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ABSTRACT 

Outcrops of the fractured and folded sedimentary Monterey Formation hh:Jt~d ahmg or nl:'ar 

the coast of central California were sampled to •;hara~tl!rize the goometry of the fracture 

system and determine the impact of tlse fracture geometry on rock mass perm.!ahility. A 

scanline mapping technique was used to obtain: orientation. trace length. spacing. mineral 

infill, termination, censoring. and shape data for over 1700 individual di~ ~·Jntinuities . 

Analyzing the general fracture characteristics, using cluster analysis of the poles to fracture 

planes, and taking into account the different structural settings, it was determint't.l that there 

were two to three fracture sets at each of six different locations. Four of these locations. 

were part of a "small-scale" fracture survey where short scanlines ( :s; 30 m) sampled fractures 

0.25 m or greater in trace length from individual outcrops. The other two locations, were a 

composite of sites sampled for "large-scale" fractures (extensive hreccias and faults) with trace 

lengths greater than 3 m, using long (100m to 1400 m) scanlines. The strike of the dominant 

fracture set at most small-scale sites was sub-parallel to bedding dip direction. Generally the 

fractures in the subordinate set had shorter trace lengths that terminated against and wen.~ 

approximately perpendicular to the fractures making up the dominant set. The two large-scale 

sites had three sets, one sub-horizontal, one sub-parallel to bedding strike, and the other suh-

parallel to bedding dip direction, all with similar mean lengths. 

Statistical methods were used to correct for some of the biases, associated with scanline 

mapping, in the trace length., spacing and orientation data. Straight lines, drawn through the 

data points on probability plots show that the fracture trace length and spacing data can he 

approximated by a lognormal distribution. The statistics of trace length, density, and 
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orit!ntation obtained from the tield data, along with assumed aperture distributions "'ere ust!d 

in a 3-D discrete fracture flow simulator to evaluate the impact of th~ variability in fracture 

orientation, fracture interconnectivity, and aperture on rock mass permeability. Simulations 

of rock mass cubes with side length of 8 to 18 meters for the small-s~ale data and 100 to 150 

meters for the large-scale data, found that the fracture geometry was well connected and 

imparted a strong anisotropy to flow in the horizontal section and less so in the vertical 

section, when the same aperture was assigned to each fracture. When the apertures for 

individual fractures were generated using a lognormal distribution the computed directional 

permeabilities became even more anisotropic to flow. 
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CHAPTER I. INTRODUCTION 

1.1 BACKGROUND 

Characterization of discontinuities plays an important role in understanding the mechanical 

and hydraulic behaviour of a rock mass or a fractured oil and gas reservoir. Fractured rock 

mass permeabilities depend on the number of fracture sets, their orientation, spacing, length. 

and character. In order to effectively model a fracture system and understand the effect'i of 

fractures on rock: mass permeability, it is important to measure accurately the fracture 

parameters and appropriately determine the statistical nature of these parameters. In the la.o;t 

few decades oil companies have invested significantly in exploring fractured oil and ga.'i 

reservoirs such as those found in th~ Monterey Formation (Crain et al . , 1985; MacKinnon, 

1989) off the California coast. Even though accurate fracture characterization and modeling 

is important to the economic development of these offshore reservoirs, there are few 

published data on the fractures in the Monterey Formation. 

Although matrix porosity is present, much of the production from the structures in the 

Monterey Formation is related to permeability associated with tectonic features on a wide 

range of scales; open fold hinges, fault zones, shear zones, breccia zones and joint'! (Viele, 

1984; Crain et al., 1985; MacKinnon, 1989). In the report by Viele(l984), it was shown that 

the tectonic fractures were related to widespread conjugate folding in the Monterey 

Formation. Measurements made of the lengths of the major fold axes and fault wnes from 

geological maps (Dibblee, 1950) indicate that these features must form a small percentage of 

the total reservoir porosity, bu : reservoir performance suggests they form zones of very high 



permeahility (Gale et al., 1991). It appears that the Monterey reservoirs are a variation of the 

classical dual porosit}, dual permeability reservoir (MacKinnon, 1989; Gale et al ., 1991). 

The major featuro!S form the main conduits for fluid m~wement, and the small-scale features 

and matrix form both the feeder streets and the bulk of the storage or porosity in the 

reservoir. In order to adequately describe a fractured reservoir, such as in the Monterey 

Formation, there is a need to know as much as possible about the relationships between the 

small and large scale fracture systems, their spatial variability, their geometric and genetic 

relationships to parent structures, and the stress field(s) that created them, as well as their 

orientation with respect to the existing stress field. 

Geophysical methods, such as 3D seismic surveys, can define large scale features in the sub

surface but only near a bore hole can adequate data be obtail'l.ed for the small-scale features . 

Outcrop fracture mapping studies have shown that it is possible to obtain good orientation, 

size and shape data on fractures, and from these data to describe statistically the fracture 

geometry of a rock mass (LaPointe and Hudson, 1985; Gale et al ., 1991). One approach to 

studying and characterizing fractured reservoirs from outcrop fracture data has been proposed 

by Gale et al. (1991), which was the approach used in this study. This approach was based 

on systematic fracture mapping programs that provide detailed data bases on the geometry 

(orientation, trace length and spacing) of the small-scale (joints) and large-scale (fracture 

zones, breccias and shear zones) fracture systems. The collected data were used to provide a 

detailed statistical characterization of the fracture system. 
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The next step was to incorporate these fracture statistks into a fra-:ture nl!twork simulah1r t11 

determine the anisotropy to flow and fracture interconnectivity within the fractured reserv,1ir. 

Simulation of fracture networks that include data on the fracture apertures will lead tu 

quantitative estimat:!S of flowrates. 

1.2 OBJECTIVES and SCOPE 

This research study was undertaken to provide a detailed statistical description of the fracture 

system in the Monterey Formation, based on outcrop mapping, and to evaluate the impact of 

the fracture geometry on flow and fluid velocity in the reservoir, using a 3D dtscrete fracture 

simulator. 

The statistical description of the fracture system was based on the evaluation of the fracture 

data collected for Chevron Oil Field Research Company during the period 1985 through 1989. 

Fracture data were collected using the scanline mapping technique (LaPointe and Hudson, 

1985), from surface outcrops of the Monterey formation at several different locations along 

the coast of California from Point Conception to Point Sal (Figure 1.1 ). A rigorous statistical 

analysis of the general fracture characteristics hdS been completed, for each of the mapped 

areas, to determine the general fracture patterns and the degree of correlation hetween main 

fracture attributes. Cluster analysis on the overall fracture orientation data sets wa.'i used to 

define the main fracture groupings. Statistical analysis of these groupings, with consideration 

of mapping biases (Terzaghi, 1965; Priest and Hudson, 1981; LaPointe and Hudson, 1985; 

Priest, 1985), produced a set of statistics for the main fracture clusters . 
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The fracture statistics compu:ed from the field data were used in the 3D rra~ture n\!twMk 

simulator, NAPSAC. to determine the effects of the fracture galmetry on t1ow prup\!rti~s and 

to develop the appropriate flow and transport properties for equivalent porous ml!dia modelf . 

NAPSAC {Ht~rbert et at .• 1990) uses the statistical data for ea~h rra~ture set as input 

parameters to g~·nerate a simulated fracture network. and then calculates steady-state tluid 

flow through the generated network. The flow is described in terms of piezometrk head and 

is assumed to be restricted to the fractures with no contribution to tlow from the rock matrix. 

The fracture network is generated using the statistics for up to six distinct sets. Disaete 

fractures can also be included. Fracture orientation angles, lengths. and effective apertures 

for each set can be assigned frorn several statistical distributions. The network is generated 

within a cuboid region which is made larger than the desired solution region to avoid any 

edge effects. Fractures not intersecting the solution region are discarded. Constant head 

boundary conditions are assigned based on assumed gradients . Once the network is generated 

all intersections are determined and a number ot network node:; are set along each 

intersection. NAPSAC then calculates the pressure field, obtained from the mao;s conservation 

equation, along the intersections of the fracture planes. The flux across a fracture plane is 

assumed to be linearly related to the preo;sure gradient and follows the "parallel plate" or 

fracture flow law. NAPSAC assumes the fracture is rectangular in shape and solves for each 

response function using a finite-element technique. The boundary conditions for this 

calculation are no flux around the edges of fracture planes that do not form intersections, and 

specified pressures along all the fracture intersections on the plane. Each rectangular 
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representation of a fracture is discretized into a regular mesh of linear triangle elements. The 

transmissivity for each element can be chosen independently, which allows for fracture 

aperture variation to be included, if data are available, and allows a portion of each fracture 

to be ci'JSed off if it is outside of the solution region. 

1.3 PREVIOUS WORK 

1.3.1 Characterization of the Monterey fracture system 

Publications that discuss the tectonic development of the Santa Barbara coastal area include 

Ernst (1981) and Ingersoll and Ernst (1987). The stratigraphy, diagenesis and deformation of 

the Monterey Formation in this area, is discussed by Garrison ~ al. (1981 ), Isaacs et al. 

(1983), Dunham and Blake (1987), MacKinnon (1989) and others. These publications and a 

thesis by Grivetti (1982) give a good overview of the observations and interpretations of the 

fracturing in the Monterey Formation. 

Grivetti (19~2) gives a detailed description of the fracturing in the Monterey Formation, in 

the northern Santa Barbara county area. He describes the intense folding and fracturing that 

occurs in the chert beds of the Monterey. Based on his field work, Grivetti (1982) concluded 

that rock type controls fracture density, thus fracture porosity is highest in the cherts. Most 

fractures formed due to folding or faulting. Folds, especially in the cherts, are mainly due to 

a flexural-slip process (Figure 1.2) and are locally rotated. Two fracture sets approximately 
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orthogonal to each other .,... ·:re recognized by Grivetti. with one sub-perpendkular tll 11eJJing 

strike. 

Figure 1.2. Flexural -slip process, beds slip against each other when bending, friction 
between layers produces parasitic folds in brittle layers (after Dunham and Blake, 1987). 

Belfield et al. (1983) discuss the fracturing and brecciation of the Monterey, and present data 

from their observations of outcrops in the Santa Barbara coastal area. They concur wi!h 

Grivetti, that fracture intensity is controlled by rock type, and is tectonic in origin, at least for 

fractures important in the movement of hydrocarbons. Th,.y also point out that other non-

tectonic fractures, are common in some rocks and locations, sucb as syneresis cracks, which 

look similar to desiccation cracks but form by sub-aqueous shrinkage due to the loss of pore 

water. Belfield et al. (1983) present fracture data for one location in two ster~grarns and a 

histogram, showing that the fractures dip steeply and are sub-perpendicular to beddi.1g. The.-.e 

extensional fractures strike northeast and are preferentially filled with tar. They cite evidence 

from earthquake p-axes data (Lee et al ., 1979) to explain this i referred orientation for the tar 

filled fractures. These p-axes data imply that the average direction for the maximum 

compressive principal stress is 32°(N3rE). They conclude that fluids would tend to migrate 

up fractures that are normal to the minimum compressive stress, which is perpendicular to the 

7 



maximum stress direction. It is inferred that the intermediate and minimum principal stresses 

are of similar magnitude since strike-slip and reverse motion occur on faults in this area. 

This is assuming that the stress field was similar to the present day stress field when the 

fractures were tilled with tar. 

Snyder et al . (1983) and Snyder (1987) address the effects of rock material and diagenesis on 

the deformation of the Monterey. The diagenetic state of biogenic silica which progresses 

frum opal-A through opal-CT to quartz with increasing temperature can have an influence on 

the style of deformation (Snyder et al., 1983). Beds of similar rock type, such as chert or 

porcelanite, may contain biogenic silica in different states of diagenesis which in tum cause a 

possible difference in fracture density. Snyder (1987) states that the fC;Ids in the Monterey 

Formation which were formed by flexural slip, tend to be upright with bedding remaining 

parallel in concentric and chevron folds. The observed parallelism of bedding in these folds 

leads to space problems, as evidenced by folds dying out vertically or being faulted . Snyder 

confirms the earlier observations that the dominant fractures are perpendicular to the bedding 

plane and strike parallel to the bedding dip. 

Viele (1984) described the regional fracturing and folding of the Monterey in the Santa Maria 

basin area and proposed underlying mechanisms that produced this deformation. From his 

study. Viele concluded that: (I) conjugate folds are the predominate structures in the 

Monterey Formation (Figure 1.3), (2) zones of dilation are common in the hinge areas of 

~onjugate folds which, in the absence of ductile deformation, form major permeability 
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fairways (Figure 1.4), and (3) major fractures ar~ ~xt~nsion fra~tur~.s tixmoo m1rmal to th\! 

fold axes. 

-------~ 

- J; ------\\~ 
--~ -...... ·-

~- . 

Kink Box 
Figure 1.3. Conjugate folds, fold hinges commonly cross. Kink type has sharp 
hinge, box type rounded hinges. (after Ramsay and Huber, 1987) 

Figure 1.4. Potential dilation openings in kink bands of a conjugate fold (aft\!r 
Ramsay and Huber, 1987). 

In a second study by Ci1evron (Gale et al ., 1991) a preliminary description of the fracture 

systems was produced. This work consisted of detailed areal and scanline mapping, similar to 

LaPointe and Hudson (1985), of fractures intersecting coastal outcrops in tour areas; Point 

Conception, Jalama Beach, Lions Head and Lompoc Landing. A number of fracture 

parameters were measured including fracture location, orientations, trace lengths, fracture 
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tilling materials, and surface characteristics. Over 1500 joints and fractures wer~ measured at 

the four locations with more than 90% coming from 13 outcrop locations at Point Conception 

and Jalama Beach. From this stdJ, it was determined tbat there were two main vertical 

fracture sets, a dominant extension set and a less prevalent cross set. Gale et al. (1991), 

reported average orientations for the extensional set as N41 °E, similar to what Belfield et al. 

(1983) reported, an<i a cross set approximately orthogonal to the extensional set. Statistical 

data were used in a 2-D stochastic fracture network model to generate and determine the 

effects of fracture geometry on reservoir permeability. This 2-D modeling, using a constant 

fracture aperture, showed a strong anisotropy to flow with the maximum flow rate direction 

oriented approximately parallel to the stril.l of the extensional set. 

Narr (1991) discussed fracture densities in the Monterey Formation using data collected from 

outcrop and core studies. He defined fracture density according to his fracture-spacing index 

which is a dimensionless number equal to the "mechanical" bed thickness divided by the 

median spacing between fractures. A "mechanical" bed is defined as the Jointed layer 

between boundaries that the joints do not cross. This bed may or may not consist of a single 

rock type. Of the 57 mechanical beds that Narr measured, the median thickness was 3.0 em 

ar.d ranged from 0.1 to 40 em (Narr, p.1307, 1991). Narr states that the predominant 

fracture set is extensional but, unlike other workers, he concluded that fracture density 

depends more on mechanical bed thickness and structural position than on rock composition. 

Narr observed that jointin~ in most of the rock types was enhanced by we4thering and 

unloading, and he found no appreciable difference in fracture density between rock types. 

However, Narrs' lithologic analysis of rock hand-specimens was probably not adequate to 
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recognize the compositional changes, especially clay and organic matter, between some wd.: 

types (Carpenter, pers. comm., 1992). 

