R2 = 0.9859
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Kinlaw normal core spacing 
size distribution
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Spatial distribution, Grove Creek

High resolution spatial 
distribution, Grove Creek
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Spatial distribution, Kinlaw 
oblique core

0

0.5

1

1.5

2

2.5

Position along scanline (m)
2 4 6 8 10 12 14

Emergent threshold 0.14mm

0

Single fracture permeability

• The permeability contribution for a single, 
open fracture (parallel to the fracture) in a 
scanline of length L, using the parallel plate 
model is: 

Permeability, k  = aperture3/(12L)

Note that k is a function of the aperture cubed
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Fracture permeability for a set

• Fracture permeability is dominated 
by the largest fracture in a set.

• The population follows a power law
• ktotal ≅ k1

Austin Chalk Fracture Permeability

k1 =  a1
3 / 12L

For Grove Creek, length of scanline, L = 246 m
Largest fracture aperture, a1 = 100 mm
Observed aperture open to fluid flow     =  10 mm 

Then,  k1 ≅ 333 Darcys
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Austin Chalk Fracture Permeability

For Kinlaw, length of core, L              = 18m
Largest fracture aperture, a1 = 2.265mm
Nominal aperture open to fluid flow   = 1.1325mm

Then  k1 ≅ 6.7 Darcys

Austin Chalk Fracture Permeability

• How do we use the calculated fracture 
permeabilities to help us design the 
drilling distance?
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Drilling distance determination

• Fracture permeability is dependent on scale 
for power law size distributions

• Need to predict the largest open fracture
• Issues of connectivity, lateral continuity and 

height
• Work on how to incorporate kfrac into 

reservoir simulations

Conclusions, 1

For the Austin Chalk
• Opening mode fractures are clustered.
• Large fractures commonly occur within 

clusters.
• Aperture size distributions are power law.
• Spacing size distributions are negative 

logarithmic or log-normal.
• Emergent threshold is variable.
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Conclusions, 2

• Fracture permeability is dependent on 
scale.
– For Grove Creek (246m) k = 333D
– For Kinlaw (18m) k = 7.1D

• The drilling distance required for a given 
permeability enhancement may be 
constrained using site-specific 
information from cores or outcrop.

Limitations of the parallel plate model

• The underlying assumptions for the 
parallel plate model may not be valid eg
– no mineral fill
– fracture surfaces smooth
– aperture constant along entire fracture 

length
– perfect connectivity
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Austin Chalk Fracture 
Permeability

Permeability ktotal =  ζ (3/c) a3 / 12L 
=  ζ (3/c) k1

Using the measured exponents, 
c = 0.55 for  Grove Creek
c = 0.68  for Kinlaw

ktotal Grove Creek  ≅ 1.03 k1 and
ktotal Kinlaw ≅ 1.06 k1

• ktotal ≅ k1
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1

10

0.01 0.1 1 10 100 1000 10,000

Kinematic aperture, b (mm)

Power law
Grove Creek
Power law
Kinlaw

Emergent threshold
Kinlaw 0.14 mm

Grove Creek

Kinlaw core

Kinlaw whole
well

Threshold frequency
1.277/m

Threshold frequency
0.026/m

Threshold frequency
0.00185/m

Emergent threshold
Grove Creek 11 mm

Threshold frequency prediction
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Austin Chalk Fracture Permeability

• What would be the fracture permeability for 
the whole Kinlaw oblique lateral?

• Taking a1 = 10 mm,   k1 ≅ 1230 Darcies
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Effect of modern state of stress 
on flow-controlling fractures: a 
misleading paradigm in need 

of revision

Julia Stowell, Steve Laubach and 
Jon Olson

Widely held beliefs...

• Orientation of current SHmax = 
orientation of open fractures. 

• Change in stress state during 
production alters fracture 
permeability.
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Contrary conclusions

• Mineral bridges prop fractures open.
• Mineral bridges very common.
• Open fractures exist normal to SHmax.

• Pressure sensitivities for bridged 
fractures may be low.

• Cement pattern data necessary for 
open fracture prediction.

Dyke (1995)

• 19 examples of reservoirs with 
partially mineralized fractures 

• cites 6 fractured reservoirs with 
long-lived production (18 - >40 
years) , despite drops in pore 
pressure between of 5 - 55 MPa.
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This study

• Travis Peak Formation, East Texas 
Basin

• Wolfcamp Formation, Val Verde Basin, 
West Texas

• Frontier Formation, Green River Basin, 
Powder River Basin, Northern Rocky 
Mountains.