1.3. 2 Folding and Fracturing of Sedimentary Rocks 

The number of fracture Sc;i..) and their mean orientation in a strata that is foldoo. depends on 

the orientation of the str~ses active during the folding, along with the size and shape of the 

fold, the strength of the rock, and the thickness of the bedding (Price, 1966, Stearns, 1968). 

In rock that is not complexly folded, Price proposed that four main sets of joints, two tension 

sets and two shear sets, would be cre.tted. As seen in Figure 1 .Sa, one tension set is parallel 

to the fold axes (b), a second tension set (ac) is perpendicular to the fold axes, and these 

tension fractures bisect the angles formed by the two conjugate shear fracture sets. In Figure 

l.Sb the relative orientation of the joints to the fold limbs is shown. The joints parallel with 

the ac plane are extensional and form parallel to the direction of the major principal stress. 

Joints parallel tc the fold axis (b) are longitudinal and perpendicular to the major principal 

stress. The shear joints (S) form at an angle to the major principal stress. 

Steams (1968) wrote that there are four different configurations (Figure 1.6) for the three 

principal stresses in a fold, depending on which principal stresses are parallel and 

r -:pendicular to the bedding plane. These four different stress configurations can produce a 

total of ten different fracture orientations (eleven if a shear joint forms parallel to bedding). 

Steams' (1968) field observations, of Wyoming anticlines, showed that four main joint 

patterns were associated with these folds (see Figure 1.6). The fracture sets, in the first 
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pattern (Fieure 1.6a), are due to compression parallel to the dip direction, and in the second 

pattern (figure I .6b) are due to extension parallel to dip. The eJrtension joints in pattern 2 

and those in pattern 1, are similar to Price's be fractures and ac fractures respectively. 

Steams points out that this classification of joints in relation to the fold axis is not valid for 

the extension fractures at the nose of a fold. The orientation of extension joints at the nose of 

a fold is dependent on bedding rotation and not the fold axis. 

a hear 

c 

T · tensional 
S · •hear 

b 

s 

s 

Figure 1.5. Type and orientation of joints associated with folds (after Price, 1966). 

The fractures of pattern 3 (Figure 1.6c) form in a "normal fault position" relative to the 

bedding plane, and represent extension parallel to dip direction. The joints in pattern 4 

(Figure 1.6d) formed due to compression parallel to dip direction, and have "thrust fault" -like 

orientatiott relative to bedding. Steams ( 1968) observed that patterns 1 and 2 were 

widespread and strongly developed and that patterns 3 and 4 were shorter and locally 

developed. Stearns offered the conclusion that pattern I developed early in the folding 
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Figure 1.6. Joint set patterns on folds and associated stress fields (after Stearns. 1968). 
Patterns: 1 = a; 2 = b; 3 = c; 4 = d. 

process, with pattern 2 developing only when extensional forces become large, perpendicular 

to the fold, and patterns 3 and 4 resulting from local flexure or buckling of beds. 

Jaroszewski (1984), states that even though the stress history of a folded rock may be 

complex, observations show that fractures have a relatively regular orientation within folds 

and that the joints are fairly uniformly developed throughout the folded area. 

Hodgson (1961) and M•Quillan (1973) among others, have concluded that no relationship 

exist between joints and fold.i. Stearns (1968), however, argues that the relationship may not 

be evident from mapped patterns if sampling does not cover all areas of the fold (ie. fold 

hinges, limbs). Also the joint set orientation, and density can be complicated by repeated 

folding and/or the change in the principal stress orientations, which may cause a different 

pattern to overlay an existing pattern. Along with other factors such as rock type, bed 

thickness, and competence of the rock, a definitive joint pattern may be hard to recognize. 

Since most rock masses are not homogeneous in regard to their physical and mechanical 
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properties, it would be unlikely that a folded rock mass would exactly exhibit the idealized 

fracture patterns mentioned above. However, from the many field and laboratory 

observations it is clear that the general patterns of joints associated with folds, as mentioned 

by Stearns, Price, Jaroszewski, and others (Hancock, 1985; Polishook and Flexer, 1985; 

Reches, 1976; and Winsor, 1979) should not be ignored. 

The ability to move or extract oil in a fractured reservoir, in relation to the fracture network, 

depends on the concentration (density) of fracturing, interconnectivity of fractures, length of 

fractures. and opeMess <arerture) of the fractures. Gorham (1979) states that a one 

millimetre wide fracture that crosses a well can provide enough permeability to produce 7000 

to 10,000 bbl/day, depending on pressure and fluid viscosity. As discussed earlier, there are 

several fracture patterns associated with folds, and of these patterns, Steams and Friedman 

(1972) concluded that two patt~rns normally have sufficient density and extent to create 

potential reservoirs. These are pattern 1 and 2 as seen in Figure 1.6a & b. 

From field studies, Steams and Friedman made !.~veral observations and conclusions about 

each pattern. They found that pattern I was usually continuous vertically (tO's of meters) and 

horizontally (up to tOO's of meters) as single joints or zones across the entire fold structure. 

The joints had a wide range of trace lengths but distribution was skewed toward longer traces, 

with a narrow range of orientations. Because of the e:'ltent of this set, this pattern could effect 

fluid conununication for long distances, but also. there are three possible directions of 

communication between the fractures and a borehole. Pattern 2 is observed as shorter, 2-3 

meters at most, and usually it is the trend of all three fractures that is continuous along the 
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fold. This panern exhibits more of a interconnection between the fractures of dit'ferent s~ts 

than what was observed with pattern I . Due to this "lacy" interconne..:tion, and smaller 

joints, there is a stronger chance of block rotation and dilation in the fracture zones. This k\1 

Stearns and Friedman to conclude that pattern 2 may be a more effe..:tive passage way for 

fluid movement than pattern l. The communication between pattern ·z and a wetlhore would 

be favoured in the direction parallel to the fold trend. 

As indicated above, fracture density in a rock mass is affected by rock type and bed 

thickness. It has been observed that thinner beds, under the same stress regime, will tend to 

fracture mor~ than thicker beds. Price (1966), McQuillan (1973), and Narr (1991) have 

shown that bed thickness is the dominant factor in determining joint spacing in sedimentary 

rock at some localities. Pollard and Segall (1987) introduced a model for joint spacing based 

on the premise that the perturbation of the stress field, around a joint, effects the development 

of an adjacent joint, and the range of influence is based on the length of the joint. The length 

of the joint, based on observations, is assumed to be determined by the thickness of the 

jointed layer. Models bf Price (1966) and Hobbs (1967) consider rode type important in 

determining joint frequency, due to varying rock properties. Both models determine joint 

frequency by using rock property terms that rely on how a rock responds to stress and strain. 

It stands to reason that joint spacing would, in part, be influenced by rock composition, since 

brittle failure of the rock depends on the rock's mechanical properties. 

Position on a structure has also been found to be an important factor in fra(..1ure density 

(Murray, 1968; Stearns & Friedman, 1972; Gorham, 1979; Jaroszewski, 1984). Fracture 
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density seems to be ereatest where the rate of the change in dip is greatest, in other words at 

the strongest curvature of the fold. Sharply angled folds, such as chevron or kink folds, will 

have a concentration of joints at the hinge area, and a fold that is more in a semi-circular 

shape will have a more regular distribution of joints (Jaroszewski, 1984). Stearns and 

Friedman (1972) found that pattern 2 is more affected by the rate of curvature, since the 

fracturing process that developed the pattern is a result of cataclasis flow. Fracturing can he 

so intense in this area of greatest change in curvature that the rock can be completely 

shattered by unordered fracturing (Stearns and Friedman, 1972). Murray (1968) from his 

work with a fractured reservoir in North Dakota, also concluded that fracture intensity was 

greatest in the area of strongest curvature. He developed mathematical formulas relating 

fracture porosity and fracture permeability to bed thickness and structural curvature. Fracture 

porosity equals the product of ~urvature and bed thickness and fracture permeability is equal 

to the third power of the above product. This exact mathematical relationship between 

fracture porosity and permeability may not hold true for other folds but the basic parameters 

may still be well correlated. Gorham (1979) found oil production was best from wells that 

cut through the hinge line of the monocline structure in the San Juan Basin of New Mexico. 

Field and core studies revealed three joint sets all perpendicular to bedding. From these field 

observations Gorham made four basic conclusions: (l) fractures are best developed in flexures 

with maximum curvature, (2) if the axial fold trace is inclined the hinge line migrates laterally 

with depth, (3) open fractures developed best parallel to the fold trend, and (4) fractures are 

perpendicular to bedding but have greater lateral extent than vertical continuity. Similar 

conclusions were drawn by Quillan and Stearns (1986) from a study of fractures in core. 

They noticed that subtle changes in the rate of change in dip did not result in an increase in 
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fracture intensity but a high rate of ~hange did, the ratio of extension fra~tur~ to sh~ar 

fractures locally increased with increase in curvature, and fracture intensity d!.!pendoo llO ru~k 

type. 

In the Monterey Formation, rock composition is probaJiy a major factor controlling fra~ture 

density, even though folding occurred at low confining pressure (Viele, 1984), with boo 

thickness and position on structure being secondary. At all study sites, where the brittle ~hl!rt 

layers were present, the cherts had the highest fracture density, followed by porcelanite anJ 

dolostone, and the more ductile shales had the lowest fracture density. From the publishoo 

data, it appears that fracture frequency is higher in the cherts beds than in any other rodc.s 

with comparable bed thickness. 

As seen in published studies, brittle deformation in the Monterey Formation is dominatoo by 

extensional fracturing. However, there is great variability in the orientation of the fracturto:s . 

Belfield et al . (1983) reported that fractures along the coast of the Santa Barbara Channel 

show orientations sub-perpendicular to bedding strike and, although it was not explicitly 

stated, their figures show at least a 40° scatter in the fracture strike direction. Similarly, 

Steam's (1968) states a 30° spread in strike is not uncommon. Snyder (1987) proposed that a 

general model for the fracturing of the Monterey could be pattern 1 in Figure I .6a. Several 

problems exist, however, in trying to apply this model to the fold-related fracturing in the 

Monterey. All fracture sets shown in pattern I are not fully developed, and the orientation of 

the sets that are present do not match the predicted trends (Snyder, 1987). 
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1.3.3 Fracture Network and Fracture Flow Modeling 

Numerical models of flow through fractured media can be grouped by the number of tluids 

being considered (oil, gas, water) and the type of fractured formation (discrete fracture, single 

block, multi-fracture or continuum) flow is occurring through (van Golf-Racht, 1982). To 

determine the equivalent permeability of a fractured rock mass, models are either based on the 

assumption fractures are continuous, or that the fractures are discrete and of finite size (Long 

et al., 1982). Van Golf-Racht (1982) and Litvak (1986) discussed several of these different 

types of models, and Wang (1991} offered a review of recently published fracture flow and 

transport models. 

Models, by Snow (1969), Caldwell (1971), and Duguid and Lee (1977) integrated fracture 

geometry with hydrologic data, assuming that the fractures were continuous to some flow or 

pressure boundary. They used tensor mathematics to compute an equivalent porous media 

permeability. o\lthough this approach is useful, it does not take into account the discontinuous 

nature of fracture systems. Discrete fracture flow models for non-porous media include the 

steady-state pipe-flow model by Wilson et al. (1970) and the steady-state three-dimensional 

planar model by Wittke (1970). Transient fluid flow through fractured porous media has been 

modeled by Huskey and Crawford (1967), Asfari and Witherspoon (1973) and others. 

Discrete fracture flow models have been used by Gale (1975) and Noorishad et al. (1982) to 

investigate coupling betw~n effective stress, fracture deformation, and fluid pressure. Initial 

efforts at modeling fluid flow through discontinuous networks of fractures have included the 

printed circuit boardworlc of Hudson and LaPointe (1980) and the two-dimensional, fmite 



element, fracture network flow models of Long et al. (1982), Rouleau (1984), Samaniego and 

Priest (1984) and Andersson et al. (1984). Recent developments have included some 

preliminary attempts at three dimensional fracture network models (Dershowitz et al . , 1985; 

Long et al. 1985, and Herben et al., 1990). 

The incorporation of statistical data is necessary in the generation of a discrete fracture 

network model and commonly a Monte Carlo method is used, although a few recent works 

have used a fractal geometry approach (Wang, 1991). Barton and Larsen (1985) and Turcotte 

(1986) described a fracture network using fractals and Chit~ (1988) used fractal 

characterization to simulate a fracture network. The effectiveness of this approach in 

modeling fluid flow through a fractal fracture network has not been well established. 

The Monte Carlo method has been well established and has been used by many workers fur 

simulating fracture networks in two and three dimensions; a few notable works are by Long 

and Witherspoon (1985), LaPointe and Hudson (1985), Rouleau and Gale (1987), Long and 

Bilaux (1987), and Herbert et al. (1990). In this method, the number of fracture sets present 

within the generation region is specified and each set is independently generated. The 

fracture centers are generated according to the designated fracture density of each set. 

Fracture density is either the number of fractures per unit area or the sum of fracture lengths 

per unit area in 20 models or the sum of fracture area per unit volume in 30 models. A 

fixed number of points, governed by the fracture density and corresponding to the center of 

the fracture traces, are randomly generated inside the boundaries of the model. Orientations 

and trace lengths are randomly assigned to each center following the statistical distributions 
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stipulated for each set, and fractures crossing the boundaries of the generation region are 

truncated at the boundary. 

All of these numerical models that analyze flow through networks of discontinuous fractures 

solve for Darcy type steady state flow. The boundary conditions for flow and the pressure 

gradient are designated for the exterior of the fracture system and a system of equations art 

solved to determine the fluid pressures or gradients throughout the fracture network:. By 

summing the calculated flow rates in '.he individual fracture -;egments, the total flow rate 

across the system boundaries is estimated. The equivalent porous media bulle permeability 

can be calculated from the bulle fluid flow and the overall pressure gradient. To estimate the 

anisotropy in fracture permeability, the flow boundaries are rotated relative to the fracture 

network and the flow rate is evaluated as a function of ;u;imuth. Parameter studies can be 

undertaken to determine the relative imponance of fracture geometry, aperture distribution, 

and the role of large-scale fractures on the flux through, and the fluid pressure distribution in, 

the fracture system. 
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CHAFfER 2. GEOLOGIC SETIING 

2.1 REGIONAL GEOLOGY 

The discontinuity data analyzed in this thesis were obtained from outcrops of the Monterey 

Formation at five primary sites (see Figure 1.1) along the coast of south-central California 

between Government Point and Point Sal. The Monterey Formation is a sequence of siliceous 

sedimentary rocks originating from diatomaceous and calcareous material that was depositoo 

in several deep marine basins approximately between 17 and 6 my a (Snyder, 1987, 

MacKinnon, 1989). Six rock types comprise the bulk of the formation, tour (diatomaceous 

rock, siliceous shale(mudstone), porcelanite, and chert) are related to the diagenesis of 

biogenic silica, with the other two being phosphatic shale and dolostone. All occur as poorly 

to thinly laminated strata but locally beds can be massive ii~d as much as a couple of meters 

thick, with dolostone usually forming the thickest beds. The diatomaceous rock is 

characteristically weathered brown, siliceous shale is dark brown to grayish-yellow, 

phosphatic shale is usually very dark in color, porcelanite and chert are highly variallle from 

light to dark colors, and dolostone is commonly weathered to yellow or orangeish !an. 

Hardness of the rock types grade from the nardest being chert, followed by dolostone, 

porcelanite, the two shales, and the softest is the diatomaceous rock. Matrix porosity is also 

related to rock type: siliceous shales have the highest porosity, and chert and dolostone have 

the lowest (MacKinnon, 1989). Figure 2.1 shows a generalized stratigraphic s~tion of the 

Monterey Formation and the position of the mapped locations within the section. The 

stratigraphy follows that of lsaacs(l981) and Pisciotta (1981). 
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Figure 2.1. Generalized stratigraphic column showing position of study areas (after 
MacKinnon, 1989; Gale et al., 1991). GP- Government Point, JB -Jalama Beach, LH · 
Lions Head; f'A/RP- Point Arguello/Rocky Point; PP/LL- Purisma Point/Lompoc Landing. 



At the five sites the rock outcrops varied from sub-horizontal Ill near verth:al dit'f s~.:ti,,ns . 

Dimensions of the exposures also varied, from ten's of square meters to over a hundrc!\1. 

fairly continuous, meters in length with diff heights of 5 to 10 m~ters . Stn.t.:turcs shown in 

outcrop scale are not evenly distributed and are diverse in style. Fold goometrie..o; vary 

between rock types, and folding styles range from .:hevron to conjugate (hox) ltllds. Small 

scale, low-angle, ramp faults associated with folding were observed an s1>me locali!S and small 

normal faults are also present at most of the sites. A regional picture of the tectunk evolution 

that produced these complex structures in the Monterey Formation is still being developed for 

this area. Discussion of the development of the central coast tectonic basins .:an he tounJ in 

articles by, Woodring and Bramlette (1950), Dibblee (1950). Blake et al . (1978), Hall ( 1981), 

Homafuis et al. (1986), MacKiMon (1989), and Luyendyk (1991), but as noted by Snyder d 

al. (1983), no published studies provide a total structural cJmposite of this area. It is bcyonJ 

the :;~pe of this thesis to try and d\.tail the tectonic events that created the structures in the 

Miocene Monterey, but it is important to mention observations about the stratigraphy and 

structures with which the discontinuity data are associated. Much of the f<>llowing dis..:ussion, 

on the structures in the Monterey Formation, relied heavily upon the work and observations 

of Viele (pers. comm., 1991). 

Viele (1984) reported that fold hinges within the Monterey Formation, are generally 

nonparallel, but have an average wavelength of under one kilometer with a range from 0 .5 to 

1.5 kilometers, and amplitudes that are one-third to one-half the wavelength. Mapped trace 

length of folds showed that 78~ of 162 folds shown, have a length of 5 km or less, and even 

though many of the folds are :;ensured by alluvium, only 18 showed a length of more than 5 



km. Fault trace lengths were reported as being generally(85%) less than 6 km, with the 

longest traces, over 12 km, being associated with the eastern portion of the Santa Ynez fault. 

Traces of faults in the subsurface of the Santa Maria Basin are at least as long as the fold 

hinges (Viele, 1984). 

In an earlier report (Gale et al., 1991) on some of these fracture data it was mentioned that 

the study sites were probably in one of two structural domains: the Santa Barbara Channel 

domain or the Onshore Santa Maria basin domain (Figure 2 .2). The most southerly field sites 

at Government Point and Jalama Beach and Point Arguello, are considered to be located in 

the Santa Barbara structural domain. Sites at Lompoc Landing/Purisima Point and Lions 

Head are in the Onshore Santa Maria domain. 

The Santa 8Grbara structural domain located in the western portion of Transverse ranges is 

bounded by E-W-striking, left-lateral wrench faults, t.'1e Santa Ynez-Big Pine on the north and 

the Channel Island-Malibu on the south (Figure 2.2). This domain is inferred to extend 

westward to the Amberjack high, located offshore of Point Conception (Crain et al., 1985) 

and eastward to the San Andreas fault system. The stratigraphy of the Santa Barbara domain 

is a thick, up to 3000 m, sequence of marine and non-marine sandstones and shales ranging 

from Cretaceous to Oligocene in age, unconformably overlain by Miocene marine sediments 

(Vetter et al ., 1969, USGS FES 74-20, 1974). The thickness of the ~iocene Monterey 

Formation ranges from 700 to 1000 meters but is thinner where the formation onlaps the 

Amberjack high (Gale et al., 1991). On shore, this sequence is in the form of a homocline 

with the strata striking nearly parallel to the coastline with southerly dips of 25 to 70 degrees . 
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Figure 2.2. Location of structural domains. See text for discussion (after Gale et al, 1991 ; 
Snyder, 1987). 
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Near Point Conception the sediments curve with the coastline and northeasterly dips of 10-25° 

are observed in the coastal outcrr)s. Further up the coast toward Point Arguello, the strata 

are cut by the E-W left-lateral Jalama fault and then the E-W left-lateral Honda fault. The 

stra~a also show a series of anticlines and synclines whose fold axes are sub-perpendicular to 

the shoreline (Dibblee, 1950, Viele, 1984). From magnetic declination data it is interpreted 

that the Miocene rocks within the domain have experienced a clockwise rotation of 70-120° 

since the beginning of the Miocene, with about 30° rotation in the last 6 million years, di.le to 

the right lateral movement between the North American and the Pacific Plates (Hornafuis et 

al ., 1986, Luyendylc, 1991). It is also interpreted that the major episode of folding, faulting, 

and associated fracturing, occurred in the Monterey Formation during Mid and Late 

Pleistocene (Snyder et al., 1983, MacKinnon, 1989). 

The sewnd structural domain of concern to this thesis is the Onshore Santa Maria structural 

domain just north of the Santa Barbara Channel domain. The triangular-shaped Onshore 

Santa Maria domain is bounded by three major strike-slip faults; the Santa Ynez-Big Pine on 

the south, the Rinconada on the east, and Hosgri fault on the west (Figure 2.2). The 

stratigraphy of this domain differs from the Santa Barbara Channel domain in that the thick 

succession of Cretaceous to Oligocene sediments is absent, so the Miocene Monterey or the 

immediately underlying units, the Miocene Rincon or Vaqueros Formations, rest on either the 

Jurassic Franciscan Formation, the Cretaceous Espada Formation, or the Miocene Tranquillon 

Volcanics (Dibblee, 1950; Hall, 1981). Along Honda Creek, the Monterey is in fault contact 

with the Honda Shale of Jurassic age. A complete stratigraphic section of the Monterey 

Formation is present in the western part of the domain and ranges in thickness from 600 m to 
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lSOO m (1800 to 4SOO ft). Hall {1981) believes the Santa Maria basin is a pull-apan structur~ 

that staned to form approximately 14 mya along the ·existing Santa Maria River - Foxen 

Canyon- Little Pine - Lompoc- Solvang fault system·. and Hall offers this as the reason for 

the lack of early Tertiary sediments. 

Broad conjugate folds are present throughout the structural domain, so the strata at many 

outcrops are nearly flat lying. Most of the fold axes shown on Dibblee's (19SO) map in the 

western part of the domain lie in the Monterey Formation, with only the largest folds 

e."<tending into the older fonnations (Gale et al., 1991). A probable explanation for this 

observation is that the Monterey deformed by folding above a decollement fault plane between 

the Monterey and the older formations, or that numerous detachment surfaces lie within tl1e 

Monterey Formation (Viele, pers. comm. 1991). Based on a structure contour map of the top 

of the Monterey in the western Santa Maria structural domain, Viele (pers. comm. 1991) 

states that the overall geometry is that of conjugate folding possibly modified by recent 

faulting. The amplitude of the folds range from 1300 to 3000 meters (4000 to 10000 ft.) and 

the iength of the fold binges ranges from 11 to over 30 kilometers. Detailed measurements of 

fold geometry were not reported, but the report concluded that all evidence suggests the 

Monterey deformed as a relatively stiff unit through bulk rotations aswciated with shears 

without significant amounts of internal strain. Snyder et al . (1983) observed that the primary 

structures in the Monterey are: ·:~reP. scale faults associated with the San Andreas, large scale 

folds with wavelengths up to 10 km and associated faults, small scale disharmonic kink, 

chevron and concentric folds with associated faults and decollements, and complexly 

fractured, faulted, and brecciated brittle layers. Penetrative thrusting and shearing are 
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conspicuously absent. • Snyder et al. (1983) also state tllat the deformation observed in the 

Mioc.ene formations show classic evidence for wrench fault ti!Ctonics and uplift that is related 

to the development of the San Andreas fault system. Fracture and fold data reported by Viele 

(1984) from Mussel Rock, Lionli Head, Purisima Point, and Sweeny Road tend to mimic 

right-lateral wrench tectonics. The NW-strik.ing faults in the Onshore Santa Maria domain are 

believed by most workers to possess varying amounts of late Tertiary dextral strike-slip 

displacement. 

~one of the mapped sites were located in the offshore Santa Maria structural domain, but it is 

briefly mentioned here for completeness and its' close association to the other two structural 

domains. The offshore Santa Maria structural domain is bounded by the Santa Lucia fault on 

the west, the Amberjaclc high on the south, the right-lateral oblique-slip Hosgri fault system 

on the east (Figure 2.2), and contains numerous folds that trend NNW-SSE (Viel", pers. 

comm. 1991). As in the case of t."e Onshore Santa Maria domain, the Cretaceous and 

Oligocene sands and shales are generally absent. The thiclmess of the Monterey Formation is 

variable, but at some locales it averages less than 650 meters(2000 feet) (Dibblee, 1950, 

p.37). According to Dunham and Blake (1987) the material characteristics of the Monterey 

rocks in this do~r.ain are similar to those in the Onshore Santa Maria basin, which in tum 

differ from the material characteristics of the Monterey in the Santa Barbara structural 

domain. 
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2.2 LOCAL GEOLOGY 

The !"cations of the study sites relative to the regional structural domains are shown in Figurt! 

2.2. The stratigraphy of the sites is shown in Figure 2.1. The areas are described in 

sequence starting at the south-eastern location and moving toward the northwest. 

2.2.1 Government Point 

At Government Point the Monterey Formation forms near vertical cliff faces varying in height 

from a few meters to over 10 meters, Quaternary alluvium overlays the outcrops. In this 

area, the Montere) also is exposed in wave-washed horizontal outcrops that cover between 50 

m1 to several hundred square meters. Mudstone and siliceous mudstone are the dominant 

rocks exposed between Government Point and Point Conception. Commonly they are black 

to oily brown, very thin bedded to finely laminated, and they weather out in platy to massive 

beds. The massive beds are mostly dolomitic and form ledges and dip slopes in many places. 

The underlying beds on the facing slopes tend to be more shaly, friable and rich in organic 

material. These beds contain many small flecks and nodules of phosphatic material; also 

present are disseminated dolomite and local lenses of dolomite as much as 1.20 m in length 

and 0.40 min thickness; the lenses of dolomite weather to a light orange-tan color. X-ray 

diffra~on analysis of samples from this location showed that the phase of biogenic silica in 

the samples is opai-CT (Carpenter, pers. comm. 1991). Dibblee·s (1950) map shows that the 

rocks at Government Point are in the upper Monterey. 
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The rock outcrops at Government Point lie on the southern limb of a broad syncline 

recognized by Dibblee (1950) (FiJUre 2.2) which lies between Government Point and the 

south-facing dip slope of the Santa Ynez Range. Bedding strikes vary between 285° and 320° 

with dips of 9° to 20° toward the north-northeastward with the steeper dips in the northwest 

outcrops. The bedding strike variation seem to be related to poorly defined small synclines 

and anticlines that plunge toward the northeast. Toward Point Conception, th' strike bends 

slightly toward the northwest and the dip of about 20° swings accordingly toward the 

northeast. 

Fracturing of the Monterey at Government Point is dominated by fold-related extensi<'!l type 

fractures, many tar filled, that are perpendicular to bedding and trend sub-parallel to bedding 

dip. Individual fractures generally have openings of less than 40 nun in width, but the 

openings pinch and swell along the fracture trace on the face of the cliff. Sub-perpendicular 

to the extension fractures are numerous cross joints, probably the result of unloading and 

weathering. Cross joints are generally tight but a small number were observed with some tar 

infillings. Average trace length of all discontinuities measured is approximately 1. 75 meters 

and a little under 30~ of all fractures have a trace greater than 2 meters. Zones of tar-filled 

breccias are also present that cut through the exter.t of the outcrop and range from 1 to 3 m in 

width. The tar-filled breccias have trends <'milar to the extension fractures but their 

boundaries are irregular across the face of the outcrop. Similar fracture types were observed 

by Belfield et al. (1983) in outcrops further east in the Santa Barbara basin. At South 

Elwood, transverse joints with or without tar··filled breccia are distributed normal to structural 

strike, dip steeply, and serve as important conduits for hydrocarbon transport (Belfield et al . , 
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1983). Several zones of high angle faulting were also observed to the west of Government 

Point and to the west of Point Conception. The dips of the fault planes were variable, and 

~nes of breccia fill some bends in the fault planes. The faults are extension faults parallel ur 

sub parallel to the trend of the extension fractures. 

The rocks at Government Point contain numerous bedding-plane shears as is typical of most 

Monterey outcrops. These shears tend to be the location of water seeps and a thin gouge zone 

containing ferric iron oxides and gypsum produced by the alteration of pyrite. The presence 

of seeps and mineral alteration indicates that the bedding-plane shears are zones of relatively 

high penneability at least near the surface. Tar-tilled fractures associated with and parallel tu 

the bedding-plane shears are present in some places. 

2.2.2 Jalama Beach 

Structural attitudes between Jalama Beach State Park and the southern boundary of 

Vandenberg AFB rna." be divided into three groups: a southern segment, a shon middle 

segment, and a nonhem segment (Viele, pers. comm. 1991). 

The southern segment extends from Jalama Creek northwesterly for about 350m. Exposures 

are sub-venical cliffs and steep dip slopes of mostly light gray, platy, opal-A diatomites and 

siliceous shales, locally interstratified with light yellowish-brown beds of dolomite as much as 

1 m in thickness. These are probably outcrops of the Sisquoc Fonnation that hao.e a 

gradational contact with the Upper Monterey exposed father north up the beach. Toward the 
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northern end of this segment, beds of dolomite, seasonally covered by sand, contain numerous 

synsedimentary slump folds, defin~ by thinly laminated and "swirled" layers (Gale et al., 

1991). The slump folds themselves are unrelated to the regional structure for they lit> in beds 

bounded by bedding planes parallel to the regional dip. No beds of opal-CT or chert are 

present in this southern exposed segment. 

Attitudes of bedding along this stretch of beach are consistent. Strikes range from 330° with 

dips around 30°SW in the southeast portion of this section to oso with dips of 22° to 29°W 

in the northwest. The slight changes in strike from northwesterly to northerly define very 

broad, poorly defined anticlines and synclines plunging seaward at plunges of less than 5o. 

In general the region is part of the broad regional dip slope forming the southern flank of the 

Santa Ynez Mountains and the southern limb of the regional anticlinorium. 

The discontinuities show considerable spread in trends but extensional fractures are well 

represented. In some beds that form the steep dip slopes, two closely spaced joint sets are 

present forming pencil thin slivers of rock. Of the measured discontinuities at this location, 

the average trace length is 1.35 meten, 30% have traces greater than 2 meters, with some 

iron staining. No tar aw.l no breccias were observed in this southern segment. About ISO m 

from lalama Creek a few small dip faults parallel the set of extension fractures and are 

themselves extension faults. 