Map of 
Example 
Locations
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Travis Peak Formation, East Texas Basin
Open Fractures SHmax
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Travis Peak Fm., 
East Texas Basin

Q = quartz bridge
F = open fracture

Arrows indicate fracture
walls

Fracture aperture ~ 0.4mm

Quartz bridge in Travis Peak 
Fm.

SEI CL Note crack sealNote euhedral crystals
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MAP OF 
EXAMPLE 

LOCATIONS

Wolfcamp Fm., Val Verde Basin, West Texas
Open Fractures SHmax
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QAc2770c

Wolfcamp Sandstone Well Pair
Mitchell 1-7

producer
University 29-1

dry hole

MAP OF 
EXAMPLE 

LOCATIONS
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Western Green River Basin
Open Fractures SHmax

(Modified from Parks and Gale, 1999)

Open Fractures SHmax

Southern Powder River Basin
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80µm

Lance Fm.
Color CL image of 
fracture with 
quartz bridges 
and open pores.

B = quartz bridge
P = pore space in 
fracture

Conclusions

• Revision of paradigm required
– Shmax ≠ open fracture direction in every case

• Fracture mineral fill must be assessed
• Remember to

– distinguish shear fractures and opening mode 
fractures

– consider stress state at the time of fracture 
formation
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Experimental Study of 
Subcritical Crack Growth

Jon Holder, Jon Olson 
Zeno Phillip

Peggy Rijken

Subcritical Crack (SC) Growth

• KI < KIC

• Slow growth, chemical (σ corrosion)
• Velocity = Const. x Ki

n

• Subcritical crack index n varies with 
material, environment
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Predicted Fracture Patterns 

Increasing subcritical index

Increasing saturation
Decreasing clustering

n=2 n=10n=5 n=20

Program Overview

• SC growth is 
important geologically

• Parameter variations 
are significant

• Critical parameters 
are measurable

• Measure parameters
• Model fracture pattern
• Look at variations 

within formation
• Correlate to petrology
• Tie to diagenesis

Basic Concepts Program Objectives
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Computed Velocities for 
Load Relaxation Test

V = 9E-40  P55
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SC Tests to Date
• Quarry Sandstone  (~200 tests)

– preliminary: test methodology
– texture, moisture variations

• Austin Chalk Core (~10 tests)
– heterogeneities; one interval tested
– Moisture variations

• Carbonate Reservoir (100 tests on 25 spc)
– 6 depths, 3 rock types

• Sandstone Reservoir (85 tests on 25 spc)
– 5 depths
– remaining core from 7 additional depths
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Carbonate Formation Results
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Tight Sandstone Formation

931387,235.6

90827,226.5
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SS Formation (7,068’)

Crack Detail (7,068’)

SE Image CL Image
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SS Formation – 7,098’

Fracture Detail (7,098’)

SE Image CL Image
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Second SE Image – 7,098’

Second Fracture Detail (7,098’)

SE Image CL Image
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• GOAL: Characterize relationship between 
diagenesis and SC index

• Diagenetic Factors in sandstones
– composition 
– deposition, rock types
– fluids chemistry and migration patterns
– Pressure, temperature
– Time
– local setting relative to faults and folds

Case Study
SC Systematics in Sandstone
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Candidate Formation: 
Bromide

• Sandstone Formation
• Extensive Data Base
• Large Variations
• Core on hand
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Sandstone Diagenetic Modeling
Useful for Fracture Prediction?

Rob Lander & Linda Bonnell, Geocosm LLC, Austin, TX

Why is diagenesis important for 
fracture development?

Diagenesis is a primary control on rock 
mechanical properties (e.g., subcritical 
crack index)
Diagenetically driven porosity loss may 
induce fluid overpressures that in turn 
promote fracture development
Fracture quality may be reduced due to 
cementation (e.g., emergent threshold)

What we’re trying to do with 
diagenetic modeling:

Predict sandstone texture and composition 
at the time of fracture development
Evaluate the contribution of diagenetic 
porosity reduction to fluid overpressure 
development
Predict present-day porosity and 
permeability for unfractured portions of 
sandstone reservoirs

Our approach in a nutshell:
Developed originally for pre-drill prediction of 
porosity and permeability of unfractured 
sandstones

Forward models of compaction and quartz 
cementation, manual definition for 
precipitation of other cement types

Model relating sandstone composition and 
texture to permeability of unfractured 
portions of reservoir