The middle segment of the outcrops at lalama Beach is approximately 300m in length of sub

vertical cliffs and contains the only zone of structural disruption. The rocks are thin beds of 

32 



grayish-tan siliceous shales and represent the top of the Monterey at this location (Viele, pers. 

cornm. 1991). Beds dip between 5° and l5°SW and strikes vary between 295° and 335°. At 

the southern end of the middle segment, reversals of dip define a series of Chevron and 

conjugate folds of short wave length. A few small thrust faults break the forelimbs of the 

folds and translate the rocks short distances either northward or southward. with the 

northward translations being more common (Viele, pers. com. 1991). According to the maps 

and cross sections of Dibblee (1950) these folds are inclined toward the nonh and seem to be 

parasitic folds on the southern limb of the Santa Ynez Mountains anticlinorium (Viele, 1984). 

Locally, there are a few thrust faults of mostly east southeasterly strike and northerly dip 

cutting the rocks. 

Since the cliffs show the dip face of the beds, very few longitudinal joints were observed. 

The extensional fractures are generally perpendicular to bedding but exhibit a large degree of 

scatter in strike direction. Most of the extensional fractures cut strongly across bedding 

planes but no tar and very little iron staining was observed. 

The nonhemmost segment of the Jalama Beach traverse is separated from the other segments 

by several hundred meters of slumped Pleistocene terrace sediments and beach sand. Rocks 

at these outcrops are representative of the upper calcareous-siliceous member of the Monterey 

Formation (see Figure 2.1). Outcrops include thin beds of opal-CT chert, interstratified with 

opai-CT porcelanite, and scattered beds of dolomite. Bedding strikes are fairly well confined 

between 305° and 325° with dips between 30° and 36° to the southwest. Well defined 

conjugate folds buckle the chert beds, and extension fractures are numerous normal to the fold 
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hing~. Fractures filled with gypsum are more numerous than in the other two segments, and 

calcite filled veins are common here where as none were observed in the other areas. 

Decollement surfaces floor the folded cherts, but the extension fractures extend vertically with 

a wider spacing across the decollements. Several of the conjugate folds lie in relatively steep 

dipping beds and were probably rowed to their present attitude from originally flat-lying beds 

(Viele, pers. comm. 1991). 

2.2.3 Point Arguello 

In this area the Monterey is exposed in two railroad cuts, each about 0.5 km in length, and 

in dramatic cliff sections that can be more than 40 meters high. Rock outcrops are almost 

continuous, but sometimes hazardous to access, for nearly 6 kilometers to the south and 3 

kilometers to the nonh of Point Arguello. The exposed strata are representative of the upper 

calcareous-siliceous member (MacKinnon, 1989). Black chert is common in thin ribbon beds 

to thick massive beds, typically interbedded with porcelanite and siliceous shales, and as at 

other locations, dolomite forms thick beds locally. A few thin, black, phosphatic beds we:e 

observed at beach outcrops near Rocky Point. Generally bedding strikes northwest-southeast 

and dips to the southeast are mostly between 10° and 20° but locally can be as steep as 60°. 

Dibblee (1950) mapped two anticlines (or one with a E-W kink just north of Rocky Point) that 

trend NW -SE paralleling the coast line. Common in this area are thrust faults along bedding 

that eventual ramp through the bedding to an upper bedding plane following along the axial 

surfaces of kink folds (Viele, pers. comm. 1991). Viele (1984) 
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points out that this ramping and associatoo rotation of fold limbs form wedge-shaped dilation 

zones of potentially high permeability. 

The dominant discontinuities are high angle extension fractures that strike toward the 

northeast, and locally are tar filled. Carbonate filled extension fractures, tar-filled breccia 

zones, and extensional faults with centimeter to meter displacements are also common through 

this section. An uncommon feature seen at a railroad cut near Point Arguello are two, I to 2 

meter wide, sandstone dikes. The dikes cut the bedding at right angles and strike in the same 

general direction as the extension fractures. It is believed that the sand is derived from the 

Eocene-oligocene fonnations which underlie the Monterey (Viele, pers. comm. 1991). 

2.2.4 Lompoc Landing/Purisima Point 

This specific area has also been discussed by Dunham and Blake (1987) in considerable detail 

and by MacKinnon (1989) in somewhat less detail. ln the area of Lompoc Landing the 

Monterey Formation outcrops as nearly flat benches that extend several meters from shon 

alluvial cliffs into the ocean. Moving north along the coast, approximately 5 km toward 

Purisima Point, the Monterey is covered by beach gravel, sand and water, and is only 

exposed in shon cliff sections until within several hundred meters of Puri.')ima Point when 

again the Monterey is exposed at beach level. Along this stretch of coast the strata exposed 

are from tht upper calcareous-siliceous member of Isaac's classification. The dominant rocks 

are very thin-bedded cherts interstratified with siliceous shales and dolomite. The dolomitic 

35 

' . ./_,_, 



beds form resistant ledges as much as a meter thick. The biogenic silica phase is dominantly 

opai-CT with some silica altered to quartz near Purisima Point (Dunham and Blake, 1987). 

Most of the bedding in this region dips less than 10° toward the nonh, except where locally 

disturbed by small faults and folds. In the thin-bedded cherts numerous conjugate fold hinges 

are present separating flat anticlinal crests from flat bottomed synclines. Gale et al.(l991) 

reported wavelengths ranging from 0.50 to 1.75 m, and amplitudes from less than 10 to 100 

mm, on measurements of 17 folds. The sample was small but a reconnaissance of the area 

suggests it was representative. Plunges of the hinge lines were low, generally less than go, 

and clustered around two bearings, one at 095° and the other at 260° (Gale et al., 1991). 

Therefore, as seen in outcrop, anticlines pass directly into synclines as binge lines cross one 

another. Most of the hinge areas are associated with small thrust faults that flatten downward 

into detachment surfaces at the base of the chert layers. The total amount of shortening in the 

folds is estimated to be less than 10% (Gale et al., 1991). 

As poi.1ted out by Dunham and Blake (1987), the chert beds are cut by numerous r;losely

spaced extension fractures that are perpendicular or nearly perpendicular to the fold hinges. 

Stronger extension fractures of similar orientation but at wider spacing cut the siliceous shales 

and dolomitic beds. The extension fractures are cut locally by larger shear zones many of 

which are tilled by tar-cemented breccias. The shear zones postdate the extension fractures 

because the extension fractures are rotated with a right slip sense of movement by the shears 

(Viele, pers. comm., 1991). Nonh of Lompoc Landing, along the southwesterly-facing suore 

of Purisima Point, thick, resistant ribs of br~cia mark the location of shear zones which may 
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also be associated with the Hosgri fault. These breccia ridgc:s, which arl! I to ~ m~t~rs widl;'. 

were at some time higl.ly penn~!able zones but are now strongly ~ementai and resistant tu the 

wave action. The system of conjugate folds and extension fractures Sel!m to have und~rgun"' a 

later deformation associated with the right lateral faults of the California coast ranges (Gale ct 

al., 1991). 

2.2.5 lions Head 

The Lions Head area was covered extensively by Dunham and Blake (1987). including,. 

measured, nearly complete, section of the "classic Western Santa Maria Basin Monterey" 

formation, and detailed discussions of the ~trata and structures at tllis location. In the area of 

Lions Head, portions of all lithologic members of the Monterey Formation are present 

(Dunham and Blalce, 1987) in stratigraphic sections thal average less than 650 meters(2000 It) 

in thickness (Dibblee, 1950, p.37). At the coastal outcrops the Lions Head fault juxtapose.<; 

the Jurassic Point Sal Ophiolite against the basal phosphatic shale and dolomite. The 

stratigraphic sequence can be fdlowed moving away from the fault south along the bea~.:h 

outcrops. First are the dark brown phosp!tatic shales interbedded with a few grayish-tan 

dolomites. The shales co:ttain numerous nodules of dolomite and the interstratified beds of 

dolomite range in th1ckness from about 0.50 to 1.50 meters. The phosphatic shales are the 

dominant rock for a couple of hundred meters; then there are less than one hundred meters of 

interspersed dolostones, chert, porcelanite, and siliceous shale beds. The thin contoned 

cherty units and thin bedded siliceous shales dominate this section. The biogenic silica at 

Lions Head is all in the quartz phase indicating an advanced state of diagenesis . 
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There is some debate whether the Lions Head fault is a right-lateral or left-lateral strike slip 

fault (Viele, pers. comm. 1991; Sylvester and Darrow, 1979), but whatever the fault 

mechanism, north-south compressional stresses strongly folded the Monterey strata on the 

southern side of the fault in this area. Most of the beds at Lions Head strike approximately 

east-west and have dips greater than 60° either to the north or south. Numerous small 

conjugate folds, having hinge lines that plunge westward at 20° to 30°, occur in the steeply 

dipping limbs of the cherts. Numerous extension fractures, some ftlled with tar, transect the 

folds perpendicular to the hinge lines. The extension fractures and conjugate folds at Lions 

Head formed early in the deformation and were rotated to their present position on the steeply 

dipping limbs of larger folds by later deformation which may have been associated with 

movement along the Lions Head fault (Viele, 1984). 
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CHAPTER 3. FRACTURE DATA COLLECTION AND ANALYSIS 

All of the fracture data referred to and analyzed for this thesis were collectoo for Chevron Oil 

Field Research Company and were included in unpublished internal company r\!ports. One llf 

these reports, Viele (1984), and other documents by Viele (pers. comm., 1989) are f:-equently 

referenced in this thesis. 

3.1 OAT A COLLECTION AND MAPPING PROCEDURES 

Methods employed in collecting fracture data depend on rock ex!X>sure and the intended use 

of the data. There are two basic approaches to outcrop fracture mapping: subjective! y 

selecting the <!iscontinuities to measure, or systematically :neasuring all fractures, greater than 

a given size, that cross a traverse or scanline laid out on the outcrop or that occur within a 

given area (ISRM, 1978). With either approach it is important to conduct preliminary 

reconnaissance to evaluate the rock types, rock exposure and location of the outcrops within 

the local geologic structures (ISRM, 1978). Both methods, have been used effectively. and 

according to Reches (1976), at some locations result in similar conclusions on general fracture 

geometry. The approach in this study was based on scanline and areal mapping techniques 

similar to the procedure used by Gale and StrAhle (1988) in mine drifts at Stripa, Sweden. 

Two surveys, of outcrops along the coast of central California (see Figure 1.1 ), were 

conducted in order to measure the small and large-scale fractures in the Monterey Formation. 

The fir~t. called the "small-scale" survey, sampled outcrops 25 to 100m3 in area and 

collected data on fractures with u.ace lengths of 0.25 meters or greater, using 2 to 30 meter 



long scanlines. The second survey used 100 m to 1400 m long scanlines to collect data on 

"large-scale• breccia zones and faults that had trace lengths greater than 3 meters. Data on 

these large-scale fractures allow for a description of the fracture system in the Monterey 

Formation on a scale between the small-scale fractures and the regional scale fractures. Based 

on their appearance in outcrop, these large-scale fractures appear to be the main zones of 

permeability at the reservoir scale. 

For the small-scale survey, photos were talcen, as near as possible, perpendicular to the 

exposures. For the flat lying outcrops, photos were taken from a helicopter hovering 

approximately 30 meters above the outcrop. The photos were enlarged and, with mylar 

overlays, used as a mapping base to record the location of the scanline along with the trace 

and position for each fracture that crossed the scanline. The scanline consisted of a tape 

measure secured to the rock and stretch taut across the outcrop, and where possible several 

scanlines were used at oblique angles to each other. The rock type, bedding dip and dip 

direction were recorded for each scanline along with the direction and inclination of the 

scanline. Each fracture that crossed the scanline, was numbered sequentially, and the 

following characteristics were measured and recorded: distance where the fracture crosses the 

scanline, fracture type, dip, dip direction, trace length, censoring of fracture trace length due 

to natural cover, fracture infill mineralization, large scale roughness (shape), small scale 

(surface) roughness, and termination mode. To ensure accurate and consistent data, 

measurements were made by one member of the team while another recorded the data on 

systematic logging forms (Figure 3.1). Dip and dip direction of the fracture were taken with 

a strato-compass that has several levelling bubbles and a rigid plate that can be aligned with 
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LEF"l' SIDE OF FORM 

LOCATION: 
PHOTOS : 

FUG LOCATOR SCAN SCAN SCAN FRAC. SCAN FRAC. DIP 
# TREND PLUNGE # DISTANCE TYPE 

33 COMMENT LINE 

22 AB 115 +4 

11 PHOT01 1 0.45 F 85 

11 2 1.01 FZ 88 

RIGHT SIDE OF FORM 

DATE: WEATHER: 
lJORl<ERS: 

DIP TRACE CEN. IN FILL ROUGH . ROCK TERM. COMMENTS 
DIR. LENGTH LS,SS TYPE 

053 1. 28 0 T p ,s SM 0 

260 3 . 40 1 T P,R SM 4 

..___ 

figt•re 3.1. Logging form used for fracture mapping surveys. Entries correspond w 
discontinuities in Figure 3.2, headings and abbrevations are explained in the text and in Figure 
3.3. 
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1 

POSITION 
TYPE 
ORIENTATION 
LENGTH 
CENSORING 
TERMINATION 
ROUGHNESS 
FILLING 
ROCK TYPE 

Figure 3.2. Schematic diagram illustrating some of the mapping conventions used in this 
study. Numbers correspond to fracture numbers on logging form; figure 3.1. 

the plane of the fracture, which allowed for fairly quick and consistent measurements. These 

fracture mapping conventions are illustrated schem.·~ically in Figure 3.2, with explanations for 

the terms in Figure 3.3. 

Color air photos taken in 1988, for a coastal survey by the State of California, were enlarged 

and used as the photo base for the large-scale fracture survey. The scale on the photo 

mapping base was 25.4 nun equals 60 meters. The recorded characteristics for each major 

fracture included; spacing, dip azimuth, dip, horizontal and vertical trace length, censoring, 

and infill mineralization. For convenience, the large-scale data were organized according to 

the number of the air photo on which the feature was located. 
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Coding Conventions - Scanline Fracture Mapping 

Column 1 Flag; 11 = fracture data, 22 = scanline data, 
33 = comment line 

Column 2 Locator; photo or map number -When Flag= 11 
Column 6 FL"acture number 
Column 7 DLtance on tape where fracture crosses scanline 
Column 8 Fracture type; BD = bedding contact, BZ = breccia zone, 

FZ = fracture zone, JT =joint 
Column 9 Dip direction (0-360°, azimuthal bearing) 
Column 10 Dip Inclination (0-90°) 
Column 11 Fracture trace length 

Column 12 Censoring; 0 = both ends exposed, 1 = one end covered 
2 = both ends covered 

Column 13 Infilling material; 
Q = Quartz, CL = Clay, FE = Iron Oxide 
C =Carbonate, T = Tar, G = Gypsum 

Column 14 Large scale roughness (trace shape); 
P = flat plane, C = curved plane, S = stepped, 
I = irregular, U = undulating 

Column 14 Small scale roughness (surface roughness); 
S =smooth, R = rough 

Column 15 Rock type; C = chert, 0 = dolostone, M = mudstone, 
P = porcelanite, 
prefix - A = argillaceous, 0 = dolomitic, 

S = siliceous 
Column 16 Termination type; 

0 = both ends free, 
1 = one end terminates against ano..ner fracture 
2 = both ends terminate against fractures 
3 = end splays 
4 = ends are censored 

Column 17 Comments 
When Flag=22 

Column 3 Scanline number 
Column 4 Scan trend (0-360°, azimuthal bearing) 

Column 5 Scan inclination ( + is upward) 

Figure 3.3. Explanation of coding conventions for scanline fracture mapping. 
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The main focus of a fracture survey is to determine the number of sets and their orier.tation 

and spacing, in order to draw conclusions on the structure and stress history of the area, or to 

determine the fracture permeability, or determine the effect of the fracture system on the 

mechanical properties of the rock mass. An assumption common to all fracture studies is that 

the areas sampled are representative of the total area that is being assessed. As pointed out by 

Terzaghi (1965), no survey will give complete information about the fracture system but a 

well conducted survrt will furnish data that have a high probability of providing a 

representative sample of the actual fracture system in the rock mass. In order to achieve a 

good approximation of the actual distributions, of fracture orientation, trace length, and 

spacing, it is important to recognize the assumptions, biases, and errors that underlie the 

sampling process. 

Errors occur when determining the orientation of a fracture due to the . .tape of the fracture 

trace or when the fracture is too "tight" to obtain a good dip reading. Usually the rock 

surface and the fracture trace are weathered so there is some separation of the fracture walls, 

so several measurements of dip and dip direction can be made along the trace and the 

measurements averaged. The parameters of fracture type, and large and small scale 

roughness are qualitative and subjective. This subjectivity can be minimized if all data are 

collected by one worker or if a definitive, systematic field technique is used, followed by a 

rigorous statistical analysis. 

In any statistical analysis of fracture data, except for a geostatistical approach, it is assumed 

that the data are from a homogenoous fracture system. No rock fracture system is truly 
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homogeneous but for statistical analysis 

homogeneity may be assumed when sampling in 

large areas and the scanline is a number of times 

longer than the largest block size, as defined by the 

fracture system (LaPointe and Hudson, 1985). 

LaPointe and Hudson ( 1985) also point out that 

there is a bias towards sampling longer trace 

lengths, since the longer the trace the higher the 

Figure 3.4. Cut effect, (after Ramsay 
and Huber, 1987). Fracture pattern 
seen depends on orientation of exposure. 

probability of crossing the sampling line. There is also a bias toward sampling fractures that 

are at a high angle to the scanline, and a bias associated with the orientation of the outcrop, 

the "cut effect" (Figure 3.4), discussed by Ramsay and Huber (1987). To compensate for 

these biases, three mutually onhogonal scanlines should be used (if possible) when sampling, 

and/or statistical methods such as those presented by Terzaghi (1965) or Priest (1985) should 

be applied when analyzing the fracture orientation data. When it is too time consuming to 

sample every fracture that crosses a sampling line, a lower limit of fracture trace length may 

be stipulated. It should be noted that this truncation of trace length data adds a hiac; against 

shorter lengths. Usually the effect of truncation on the central tendency is small, unl~s 

truncation is greater than ten percent of the mean length (LaPointe and Hudson, 1985). The 

truncation bias and the bias created by censoring, are usually compensated for hy using a 

statistical estimator such as the maximum likelihood method and assuming a known 

distribution for the data. 
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3.2 GENERAL FRACTURE CHARACTERISTICS 

3.2.1 Small-scale fracture system 

Sites at four areas, Government Point (GP), Ialama Beach (JB), Lompoc Landing (LL), and 

Lions Head (LH) (Figure 1. 1 ), were mapped for the small-scale fracture survey. The number 

of sites, stations at each site, total scanline length covered at each station and total number of 

fractures that were measured at each station, for the four different areas, are shown in Table 

3.1. Examples of the detailed outcrop maps are given in Appendix B. 

Table 3.1. ScanJine summary for each site in the small-scale survey. 

AREA SITE STATION NUMBER TOTAL TOTAL I OF 
OF LINES SCAN FRACTURES 

LENGTH(m) 

GP I C1 12 71.8 180 

P1 5 44.1 226 

P2 3 36.8 204 

2 C2 5 31.7 136 

3 P4 1 24.5 43 

PS 3 46.2 74 

IB 1 1 3 21.4 51 

2 1 2 6.0 20 

3 I 3 10.3 41 

4 1 7 37.6 104 

s 1 9 57.9 180 

6 1 2 33.9 92 

LL 1 1 4 71.8 80 

LH 1 1 1 21.4 65 
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At Government Point, 863 fractures were measured at six stations that extendoo over 

approximately 600 meters of coastline. Site 1 at Government Point, included two sub

horizontal outcrops (stations Pl and P2) and a long sub-vertical cliff section (station C 1). Site 

2 consisted of several vertical cliff sections and the two stations at site 3 were nearly tlat-lying 

outcrops (stations P4,P5). Six sites spread over I.S km were used to measure 533 fractures at 

the Jalama Beach area. All sites at Jalarna Beach were sub-vertical cliffs except for site 6 

which was a sub-horizontal outcrop. Only one station was mapped in detail at Lions Head 

and one at Lompoc Landing. 

As listed earlier there were several parameters collected for each observed discontinuity. 

These data were plotted in bar charts, box-plots, rose diagrams and lower hemisphere 

diagrams to determine if any general patterns exist between trace length, orientation, mineral 

infill, and large and small scale roughness. The areas and most sites were plotted separately 

so data from different structural positions would not obscure or create relationships. 

Poles to fracture planes were plotted on lower hemisphere equal area plots for the t(>Ur areas 

(shown in Figure 3.5). For Government Point and Jalarna Beach, the fractures typically have 

steep dips, and even though there is a wide variability in the strike direction, the majority 

strike NE-SW. For the Lompoc Landing (LL) and Lions Head (LH) plots, the poles tend to 

cluster near the East-West line and indicate steep dips. A more detailed discussion of 

orientation is presented in section 3.3.1 and in Appendix C. 
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figure 3o5. Lower hemisphere equal area plots of poles to fracture planes for GP- Government 
Point, JB - Jalama Beach, LL- Lompoc Landing, LH - Lions Head. Sample size for each area: 
GP(n=789), JB(n=445), LL(n=80), LH(n=65). 
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Table 3.2. Summary of fracture types and types of mineral intill for ea~h site in the small
scale survey. N = total number of fractures measured, JT = joint, FZ = fra~ture zone. BZ 
= breccia zone, VN = vein; INFILL = predominate filling material. 

SITE, N TYPE IN FILL 

STATION JT FZ BZ VN TAR FE CAL CLAY GYP 

GP,C1 181 176 5 0 0 50 0 0 I 21 

GP,P1 226 215 11 0 0 52 0 0 0 0 

GP,P2 203 201 2 0 0 54 29 0 14 0 

GP2 136 95 41 0 0 97 0 0 I I 

GP,P4 43 33 9 1 0 35 0 0 0 0 

GP,P5 74 58 15 1 0 60 7 0 0 0 

JB1 49 35 14 0 0 0 49 0 0 0 

JB2 31 31 0 0 0 0 26 1 3 0 
JB3 41 40 1 0 0 0 0 0 0 0 

JB4 104 83 21 0 0 0 60 0 0 0 

JB5 180 167 13 0 0 0 0 0 13 0 

JB6 92 84 0 c 8 0 0 32 0 30 

LL 80 58 7 15 0 80 0 0 0 0 

LH 65 65 0 0 0 0 0 0 0 0 

Table 3.2 shows, by site and individual station, the break down of the observed fracture 

types, and the number of fractures per intill mineralization. Over 50~ of all the measured 

fractures have some type of mineral intill, indicating that at some time the fracture was open 

as a pathway for fluid movement and, at the Government Point area, tar is intilling nearly 

40% of the fractures. Fracture zones (FZ) (closely spaced and anastomosing joints) and 

breccia zont's (BZ), at all sites, generally have longer trace lengths than the other fracture 

types, are tar-tilled or iron-stained, and preferentially strike to the northea~t. 

Differences in mineralization in the fractures may be indicative of different stress regimes 

and/or distinct times of formation. It can be seen (Table 3.2) that at Government Point and 
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Lompoc Landing, of the fractures with mineralization, tar is the dominant infill . At Jalama 

Beach, mineralization is more variable from site to ~ite, with Fe-staining dominant at sites I, 

2, 3, and 4, and there are equal amounts of carbonate and gypsum at site 6 . The majority of 

observed fractures at Jalama Beach siteS, and the one mapped site at Lions Head have no 

visible mineralization. Table 3.3 summarizes the trace length statistics (based on a normal 

distribution) by mineralization for each site. Figure 3.6 shows the bar charts of trace length 

dis:ribution and the associated mineralization for each of the four main areas. There is no 

definitive relationship, all types of mir:.ralization seem to be ubiquitous to all trace lengths. 

Although, at Government Point, tar is present in a higher percentage of the longer fractures 

than the shorter length fractures. The differences in mineralization between the areas, are 

probably, in part, due to the differences in stratigraphic location (Figure 2.1). Especially, the 

presence of tar could be associated with the proximity to the phosphatic membe·, which has 

~he highest organic content of the stratigraphic members in the Monterey Formation 

(MacKinnon, 1989). Box-plot diagrams in Figure 3 .7 have been used to summarize and 

compare the distribution of trace length for each mineral infill. The box in this diagram 

represents the spread of the middle SO% of the data and the line inside the box is the median 

(central location) point of the trace lengths. The diagrams in Figure 3.7 represent the raw 

trace lengths of fractures and, although there may be censoring effects, the box-plots do show 

that for most sites the fractures with the relatively longer trace lengths are infilled with 

minerals. 
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Table 3.3. Raw trace length statistics by mineralization for smal1-s~ale surwy sites . GP -
Government Point, JB- Jalama Beach, LL- Lompoc Landing, LH - Lions Head. Mineral 
lnfill is the dominant miner~ in the fracture . 

Mineral Raw Trace Length (m} 

Location In fill N Mean Std. Min Max Median 

GP Site 1 None 383 1.06 1.14 0.25 14.12 0 .79 

Tar 156 1.93 1.79 0.25 12.80 1.44 

Fe 29 0.98 1.06 0.25 6.50 0 .81 

Clay 15 1.64 2. 11 0.35 8.00 0 .73 

Gypsum 21 1.27 0 .43 0.25 2.00 1.30 

GP Site 2 None 37 1.41 0.60 0 .67 3.00 1.40 

Tar 97 2.14 0.67 0.29 3.34 2.00 

GP Site 3 None 15 1.48 1.44 0.25 6.20 0.95 

Tar 95 4.10 4.05 0.40 20.00 2.50 

JB Site 1-4 None 87 1.89 1.48 0.25 5.00 1.43 

Fe 132 1.60 1.49 0.25 13.00 1.14 
·-

JB Site 5 None 165 1.94 1.00 0.32 4.87 1.70 

Clay 13 2.80 0.90 0.30 3.90 2.87 

JB Site 6 None 30 2.52 2.23 0.61 8.22 1.43 

Calcite 32 2.94 1.77 0 .69 8.00 2.47 

Gypsum 30 2.18 1.20 0.44 6.72 2.00 

LL Tar 80 5.43 9.05 0.25 48.50 2.23 

LH None 65 1.46 0.71 0.50 4.00 1.30 
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fi~ure 3.6. Bar charts of raw trace length by infill mineralization for each area in the small scale 
survey. 
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Lower hemisphere equal-area stereoplots were used to U.:'termine if there were any genl!ral 

grouping of poles to indicate a preferred orientation of fra.:tures with the saml! mineral 

infilling. The stereoplots for Government Point and Jalama Beach are in Figure 3.8 and shnw 

that fractures with all types of intill material follow the general proponioning between gmups 

and clustering seen in the stereoplots for all the fractures (in Figure 3.5). 

Association of large scale roughness (trace shape) and small scale surface roughness with 

trace length may provide some indication of the timing and type of fracturing (shear. Type II 

or extensional, Type I; Paterson, 1978; Atkinson, 1987). Figure 3.9 presents box plots of thll 

raw trace length distributions for each of the trace shapes recognized in this study. All uf the 

fracture trace shapes have similar median trace lengths, except for fractures with the undulate 

shape (number 5 in the figure) at Jalama Beach and fractures with the planar trace shape 

(number 3 in the figure) at Lompoc Landing. To determine if the fractures with similar trace 

shapes have similar orientations, lower hemisphere equal area stereoplots of the poles to 

fracture planes were produced (Figure 3.10). No distinct groupings cleariy show in the plots. 

but the planar shape is dominant. For the small scale roughness, box plots (Figure 3. 11) and 

stereop1ots (Figure 3.12) were also produced. The Government Point and Jalama Beach data 

have similar raw trace length distributions for each recognized surface roughness with no 

distinct grouping of poles to fracture planes. The Lompoc Landing data do show a 

difference, between fractures with smooth fracture surfaces and those with rough fracture 

surfaces, in raw trace length distributions and orientations. The fractures with rough surfaces 

have a slightly longer raw trace length and predominantly strike toward the northeast. 
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Flgure 3. 7. Box plot summary display of raw trace length distributions per 
mineral intill. for GP - Government Point sites 1. 2. & 3; JB- Jalama Beach 
sites 1-4. 5. & 6; LL- Lompoc Landing; and LH- Lions Head. 
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Figure 3.8. Lower hemisphere equal area plots 
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Figure 3.9. Box plots of raw trace length distributions for different trace shapes (large scale 
roughness) for the small-scale survey sites. Key to shapes (y-axis): 1 = curved, 2 = irregular, 
3 = planar, 4 = stepped, S = undulate. Asterisks and ovals indicate outliers; data values larger 
(or smaller) than the value defined by, 1.5 x the range of the values defining the box in the plot. 
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Figure 3.10. Lower hemisphere equal area plots of poles to fracture planes for different tra~c 
shapes (large scale roughness). [C) -curved, Ill - irregular, [PI · planar, lSI -stepped, lUI · 
undulate. 
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3. 2. 2 Large-scale fracture system 

The large-scale survey measured fractures at two areas along the coast, one area with 4 

mapped sites near Point Arguello (PA), and the other with two mapped sites near Purisma 

Point/Lompoc Landing (PP/LL)(Figure 1.1). For convenience, the mapped sites for the 

large-scale survey were named for the number of the air photo the site was located on, along 

with the initials NV or SV to designate if the site was located on the north (N) or south (S) 

part of Vandenber~; (V) Air Force Base. NV and SV also correspond with sites that are 

located in two different structural domains (Figure 2.2). NV sites are in the Onshore Santa 

Maria domain and SV sites are in the Santa Barbara Channel domain. Table 3.4 summarizes 

the scanline data, and Table 3.5 shows the number of each fracture type, and types of 

mineralization, for each site. Examples of the large-scale fracture survey scanline maps are in 

Appendix B. Although mapped during the small-scale survey, data colle:ted on 18 large-scale 

breccia zones along five scanlines between sites 2 and 3 at Government Point (GPBR) have 

been grouped with the other SV sites. 