Needed input data: 
“Standard” petrographic data (grain size, 
sorting, composition)
Extent of grain coat development on quartz 
grains for analog samples
Paragenesis for non quartz cements
Burial histories of analog samples

Results as a function of geologic time:
Porosity
Cement abundances
Permeability
Pore volume loss rate
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Ankerite 3.3 + 3.9% (max 19.0%)
Formed 80 - 120 °C
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Formed 60 - 80 °C
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Formed 60 - 80 °C
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Study Area: Travis Peak Fm
Data from various BEG investigations
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Incorporates petrographic, paragenetic, and burial history 
analysis of Dutton (1987)

Compaction parameters tuned for each individual sample to 
provide optimal fit with measured intergranular volume
Single set of quartz precipitation kinetic values used for all 
samples from both wells

Precipitation is rate limiting factor 
Silica diffuses / advects into frame of reference
Source of silica not primary control on cement abundance

Important controls on cement abundance
Temperature history

Surface area for overgrowth nucleation
Grain size, Quartz grain abundance, Grain coating development

Modified from Walderhaug 
1996 and Lander and 
Walderhaug, 1999( )tAe

D
Pq RT

aE

qc ∆





∝

−

γ6

Where:
• qc is quartz cement volume
• Pq is quartz grain volume
• γ is the coefficient for diagenetic 

reduction in surface area for 
quartz overgrowth nucleation

• D is grain diameter
• Ea is the activation energy
• R is the real gas constant
• T is temperature
• t is time

Quartz Cementation Model
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Burial History & Sandstone Texture vs. Quartz Cementation

Factors promoting high rates of quartz precipitation
Rapid burial where temperatures > 100 C
Fine grain size

Factors promoting abundant quartz cement & low porosity
Residence time at high temperature (100+ C)
Fine grain size

Uniform, Synthetic Compositions

Actual Samples

Factors affecting quartz cementation history of analyzed samples
Sun #2 D.O. Caudle samples tend to be much finer grained
Ashland #1 SFOT hotter longer

Summary & Plans

Summary of Preliminary Analysis
Modeling approach accurately predicts measured present-day 
quartz cement abundances

Model suggests that most quartz cement formed:
60-40 Ma in Ashland #1 SFOT at 80 to 145 °C
60-30 Ma in Sun #2 D. O. Caudle at 75 to 105 °C

Peak mean quartz cementation rates:
44 Ma for Ashland #1 SFOT 
52 Ma for Sun #2 D. O. Caudle
60% higher for Ashland #1 SFOT compared to Sun #2 D. O. 
Caudle

High quartz cementation rates may contribute to fluid 
overpressure generation which in turn could promote fracture 
development

Plans for Joint Study with FRAC
Analyze samples from additional wells in area

Compare modeled timing of peak quartz cementation rates to 
data on timing of fracture formation

Compare magnitude of peak quartz cementation rates to 
measured fracture intensities

Compare modeled quartz cementation histories for unfractured 
matrix to emergent threshold dimensions

Develop pre-drill predictive models for porosity and 
permeability of unfractured portions of sandstone reservoirs
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Numerical Modeling of Fracture 
Patterns and Prediction of Fracture 

Length Distributions

Jon OlsonJon Olson
Center for Petroleum and Geosystems EngineeringCenter for Petroleum and Geosystems Engineering

Analyzing Fracture Pattern Geometry
• describe fracture spacing, length and 

aperture
• look at distribution as well as average
• goal is to find predictive relationships a 

priori
• geomechanical modeling

– can quantify all important frac parameters
– can be constrained by subsurface data
– can be linked to reservoir simulation
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Fracture Clustering & Spacing
Clustered (irregular) Non-clustered (regular)

Multi-segment Fracture (typical of long fractures)

Fracture Zones

Comb Ridge, Utah Santa Barbara, CA
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Clustered Cross-Fold Fractures
Flat Pavement

Spacing Data from Outcrop
U. K. data, Rives et al.

• variety of “saturations,” but at unrelated outcrops
• implies various levels of strain
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Can we learn about fracture 
spacing from 

geomechanics?

Stress Shadow and 
Fracture Spacing

• stress relief from existing fractures 
removes energy available for other 
cracks to grow

• fracture spacing should be 
proportional to size of stress 
shadow
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Stress Shadow

Fracture Trace

Finite Height Fracture, H=2

Stress Shadow Growth - L=6
Stress Concentration at Tip

(values truncated)

For Bedded Sedimentary Rocks

• fractures confined to 
mechanical layers

• field data shows spacing 
depends on bed thickness

• consistent with mechanical 
model, but there is variability
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Let's look at the dynamics of 
networks . . .