The 224 fra,;tures measured are approximately equally divided between breccia zones (47%) 

and faults (53%). The breccia zones that were encountered typically cut through the bedding 

at high angles, had strikes sub-parallel to the general bedding dip direction, and are 

commonly extensional features. Geometrically the overall traces of the breccia zones are 

g~neral!y straight but composed of many anastomosing fractures so locally the boundary walls 
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Table 3.4. Scanline summary for each site in the large-sell!-! fracture survey. 

SITE NUMBER TOTAL TOTAL I OF 
OF LINES SCAN FRACfURES 

LENGTH(m) 

NV497 6 160.0 18 

NV SOl 8 839.0 29 

SV474 18 568.0 31 

SV475 11 883.0 50 

SV477 7 640.0 43 

SV478 I 600.0 35 

GPBR 5 410.5 18 

Table 3.5. Summary of fracture types and infill for sites in the large-scale fracture survey. 
F - fault; BZ- breccia zone; Dom. Mnz. -dominant mineralization; Crb -carbonate; Cly -
clay; Snd - Sand. 

Type Dom. Mnz. 

Location F BZ Tar Crb Cly Snd 

NV497-8 18 0 6 0 0 0 

NV501 8 21 12 3 5 0 

SV474-5 55 26 26 13 10 0 

SV477 20 23 15 0 11 0 

SV478 17 18 12 0 4 2 

GPBR 0 18 18 0 0 0 

Table 3.6. Basic statistics of trace lengths for breccia zones and faults measured in the two 
mapped "large-scale" areas. Data in meters. BZ - Breccia zones. F - Faults. SKEW -
skewness. KURT - lrurtosis. 

TYPE N MIN MAX MEAN STD MED SKEW KURT 

NVBZ 21 5.0 100.0 56.4 38.6 70.0 ~. 13 -1.65 

NVF 26 3.0 34.0 11.1 8.4 8.0 1.78 2.33 

SVBZ 82 3.0 90.0 17.9 17. 1 10.0 1.96 4.13 

SV F 93 3.0 90.0 18.3 18.3 12.0 2.59 7.16 



are irregular. Claslo; in the breccias, are usually large, of similar rock type as the local beds, 

are angular and show no indication of being crushed (Snyder, 1987; Viele, pers. comm. 

1989). The primary cementing material in most breccias is tar, with minor amounts of 

carbonate, silica and clay. In a few locations, such as Purisma Point, vuggy carbonate and 

silica form the primary cement, and if tar was present, it has been removed. A few of the 

breccias were similar to the breccias described by Belfield et al . (1983) which they termed 

"stratigraphic breccias" in that they parallel bedding. 

The other major fracture group mapped were termed faults, and showed horizontal and 

vertical separations that Vll)' from a few centimeters to almost two meters. Characteristically 

the faults were planar in shape with steep dips except for the faults that parallel, then ramp 

through the bedding, changing from steep dips to shallower dips. Viele (pers. comm., 1989) 

notes that the planar shape is usually characteristic of rock failure at low temperature and 

pressure. 

Comparison of the basic statistics for the measured trace lengths listed in Table 3.6 shows a 

wide distribution in trace lengths for the faults and the breccia zones in these two mapped 

areas. The maximum trace length measured was approximately 100 meters for both types and 

since the ends of most features were covered by alluvium the maximum trace length is 

unknown. Figure 3.13 shows four diagrams that are 3-dimensional scatter plots with the dip 

direction on the x-scale, dip in the y-direction, and trace length of the feature in the z

direction. The diagrams show that the observed faults and breccia zones, have the same 
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general grouping both within each structural domain and between the two structural domains. 

The majority of these features have steep dips ori.-mted in a northwesterly or southeasterly 

dir~tion. In the Onshore Santa Maria structural domain (NV), all but a few of the observed 

breccia zones had longer trace lengths than the faults but in the Santa Barbara Channel 

domain, breccia zones and faults had similar trace length statisli~;s (fable 3.6). 

3.2.3 Relationship to Structure 

The discontinuities at the sites in the small-scale fracture survey are assumed to be related to 

the tectonic folding of the Monterey formation (Belfield et al., 1983), with some of the 

fractures being extended or enhanced by weathering. All of the large-scale features measured 

also appear to be related to the tectonic folding. Figure 3.14 shows strike rose diagrams for 

the fractures measured at each of the sites in both surveys and the major folds and faults 

mapped by Dibblee(1950) and other workers (Hall, 1981; Jennings, 1975). The arrows point 

to the sites the rose diagrams represent. The strikes are plotted in 10° intervals and are in 

percentage of total fractures for that site. Recall that the boundary between the two 

recognized structural domains is just north of Point Arguello at the Santa Ynez River fault. 

The data for the Santa Barbara Channel domain are presented in Figure 3.14a, and data for 

the Onshore Santa Maria domain are in Figure 3.14b. 

Strikes oriented toward the northeast are very prevalent in all b~t two (SV-477C, NV-497) of 

the rose diagrams. The dominant direction ranges from an azimuth of 10° to 50°, and seems 

remarkably consistent regardless of positior. on the local structures. The variability in strike 

64 



• 

• IY·UI 

I " . 31 

:afir.-. 
v 
I 

I 
!II~. 

v • 

0 

• 

6 Km 

Lompoc 

• 

...... ...... .. Qlt · 1 

-~." 
I 
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Figure 3.15. Histograms of angular difference between bedding strike and strike of d iscontinuities, 
for each area in the small·scale survey. 
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dire~:tions represented in the rose diagram for the SV477C site is due to the relatively small 

sample size but also to the fact that the scanline crossed the axis of a large antidine with 

steep, variable bedding. 

figure 3.15 shows the angular difference between bedding strike and the strike of the fracture 

for the small-scale survey sites. Fracture mineralization is also included in the histograms to 

determine any preference to fluid movement. The histograms show that the majority of 

fractures trend sub-perpendicular to bedding strike, as also shown by Belfield et al. (1983) for 

sites farther east in the Santa Barbara Channel structural domain. This sub-perpendicular 

trend is about 25° from what is expected for extensional fractures in pattern l of Steams and 

Friedman ( 1972) (see Figure 1.6), and in some areas the differences in strikes are grouped 

closer to 60° than 90° . Those fractures could be interpreted as shear fractures of pattern 1, 

but there was no other clear evidence for shearing. A probable explanation for the 

discrepancy is that the bedding was rotated after the formation of the extensional fractures. 

This has also been noted by others (Dunham and Blake, 1987; Snyder, 1987), but it could be 

that only one of the conjugate shears developed at these sites (Snyder, 1987). Belfield et 

al.(l983) noted that if tar was present it is preferentially associated with the extension 

fractures. A similar but weaker association is also seen in this data set (Figure 3.15). Tar is 

present in all intervals of the histograms, but in a higher percentage in the sub-perpendicular 

(higher angular difference) fractures for the majority of sites where tar is present. At the 

Jalama Beach sites, tar is not present but the other infill minerals show a slightly stronger 

affinity for the extensional fractures . 
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3.3 FRACTURE ORIENTATION 

Fracture orientation data were analyzed to determine the number of fra~ture s~L~ at caLh site. 

Fracture orientations were plotted as lower hemisphere equal area proje~tions of pl1les to 

fracture planes. Fracture setc: ~.Gre identitied from clusters of pole points on the equal area 

projections using a computer program called CLUSTRAN (Gillett, 1987). Some adjustments 

were made to the selection of poles grouped into a cluster by CLUSTRAN, based on Lross 

cutting relationships of fractures and other field observations. The proLedun: fur determining 

the number of fracture sets is discussed in Appendix C, along with a discussion of the 

procedure used in correcting for orientation bias. 

3.3.1 Small-scale Data 

Two sets were found at each of the Government Point sites and at sites I through 4 at Jalama 

Beach, with 3 sets at J alama Beach sites 5 and 6. Table 3. 7 I ists the mean orientation for 

each set, with the spherical variance presented in Appendix C (fable C . I). The pole of the 

mean orientation for each fracture set and the great circle for the bedding plane, at each site, 

are presented in Figures 3.16 to 3. 18. These plots show a similar relationo;hip, between 

bedding and the mean orientation of each fracture set, to that shown in the plots presented hy 

Snyder (1987) for an area in the same structural domain but about 30km north-east of 

Government Point. The plots confirm the field observations, that there is a dominant fracture 

set that strikes roughly (within 30°) parallel to the bedding dip direction and a second set that 

is oriented 70° - 90° to the first set. There is a third set at Jalama Beach sites 5 and 6 that 
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Table 3.7. Mean fracture orientation and bedding orientation per site/station in the small-scale 
survey. 

Mean Orient. Avg. Bedding 

Site Station s~ N Dip Az. Dip Dip Az. Dip 

GPI Cl I 20 220 72 15 15 

2 I6I 129 83 

GPI PI 1 3I 215 82 23 24 

2 154 128 82 
GP1 P2 I 23 223 83 35 20 

2 83 I33 87 

GP2 C2 I 5 211 70 40 20 
2 131 301 83 

GP3 P4,P5 I 2 206 69 40 I9 
2 I13 129 89 

JBI 1 I I4 55 72 240 30 
2 33 14I 90 

JB2 I I 10 87 15 258 27 

2 9 155 81 

JB3 1 I 9 74 68 265 22 

2 29 I46 73 

JB4 I l 21 76 76 270 28 
2 57 I 52 82 

JB5 I I 12 219 83 225 6 

2 I34 112 83 
3 24 329 87 

JB6 I I 6 63 76 2I8 34 
2 47 105 89 

3 39 356 68 
LL 1 I 38 120 86 353 5 

2 42 64 87 
·-

LH 1 I 65 Ill 8I 195 80 

70 



N 

~~~EAN XJLESj 

r ~'>-~, / . . 

I r 
1-
l 

~ 
\ 

\ 
Figure 3.16, Lower hemisphere equal-art:a plot~ 
of poles to mean fracture planes with bedding 
plane as great circle for each Government Point 
station. Stations P4 and PS are combined as 
GP3. 

71 



~---- ; - -- ..... -... . .. -, 
,-- ·--- -_t;: : •.•L;. •.;s, 

~I 

.· I 

'/ fr ... . 

.. . 

..,. 

/ 
< _~/ 

I~ 

I 

[ \ 
1 
i 
j 

Figure 3.17. Lower hemisphere equal area plots of poles to mean fracture planes with bedding 
plane as grt!at drcle for each site at Jalarna Beach. 
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figure 3.18. Lower hemisphere equal area plots of poles to mean fracture planes with bl!dding 
plane as great circle for the Lompoc Landing (LL) and Lions Head (LH) sites. 
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bisects the acute angle created by set 2 and set I. The three sets and their cross-cutting 

relationships are quite evident in the flat-lying outcrops at site 6, but are not as evident at site 

5 due to the near vertical cliff exposure. 

In order to compare the mean orientation of the fracture sets between sites one should 

demonstrate that the data ffiJm different sites were sampled from populations with similar 

distributions. In addition from a geological perspective, one should compare sites of similar 

structural position and rock types. The orientation statistics are compared and discussed in 

Appendix C . 

To corre<..'t for structural position, the fracture orientations are normalized by rotating the 

poles to the fracture planes along with the host bed about a vertical a:~is, until bedding has a 

north-south strike, then rotated to a horizontal (zero) dip. The average bedding attitude for 

each site/station is shown in Table 3.7. All of the original orientation data were rotated for 

\!ach set and not just the mean orientations of the sets shown in Figures 3. 16 to 3. 18. The 

stereoplots of the rotated data are presented for each area in Figure 3.19, and the poles to the 

ml!an orientations for each set are plotted on stereonets in Figure 3.20. In the stereonet at the 

top of Figure 3.20, for each Government Point (GP) set, two mean poles are shown, in order 

to compare the two approaches used in rotating the data. The first approach, consisted of 

rotating the fracture orientation data using the average bed attitudes measured at each station 

then the data were combined and plotted (data shown in Figure 3.19a). In the second 

approach, orientation data from each station were combined then rotated using an average bed 

attitude of 40°/20° (dip direction/dip amount) for the area. This st:eond approach was 
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Figure 3.19b. Lower hemisphere equal area plots of poles to fracture planes that have been 
rotated, for Lompoc Landing and Lions Head fracture sets. Bed strike rotated to "N-S" axis and 
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Government Point area: 
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Seta 1 and 2; 

data rotated using ave . bed dir. 
for each site aa ahown in Table 3.7 

• data rotated using an overall bed 
orientation of 40/20 

Jalama Beach area: 
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Seta 1 and 2; 
• Sites 1 - 4 combined data 
• Sites 5 & 6 combined data 
• Set 3 for sites 5 & 6 

Lompoc Landing and Liona Head: 
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• Lompoc Landing seta 1 and 2 
• Lions Head one set 

Figure 3.20. Lower hemisphere equal-area plot~ of mean 
poles for fracture sets shown in Figure 3.19a and b, 
bedding rotated data. Bed strike is on N-S axis. 
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t!mployed to rt!move the effects of the local bedding anitudes created by any secondary folding 

which occurred after the formation of the fractures. As seen in the figure, both approaches 

produced similar mean orientations for each of the two fracture sets, with one set striking 

approximately parallel to the strike of bedding and the second set striking approximately 

parallel with bed dip direction. 

The sites at Jalama Beach were separated into two groups; sites 1 through 4 forming one 

group (JBI4) and sites 5 and 6 forming the other group (1856). This division was performed 

because the JB14 sites and the JB56 sites were in different stratigraphic locations (Figure 2.1), 

and there were three recognized fracture sets at the JB56 sites and two fracture sets at the 

JBI4 sites. Mean orientations for the fracture sets at JB14 and JB56 sites are shown in the 

middle stereonet of Figure 3.20. Set 1, at both JBI4 and JB56, has the least number of 

fractures and strikes parallel with bed strike. The more abundant fractures of set 2, at both 

JBI4 and JB56, have a mean strike 20-25° "left" (counterclockwise) of bedding dip dire;;tion. 

The average strike direction for set 3 fractures, present at JB56, perfectly bisects the acute 

angle between sets 1 and 2. 

For the small-scale survey areas in the Onshore Santa Maria domain, the Lompoc Landing 

(LL) data show that the average strikes for the two sets are separated by approximately 55° 

and are bisected by the bedding dip direction (Figure 3.20). The fractur~ forming the one 

set mapped at Lions Head (LH) have a mean strike orientation that is within 10° of the 

bedding dip azimuth. 
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The spread and distribution of the "bedding rotatc.XI" tlrit:ntatillO data fllr c:a~h s~t Jt ~~1\:h sit~ 

and/or station are presentoc as box-plots in Figurl! 3 .21. Tho! ;.'ric:ntati<m data Jfl.! shl1wn in 

relationship to the bedding strike and heJding dip dire~tions. Thc.."e summary plots shllW lh~ 

variability of the fracture trends from site to site and the wide spread of attitudi.!S. It is 

interesting to note that the fractures of set ':! at three of the tive stations at Glwl.!rnment Point 

tend to be oriented to the "right" of the bed dip azimuth hut the: fraduri.!S of Sl!t 2 at JalamJ 

Beach are to the "lefC. If the fractures are the resuit of local folding then set 2 at 

Government Point and set 2 at Jalarna Beach would represent opposite "shear" fra~tures of th~ 

Stearns and Friedman (1972) pattern l model (Figure 1.6). If the set 2 fractures ti1rmoo early 

before folding, the difference in the relationship of the fra~tures to bedding would probably h\! 

due to rotation or tilting of the local folds after formation of the fractures. The distinction 

could be important, in that, Type I (extension) fractures would be expectoo to be more open 

to fluid flow than the Type II (shear) fractures because of the mode of origin, if the fra~turcs 

are under the influence of the same stress field that was active during folding . 
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3.3.2 Large-scale Data 

Th.! large-scale fractures were grouped into sets using a procedure similar to the one 

employed for the small-scale data; it is described in Appendix C. As the large-scale fractures 

were mapped over a large area and could not be grouped by specific outcrop, the orientation 

data were normalized and combined into two groups, one for the sites in the Onshore Santa 

Maria (OSM) structural domain and one for the Santa Barbara Channel (SBC) domain. In 

combining the data within the same structural domain it is assumed that the data are from 

features in similar rock types and have experienced similar stress histories. To normalize or 

standardize the orientations, the poles to fracture planes were rotated along with the bedding, 

as described in section 3.3.1 for the small-scale data. 

Figure 3.22 presents stereoplots of the original data and the bedding rotated data for the two 

different structural domains. It can be seen that orientations are widely dispersed in all of the 

plots. The original orientations of the large-scale fractures in the OSM domain seem to define 

two sets with trends similar to the two sets found for the small-scale data at Lompoc Landing. 

When the poles are rotated so bedding is standardized, the two sets are not as well defined. 

From field observations, it was determined that there are three sets defined by these 

orientation data. The dominant set has an average strike which parallels the bedding dip 

direction. a subordinate set which strikes approximately 55° to the right of the first set, and 

the third set of only two fractures. strikes perpendicular to the first set (Table 3.8). These 

groupings should be considered preliminary, with more data needed to accurately define the 

sets in this domain. 
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More fractures wer~ measured in the SBC domain and three seLc; are rc::presentoo. Of th~ 155 

fracture£ that orientations were collwed for, 15% were suh-paralh:l :o heJJing, :?3 % lln 

average strike parallel with bedding strike, and the !argest group, 62 %, show a mean strih· 

parallel with the bedding dip direction (fahle 3.8). Qualitatively these percentages fit "'ith 

field observations, that the extensional fractures that are perpendicular to hooding strike are 

the predominant discontinoity, with fractures. parallel with the bedding plane and paralld to 

bedding strike beirg subordinate. These groupings are reasonable for these data and match 

published observatioru: (Belfield et zl. , 1983; Snyder, 1987) but more sites need to h~ mapped 

to determine if these orientations and sets are pervasive ;,n each c;tructural domain. 

Table 3.8. Mean orientations of sets for large-scale fractures that have he~n rotated so that 
all bedding have a common strike. STRIKE is the fractures strike in relationship to hooding 
strike, (-) indicates to the left of bedding strike, ( +) to the right. DIP AZ. is mean dip 
azimuth for set represented in Figure 3.22, and SYMBOL is character representing poles 
within each set. N is the number of fractures in each set. 

I AREA I SET I N I STRIKE I DIP AZ. I DIP I SYMBOL I 
l 36 - 15 255 75 0 

SV (SBC) 2 96 +94 4 87 0 

3 23 HORZ 108 4 ~ 

1 10 -38 232 87 0 

NV (OSM) 2 29 +94 4 87 0 
·-

3 2 +5 92,277 59,58 + 
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Figure 3.22. Lower hemisphere equal area stereoplots of poles to fracture planes for large scale 
survey data. NV - combined data from two sites in the Onshore Santa Maria domain, SV -
comhined data from all sites in the Santa Barbara Channel domain. Upper two stereoplots of 
original orientations, lower two plots of poles when bedding rotated to a N-S strike and horizontal 
(see text). 
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3.4 FRACTURE TRACE LENGTH 

As with the generation of other fracture parameter statistics whkh are usoo in numcril:al 

models, careful analysis of trace lengths is needed in order to estimate the true fra~ture kngth 

distribution statistks. Some of the biases associated wi•lt the measurement of trace lengths 

have already been mentioned in section 3.1 and these biases and the pro~edures usc-J to 

analyze fracture trace lengths are discussed by numerous workers, including, Call 

et.al.(1976), Baecher et.al.(l977), Cruden(1977). Baecher(1980). Pahl(1981). Priest and 

Hudson(l981), Laslen(1982), Rouleau(1984), and Kulatilake(l992). The mai•1 hiases or 

sources of errCJrs that are normally addressed in the analysis of fracture trace lengths cullcctcd 

from scanlines are truncation hias, censoring, size effect (the higher probability of sampling 

longer trace lengths), and the cut effect (that the trace length depends on the relative 

orientation between the fracture and the outcrop). To account for these biases the f(lllowing 

procedures were used for analyzing the fracture trace lengths. 

For each fracture set, the distribution of the raw trace lengths was determined hy preparing 

bar charts, and calculating the basic statistics, including skewness and kurtosis, which 

provided a general description of the trace length distribution. A more rigorous graphical 

method, called probability plots or theoretical quantile-quantile plots (Chambers et.al., 1983). 

for censored data was used to determine the fit of the trace length distribution to the 

theoretical lognormal ~nd exponential distributions. These two theoretical distributions are 

widely used to describe the trace length distribution and are available in the NAPSAC fracture 

flow modelling progran1 used for this thesis. 
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To produce prohahility plots for progressively censored data, the data are ordered in 

a-;cending form and ranked I to n ( n =total number in sarnple). Then for each uncensured 

length, calculate the plotting position (pJ, convert p, to z,, and plot the log trace versus Z; for 

the lognormal distribution or plot the trace lengt.h versus Z; for the exponential distrihution. 

Where, from Chambers et.al . (1983), 

p = 1 _ 11+0.5 fl n- i+O.S 
1 n n-i+l.S 

with i = the rank of the l!J'l.:ensored length. For the nonnal distribution convert Pi to Z; 

using, 

(Schemeiser. I 979). for the exponential distribution, 

(Chambers et.al., 1983). 

The probability plots provide a graphical estimation of the mean and standard deviation for 

the trace lengths. For a more analytical estimation of the distribution parameters for data that 

are truncated and progressively censored. a program by Chung (1988) called MULTI was 

used. MULTI assumes a lognormal distribution and uses the Kaplan-Meier product limit 

estimator, which is the same ~quation used in the plotting position formula for the probability 
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plots. A full explanation l'f the the:ury behind MU L Tl ..:ar. he t\1unJ in Chung ( t9~K). Tho: 

tinal step in analyzing the trace lengths was to determi'1e L ... e "trJe~ underlying fra..:ture length 

distribution from the trace length distribution. This step ti.11lowoo the pm..:l'\fure tlutlinl'\1 l"ly 

Herbert and Splawski (1990), which uses moment-l.!stimating formulas a.~suming huth 

distributions are lognormal and that the fractures have a re:ctang,tlar shape. Hc!rhert anll 

Splawski provide a good discussion of tho: development of the mom.:nt estimatMs anJ of tho: 

consequences of using the above assumptions. 

3.4.I Small-scale Data 

Figure 3.23 presents the bar charts for each set which are coded to indkate the degree of 

censoring, and Table 3.9 contains the basic trace length statistics for each set. The 

Government Point (GP) fracture sets were diviaed into traces that were ~ulh!cted from vcrtil.:al 

outcrops (GP,Iv and GP,2v) and from the horizontal outcrops (GP,Ih and GP,2h). Since. at 

Government Point the horizontal exposures were nearly parallel to the bedding plane surfaces 

and the vertical cliff exposures were perpendicular to the bedding plane, it is assumed that the 

fracture traces in approximately orthogonal directions from outcrops, in dose proximity. 

define the two dimensional nature of the fracture plane<;. It is interesting to note the 

differences in the mean raw trace lengths for the GP vertical and horizontal sections. The 

horizontal trace of set I (GP I ,h) is considerable shorter than horizontal trace of set 2 (GP2,t:). 

which is consistent with the higher percentage of terminations of set I against set 2 ohserved 

in the field. The mean lengths fr)r the vt!rtical traces of the two sets are similar in value and 

are probably controlled by the "mechanit;al" bed thickness. Due to the lack of vertical and 
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Figure 3.2~c. Bar charts of trace length by censoring for each fracture set. LL ~ Lompoc 
Landing. 

Table 3.9. General statistics of raw trace length for each set. N = number in sample, 
MIN = minimum length in meters (usually truncation value), MAX = maxinum length 
measured, MEAN = arithmetic mean, S.D. = standard deviation, SKEW = skewness ( = 0 
for normal distribution), KURT = kurtosis(= 3 for normal distribution), MEDIAN = 50% 
point of data, ~ CENS = percent of sample that is censored. 

SET N MIN MAX MEAN S.D. MEDIA SKEW KURT % 
(m) (m) (m) N (m) CEN 

s 
GP,I 104 0.26 3.27 0.69 0.47 0.51 2.28 7.91 22 

GP,lv 22 0.25 2.10 1.12 0.45 1.20 -0.04 -0.47 50 

GP,Ih 82 0.25 3.27 0.47 0.38 0.38 4.16 26. 18 15 

GP,2 706 0.25 20.00 1.98 2.J4 1.41 3.59 1"1 .5 1 49 

GP,2v 289 0.35 5.00 1.74 0 .94 1.53 1.43 2.32 43 

GP,2h 417 0.25 20.00 2.07 2.64 1.17 3.00 11.07 53 

JB14.1 59 0.27 13.00 2.10 1.97 1.81 3.12 14.05 58 

JBI4,2 137 0.32 5.00 1.57 1.17 1.22 1.54 1.76 54 

JB56, I 20 0.40 4.00 2.11 1.03 1.96 0.20 -0.99 70 

JB56,2 188 0.30 8.00 2. 12 1.21 1.84 1.30 3.19 57 

JB56.3 64 0.44 8.22 2.38 1.85 1.87 1.41 1.36 38 

LL,I 37 0.37 24.00 3.07 4.25 1.85 3.63 14.45 24 

LL,2 41 0.60 48.50 7.82 11.63 3.16 2.36 5. 12 29 
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horizontal exposures in close proximity. a similar ..:omparis,\0 of h11riwntal and vcni..:al tr;t.:l'S 

ler.gtns can not be preformed fo; the other areas. Overall j)e mean valu..:s 11f the trace h~r~gths 

for set 1 fractures at all areas. except JBI4, are shoner than those for set 2. 

It r.an be seen from Table 3. 9 that for all sets that contain more tha.'l 30 fractures there is a 

fairly strong positive skewness and a large value for kunosis (strong peakness). These are 

properties of the lognormal and exponential distributions. Even though the shape of a har 

ch..n is influen':ed by the number of intervals, the trace length bar charts in Figure 3.23 show 

a general lognormal shape for most of the sets. To graphically test how well the measured 

data fit these two distributions, the trace length data were plotted agains! the theoretical 

quantiles using probability plots (Figure 3.24). Probability plots give a good overall 

impression of the empirical distribution of censored data. The closer the plotted data points 

fit a straight line the better the theoretical distribution represents the measured data. A best 

fit line was drawn on the plots f~llowing the procedure in King (1971, p. 22). For most of 

the fracture sets both the lognormal and the exponential distributions fit the hulk of the central 

portion of the data. The deviation of points from the line at the lower end of the lognormal 

probabditj plots are an indication of the truncation hia.c; , showing a clustering of points ncar 

the minimum length. This truncation bias also makes the exponential hest tit line unreliahle, 