Subcritical Propagation Law

• Stress Intensity Criterion (pure mode I)
– KI

* < KI < KIc

• Velocity Rule
– v α (KI / KIc)n

v = propagation velocity
n = subcritical index
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Dynamics of Crack Growth

Simulation Boundary Conditions

• Displacement control, 
uniaxial extension

• Lateral boundaries - zero 
normal disp, zero shear 
stress

• Randomly located starter 
cracks

• All fractures are vertical
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Numerical Method
• Base code => 2-d displacement 

discontinuity (with 3d extension)
• Propagation accomplished by 

adding elements at crack tip 
(according to propagation criterion)

Existing element

New element

Crack Path Criterion

• Cracks propagate perpendicular to 
local σhmin

• Curving crack path (mixed mode I-II) 
implies low differential stress in 
horizontal plane

• Straight cracks imply high stress 
differential
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Results showing 
fracture spacing
as affected by 

the subcritical exponent, n

Low Subcritical Exponent, n=2

• all cracks propagate 
– at similar velocity
– at same time
– to similar final length
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Low Subcritical Exponent, n=2

• allow mixed mode 
propagation

• same BC’s
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High Subcritical Exponent, n=30

Cracks have:
• strong velocity contrast
• one crack propagates at a time
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High Subcritical Exponent, n=30

• allow mixed mode 
propagation

• same BC’s
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Increasing subcritical index

Increasing saturation
Decreasing clustering

n=2 n=10n=5

Identical Boundary and Initial Conditions
Varied Fracture Mechanics Properties

n=20

Fracture Length from Geomechanical 
Models (Olson, 1993)

• fracture patterns 
vary with subcritical 
index

• length distribution 
changes with 
subcritical index
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Fracture Capture Model

• natural fractures propagate in rocks full of 
flaws

• fracture interaction between propagating 
(main) crack and flaws (field cracks) can 
capture propagating tip

• when field crack captures main crack, 
field crack continues propagation

2b

2a
2s

Capture Zone

A

Main crack propagating through field cracks
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Probability Equations
N

A
baAP )22(1 ×−

−=

NbxPF 





 −=−=

A
211

Probability of capture

Cumulative frequency

120  when

)/2(  
<<<

−=

A
bx

xAbNeP
Result is negative 
exponential for most
data ranges

2b is flaw size, N/A is flaw density

Sierran Field Case (Segall and Pollard)

y = 1.0048e-0.0716x

R2 = 0.9832
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b=0.5 cm
N/A = 25 ±10

predicted
exponent = .075-.125

measured 
exponent = .072
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Microcrack Data from Frontier Fm.
Oil Mtn, WY

0.001

0.01

0.1

1

0.001 0.01 0.1
Fracture Length (m)
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um
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at

iv
e 

Fr
eq

ue
nc

y

Thin section data

Exponential model

Summary
• Size of stress shadow exerts basic control on 

spacing
• Experimental and field data suggests fracture 

pattern growth is not random but interactive
• Dynamic modeling utilizing subcritical growth 

index, n, controls clustering and modifies spacing
from simple bed thickness proportionality

• Fracture length distribution controlled by flaw 
density and subcritical index

• Interactive fracture model predicts exponential 
length distributions, consistent with field data
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Summary (cont.)
• Currently infer subcritical index from 

fracture pattern
• Need real measurements

– sandstone samples
– are present properties representative for ancient 

deformation events 
– variable cementation (represent different 

diagenetic states)
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Fluid Flow in Fractured Reservoirs

Jon Olson

Fluid Flow in Fractured Reservoirs

• Leveraged funds from DOE $850k 
contract (Olson, Lake and Laubach)

• Collaboration with Jennings (DOE 
Clear Fork project, Zeno Philip)

• Chevron discrete fracture code
• Waseda University discrete fracture 

code (Sato and Arihara)
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DOE Project
• Task 1 – Observational verification of emergent 

threshold (Laubach, Doherty, … - carbonates vs. 
clastics)

• Task 2 – Geochemical modeling to predict 
emergent threshold (Lake, Noh - carbonates vs. 
clastics)

• Task 3 – Relate subcritical index to diagenesis
(Holder, Rijken, Olson - use Bromide Fm.)

• Task 4 – Reservoir simulation of "realistic" 
fracture patterns (Lake, Olson, Jennings – use 
geomechanics codes CVBEM or ECLIPSE)

Aperture  Development – Combine 
Geomechanics & Diagenesis

• subsurface, paleo-subcritical index 
correction based on diagenetic history

• generate fracture patterns with basin 
history and rock properties

• modify fracture simulation with 
mineral in-filling during growth
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Aperture  Development – Preliminary 
Work with Geomechanics & Diagenesis

• low subcritical index
• 700 starter cracks
• no diagenesis during growth
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Aperture  Development

• low subcritical index
• 700 starter cracks
• diagenesis during growth 

(cracks cannot completely 
close once opened)
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The effect of subcritical index on fracture spacing

n=20 n=5
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Permeability map – is smaller spacing better?

n=20 n=5

Preliminary Reservoir Simulation Work 
(Philip, Jennings & Olson)

• working to run Chevron discrete 
fracture code

• getting Japanese code via trade
• revisit Chirlin analytical solution
• utilize ECLIPSE for discrete 

fractures (everybody has it?! = tech 
transfer)
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ECLIPSE Non-neighbor Connections

• allow flow between non-adjacent 
reservoir blocks

• specify transmissibilities between blocks

1 2

∆x

∆y/2

T1,2(mat)

T1,2(fract) T1,3(frac) T1,n(frac)

3 n

Comparison with Analytical

αW
W

h

•periodic array of non-interconnected fractures
•matrix gap between tips is αW
•spacing is h
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Chirlin’s Solution for Effective Permeability 
Ratio for Flow Parallel to Fractures
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Preliminary Results

• non-neighbor connections feasible approach
• agreement with analytical solution for 

permeability with 4 reservoir blocks 
between fractures

• geomechanical model can provide input 
fracture patterns (utilize layer by layer 
experimental data on subcritical index)
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Project Website
http://www.beg.utexas.edu/indassoc/fraccity/private/index.htm
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Private FRAC Project Website
http://www.beg.utexas.edu/indassoc/fraccity/private/index.htm
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Main Components of Site
Navigation Bar

Highlevel Research Overviews

Database

Slide sets, Publications

Teaching Practical Applications
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FracCity Journal
Highlevel Overviews--Research Progress Reports

Monthly reports in 2000
Links to data
Cross referenced to Glossary
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Current Projects Section

• Research & case study results
– Includes progress reports, images, 

downloadable spreadsheets, etc.
• Extensive revisions this year

– More revisions needed
– Still sparsely populated

• Future: real database/on-line atlas?
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Meetings, Reports
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Transfer Modules

• Planned as teaching & tech transfer tool
• Currently sparsely populated
• Potentially an area of rapid growth
• Is this where we want to put a big effort?
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Staff Info

Resumes
Publications
Current Research
Contact Information
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Case Studies
See December Business Meeting Report on Website

• Status
• Plans
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2001 FRACTURE RESEARCH
REVIEW MEETING

• Website status
• Case studies
• Needs & research directions
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Basic Fracture Questions
FRAC Solutions

• What orientation are the 
fractures?

• Are the fractures open, 
closed?

• How large and abundant 
are fractures? Spacing? 
Swarms?

• Where are fractures?
– Stratigraphic, structural 

controls?

• Microfracture strike using 
oriented sidewall cores

• Degradation, emergent 
threshold

• Scaling & geomechanical 
modeling

• Geomechanical modeling, 
SCC tests, spatial scaling, 
fracture stratigraphy, 
seismic calibration
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Conceptual Approach of FRAC

Production:
Reservoir
Simulation

Petrography
(Laubach)

Microfractures

Ge
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ha

ni
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(O
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on
)Scaling

(M
arrett)

Diagenesis

Exploration:
Risk

Assessment

Quality, Orientations, Timing,
Apertures, Lengths,
Spacings, Geometry

Macrofractures

Quantitative Quantitative 
Structural & Structural & 

Geomechanical Geomechanical 
DiagenesisDiagenesis
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Fracture Prediction & Evaluation System

Burial History

Rock Type 
Prediction

SCC Test 
Compendium

Diagenesis 
Prediction

SCC 
Prediction

Geomechanical Model

Fracture Prediction

Pre-Drill Prediction         Evaluation

Scaling & Microanalysis
Observations
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Fracture Prediction & Evaluation System

Geomechanical Model

Fracture Prediction

Pre-Drill Prediction Evaluation

Fracture Size Scaling

Fracture Quality

Micro-ImagingFracture Spatial Scaling

Orientation

Diagenesis