since the true minimum is unknown. Curved deviation of data points from the straight line 

may bt· due to the mixing of trace length data from scanlines on different outcrops. rounding 

of trace length measurements, or mixing of data from an unrecognized fracture set. For this 

thesis, further in-depth analysis of the fracture trace lengths was not undertaken and it is felt 

that the trace length data are a;>proximated well by the lognormal distribution. 
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Table 3.10. Mo!ans and standard d<!viatinns. in meters, fl1r t'ra~ture sets . MEAN,.. = In 
m<!an from MUL Tl. ~1EANMB = estimate of mean using Bury's(1975) e~uati11ns. ~tE..\Nin = 
In mean of fracture lengttt using equations from Herhert and Splawski (1990). MEANK = 
estimate of true fracture mean using Bury's (1975) equations. S.D. = standard dl!vlati,,n f,,r 
corresponding MEAN. 

SET N MEAN114 MEANMB MEANID MEAN8 5.0. 114 S.D.MR :i .D.ID S.D ... 

GP,1 104 0.44 0.79 -I.~ 0.42 0.64 0.56 0.5<i 0.~7 
~ -

GP,1v 22 0.34 1.65 -0.08 1.05 0.56 1.0! 0.50 0.56 

GP,1h 82 -0.65 0.59 -C.93 0.43 0.50 0.32 I 0 .43 0.20 

GP,2 706 0.85 4.28 -1.36 0.46 1.10 6.57 1.07 0.67 

GP,2v 289 0 .68 2.58 -0.19 1.05 0.74 2.19 0 .69 0.82 

GP,2h 417 1.00 6.59 -2.33 0 .23 1.33 14.59 1.31 0.48 

JBI4, 1 59 1.16 8.27 -2.43 0.22 1.18 19.76 I .36 0.51 --
.'814,2 137 0.74 3.56 -1.17 0.51 1.03 4.90 1.00 0.67 . --
IJB56, 1 20 1.18 4.c;7 -0.30 1.10 0.92 5.73 0 .88 1.:!0 

1856,2 188 1.13 5.49 -0.94 0.67 1.07 8.03 1.04 0.93 

1856,3 64 0.89 4 .06 -0.94 0 .63 1.01 5.40 0 .98 0.80 

LL,1 37 0 .85 1 4.02 -1.10 0.55 1.04 5.61 1.01 0.74 

LL,2 41 1.62 15.11 -2.55 0.23 1.48 42.57 1.46 0.62 

Results of the maximum likelihood estimations of trace length using MULTI, correcting lilr 

truncation and censoring, are presented in Table 3. iO. Means and standard deviations frum 

MULTI are the r:atud logarithms of trace length, wiLi the mean and standard deviation of 

the original distribution estimated by the following equations from Bury (1975, p.279). 

2 
- aiD 

= exp[l'"' + -j 
I' 2 

- ~ 2 2 a = exp(21'"' +a;;.> • (exp(a;;.) -1) 
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Estimations of the mean and standard deviation of the underlying fracture lengths for each set. 

using the Herhert and Splawski (I 9901 equations, are also shown in Table 3.10. Due to the 

large sample standard deviation for some of the sets. the estimation of the "true" fracture 

mean length is dramatically shorter than the trace length mean estimated by MULTI . Tht: 

significance of this result will be discussed in Chapter 4. 

3 .4.2 Large-scale Data 

The general statistics for the large-scale trace length data are shown in Table 3. 11 . The 

truncation level for the large-scale trace lengths was set at 3.0 meters and the traces were 

measured to the near~t meter. Observations an~ comments about the large-scale trace lengths 

must be qualified, due to the small ~ample sizes for most of the sets and the high percentage 

of censored traces. For the bar charts (Figure 3.25), the data were grouped into nine, 10 

meter, intervals starting at three meters and ending at 101 meters. All sets show an 

approximate lognormal distribution. Probability plots using the plotting position for censored 

data were not done, due to the fact that only a small percentage ( < 10% ) of the data points 

were uncensored and these wou~d have to be used to estimate a fit to the distribution. For 

each set. the distribution of the measured traces was. evalu?.t~ using all the tdce lengths in 

prottability plots with the commonly used plotting position. p; = (i-{).5)/n, where i !s the rank 

and n is the total sample size. As for the small-scale data, the traces were test~ against the 
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lognormal and exponential distributions (Figure 3 . ~6). The.~;e plllLI\ show that th!! distrihut il'" 

of the measured traces can be approximated hy the logn,Jrmal distribution. hut "''thing .:;m ~'~~· 

said about the true uncensored trace length distrihution. Also, because l'f thl! high d~gre~ of 

censoring, MULTI could not be used. and even though there is a strong hias, for 

completeness the underlying mean fracture length for each set was estimated using th~ 

formulas from Herbert and Splawski (1990). Result~ of these calculations are in Table 3.12. 

Table 3.11. General statistics of raw trace length for each set. N = numher in sample, MIN 
= min;mum length in meters (usually truncation value, 3.0 m). MAX = maximum length 
measured, MEAN = arithmetic mean, S.D. = standard deviation, SKEW = skewness(= 0 
for normal distribution), KURT = kurtosis ( = 3 for normal distribution), MED = SO% point 
of data, %CENS = percent of sample that is censored. 

SET N MIN MAX MEAN S .D. MED SKEW KURT % 
(m) (m) (m) (m) CENS 

NV,1 6 7.0 100.0 38.2 38.9 22.0 0.69 -I. II 100 

NV,2 27 3.0 100.0 34.7 37.8 13.0 0.88 -1.72 89 

NV,3 2 45.0 100.0 100 

SV,I 32 3.0 90.0 15.6 16.6 10.0 2.99 10.64 100 

SV,2 106 3.0 90.0 18.6 17.1 12.0 2.12 5 .06 91 

SV,3 16 4.0 90.0 18.6 23.6 9 .5 2 . 18 3.70 94 
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Table 3.12. Means and standard deviations, in meters, for each fracture sets. MEA:-.1, = raw 
data In mean, MEAN,., = estimate of mean using Bury's (1975) equation'>, MEAN111 = In mea."'' 
of fracture length using equations from Herbert and Splawslci (1990), MEAN8 = estimate of 
true fracture mean using Bury's (1975) equations. S.D. = standard deviation for 
~orresponding MEAN. 

SET N MEAN, MEANrtt MEAN .. MEAN1 S.D., S.D .rtt S.D.111 S.D. 8 

NV,1 6 3. 11 45.0 0.54 3.3 1.18 78.2 1.15 5.6 

NV,2 27 2.91 39.1 0 . 10 2.3 1.23 73 .6 1.20 4. 1 

NV,3 2 - - - - - - - -
SV,1 32 2.38 15.5 1.15 4.4 0.85 16.0 0.81 4.2 

SV,2 106 2.59 18.5 1.49 6.0 0.81 17.8 0.77 5.4 

SV,3 16 2.43 18.0 0.80 3.4 0 .96 22.2 0.93 4.0 
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3.5 FRACTURE SPACING 

Spacing of fractures in sedimentary rocks is believed to he intluen~ed hy a numher ,,f fa~tors 

including rock type, bed thickness, ~ontrast in me~hanic'l properties between the tra~tur~xt 

layer and unfractured confining layers, strain rate, in situ stresses, temperature and stru~tural 

position. Stearns and Friedman(1972) state that fra~ture spa~ing in a hrittle rodt unit depends 

on the development of instabilities caused by differer.t bed thicknesse..o; and physical propeny 

differences in a multi-layered system. Others (Price, 1966; M~Quillan, 1973; Narr, 1991) 

have shown that bed thickness is the dominant factor in determining fracture spadng in 

sedimentary rock in some localities. Pollard and Segall (1987) introduced a model for 

fracture spacing based on the premise that the perturbation of the stre.o;s field around a joint 

influences the development of an adjacent joint. Using field observations, they determined 

that the range of influence is based on the length of the joint which in turn is assumed to he 

determined by the thickness of the jointed layer . Several models consider the rock propcnics 

and strain, along with the bed thick..11ess, in determining joint frequency (Price, 1966; Hobbs. 

1967; and Sowers 1972). These models could not be utilized in this study to give an 

indication of the expected joint spacings, due to the lack of available data on the mc..:hanical 

properties of the different rock types in the Monterey Formation. 

The accuracy of the spacing analysis from fracture data collected using scanlines is affc~:too 

by the lack of precision caused by the trace length truncation bias discussed earlier, errors 

introduced by the uneven surfaces of the outcrops, and the loss of data due to the finite length 

of the scanlines (no spacing data before the first fracture and after the last fracture) . Even 
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with these limitations, fracture scanline mapping is sometimes the only available method 

(Prie~t and Hudson, 1976; Sen t~nd Kazi, 1984; LaPointe and Hudson, 1985) to determine the 

fracture spacing distribution. 

Spac = S cos ( cp ) 
Figure 3.27. Scanline schematic illustrating correction for spacing. See text. 

For this study, scanline maps were used to determine fracture spacings. Fracture spacing is 

defined as the distance between consecutive fractures of the same set that intersect a scanline, 

multiplied by the cosine of the angle between the scanline and the normal of the average plane 

for the set (Figure 3.27). To obtain the appropriate correction angle, the direction cosines 

were derived for the scanline and for the average pole of the fracture set, then cos t/> (see 

Figure 3.27) is derived using; 

cos(,P) = ~ * lr + m.. * 111t + n. * ~ , 

where subscripts = scanline and f = fracture, for the respective direction cosines 0, m, n). 

Thus estimateti spacing is, Spac = s * cos(t/>), assuming that all fractures of the same set are 

parallel and are oriented similar to the average orientation. After the individual spacings were 

estimated the hasic statistics of spacing were calculated for each set. Bar charts, box plots 
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and probability plots were produced to graphkally determine the distrihutillO of the spadng 

data for each ~et. 

3.5.1 Small-scale Data 

Statistics for fracture spacing are given in Table 3.13, for the sets determined from the small

scale data. As in the evaluation of orientations, the outcrop areas, represented by the 

groupings of GP (for all sites at Government Point), JB 14 (Jalama Beach sitt!S I through 4), 

1856 (Jalama Beach sites 5 and 6), and LL (Lompoc Landing, 1 site). were assumed to he 

homogeneous, and the spacing data from the different scanlines was combined. This 

assumption is consistent with the conclusions drawn by Narr and Suppe ( 1991). In addition, 

the groupings are in areas of similar structural position and rock types. The biggest exception 

to this, is for JB56, where the sites are separated by several hundred meters. The range of 

spacings within each set can be found in Table 3.13 and is graphically displayed in the hox 

plots in Figure 3.28. The overall range is fairly large for most sets, but the spread of the 

middle SO per.-..:nt, represented by the rectangle in the box plots, is remarkably narrow; set I 

from the JB56 site with it's low sample size being the only exception. Correction of spacings 

to account for short scanlines was checked 1:sing the graphs presented by Sen and Kazi ( 1984) 

for lognormally distributed spacings. Since over 85% of the scanlines were longer than three 

meters and the means and standard deviations of the spacings were relatively small compared 

to the scanline lengths, the relative error due to scanline length for these data will he less than 

five percent. The exception is set I from the JB56 site, where the relative error estimated 

from the graphs was near 50 p~rcent. 
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The strong positive skewness to the spacing distributions is evident from the table and the box 

plots, possihly indicating a lognormal or exponential distributior.. As with trace length, the 

distribution of spacings has been found to fit these two probability distributicus by many 

worlcc.rs (Priest and Hudson, 1976; Rouleau and Gale, 1985; Narr and Suppe, 1991). To 

compare the empirical spacing distributions to the theoretical lognormal and exponential 

distribution, probability plots were made using the statistical package, SYSTAT. Examples of 

the plots are shown in Figure 3 .29, which show that the lognormal distribution is a good 

approximation for these spacing dat'l. 

Table 3.13. General statistics of corrected spacings for each set. N = number in sample, 
MIN = minimum spacing in meters, MAX = maximum, MEAN = arithmetic mean, S.D. = 
standard deviation, SKEW = skewness ( = 0 for normal distribution), KURT = lcurtosis ( = 
3 for normal distribution), MEDIAN = SO~ point of data. 

SET N MIN MAX MEAN S.D. MEDIAN SKEW KURT 
(m) (m) (m) (m) 

GP,I ss 0.03 2.90 0.59 0.67 0 .29 1.77 2.90 

GP, 1v 9 0.13 1.44 0.67 0.43 0 .44 0.57 -0.85 

GP,1h 46 0.03 2.90 0.57 0.71 0.25 1.81 2.73 

GP,2 612 0.01 3.28 0.34 0.37 0.24 3.69 19.20 

GP,2v 273 0.01 3.28 0.34 0.39 0 .24 4.01 21.45 

GP,2h 339 0.01 3.01 0.35 0.36 0 .25 3.34 16.31 

JB1-4,1 49 0.03 2.38 0 .50 0.57 0 .32 2.09 3.88 

JB1-4,2 121 0.01 2.39 0 .27 0.32 0. 18 3.58 17.52 

JB5-6,1 12 0.16 5.92 2.07 1.81 1.73 0.71 -0.36 

JBS-6,2 167 0.02 2.58 0.44 0.38 0.33 1.92 5.64 

JBS-~.3 63 0.01 1.57 0.30 0.28 0.20 1.76 4.84 

LL,1 34 0 .10 4.22 0.72 1.01 0.29 2.50 5.25 

LL,2 39 0 .03 5.12 0 .89 1.12 0 .57 2.57 6.58 
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Figure 3.28. Box plot summary display for each set, showina the spread and distributions of 
spacing. GP, 1 and GP,2 -Government Point sets 1 and 2, JB14- Jalarna Beach sites I 
through 4 sets 1 and 2, JB56- Jalama Beach sites 5 and 6 sets 1, 2 and 3, LL- Lompoc 
Landing sets 1 and 2. N = sample size. 
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3.5.2 Large-scale Data 

The general statistics for the large-scale sets are presented in Table 3. 14. and the spacing 

distributions for each set are represented in box plots (Figure 3.30). Each individual spacing 

was corrected in a manner similar to that used for the small-scale data. except thi\t the pole to 

each fracture orientation was used instead of the mean pole for the set. Since the scanlines 

were very long and traversed several outcrops which display varying bedding attitudes and 

structure, the measured spacings were evaluated using the tabulated scanline data (Appendix 

A) and the mapped photos. There is a great deal of variance to the spacings of fractures 

within each large-scale set. The box plots in Figure 3.30 show the central portion of the 

spacings for each set varying up to 20 meters and more for the small sample of NV set I . 

Outliers range up to over 100 meters from the median spacing. 

Table 3.14. General statistics of corrected spacing for each set. N = numher in sample, 
MIN = minimum in meters, MAX = maximum, MEAN = arithmetic mean, S.D. = 
standard deviation, SKEW = skewness ( = 0 for normal distribution), KURT = kurtosis ( = 
3 for normal distribution), MEDIAN = 50% point of data. 

SET N MIN MAX MEAN S.D. MEDIAN SKEW KURT 
(m) (m) (m) (m) 

NV,l 8 1.4 72. 1 29.2 24.1 19.4 0 .65 -0.86 

NV,2 21 0.8 77.7 9.8 16.8 4.0 3.38 11.12 

NV,3 1 - 24.3 . - - - -
SV,1 27 0.5 100.5 21.4 24.8 16.9 1.81 2.75 

SV,2 102 0.1 80.6 14.9 18.6 1),8 1.99 3.36 

SV,3 16 2.5 121.2 21.1 33.8 7.3 2.20 3.49 
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It is difficult to assess if there are physical factors that syst\!rnatically control the spacings of 

the large-scale fractures at the study areas. Due to the extent of the fracture traces, it seems 

unlikely that bed thickness and rock type would have a strong influence on the frequency of 

these large-scale fractures. But structural position and fluid pressure seem to play a role in 

the development and could possibly influence the spacing!' of the large-scale fractures. All 

the mapped faults in this study were assodated with the local folding, and other workers 

(Viele, 1984) have postulated that some of the large-scale breccias were a result of hydraulic 

fracturing with the source of the tar coming from the phosphatic member of the Monterey 

Formation. 

Examples of the probability plots used to evaluate graphically the fit of the empirical spacing 

data to the theoretical lognormal and exponential model are shown in Figure 3.31. As with 

the small-scale spacing data, the lognormal distribution is a good approximation of the large

scale fracture spacings. 
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figure 3.30. Box plot summary display for eclch set, showing Li•e spread and distrihutions of spadng. 
From the top; NV - North Vandenberg, SV - South Vandenherg. 
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CHAPTER 4. NUMERICAL SIMULATION 

4.1 INTRODUCTION 

There are basically two approaches used in numerically modc!ling fluid tlow through thl! 

passageways created by interconnected fractures. One approach assumes that at some scale: 

the fractures are continuous (of infinite extent) and the second approach, usoo here, 

recognizes that within the rock mass the discrete fractures are discontinuous within the reginn 

modeled. To model the discontinuous nature of fractures in a fractured rock mass, several 

parameters or characteristics of the fractures are needoo, such as orientation, lt:ngth, spacing. 

and aperture. The detailed mapping of fractures in outcrops described earlier, provided data 

for some of these fracture parameters for each set of fractures in selected parts of the 

Monterey section. Chapter 3 reported on the statistical characteristics of these parameters, for 

the mapped areas, which have been used to determine the effe-:ts of fracture geometry 

(orientation, trace length and spacing) on the preferred dire4-'tions of flow through the 

Monterey reservoirs. Two dimensional fracture networks were generated by the computer 

modeling program NETWRK/NETFLO (Rouleau, 1984; Rouleau and Gale, 1987) which was 

used early in the Chevron fracture study, and is presented here for comparison to the 3-D 

simulations. Some of the results from the two-dimensional modeling have been presented 

earlier (Gale et al., 1991). Modeling of flow through a three dimensional discrete fracture 

network was accomplished using the computer program NAPSAC (Herbert et aJ . 1990). A 

brief disc~,~ssion follows of the methods for generating the 2-0 and 3-D fracture networks and 

solving for steady state fluid flow through the networks, along with the input statistics and 

results. 



4.2 TWO DIMENSIONAL SIMULATION 

4.2.1 Model Description 

NETWRK/NETFLO is a modular computer program that generates a two-dimensional line 

network using the Monte-Carlo method, and solves for the steady-state fluid flow in tlle 

network assuming an impermeoble matrix. The computer codes were primarily written by A. 

Roul~u (1984) and site tested on the Stripa project in Sweden (Rouleau and Gale, 1987). 

The geometry of the model can be rectangular or circular (only one quadrant is used in the 

solution), with inner and outer boundary dimensions specified by the user. Lines are 

generated within the outer boundary but the inner boundary defines the solution region. The 

buffer zone between the inner and outer boundaries reduces the edge effect5 of reduced lines 

near the boundary of the model. Lines are produced for each fracture set in the following 

manner. The program NETWRK first generates a number of random points based on the 

fracture density, which is the total length of the fracture traces per unit surface area (L.'J . A 

line segment is assigned to each point, with a fixed orientation or one randomly selected from 

the input statistics of the normal distribution. A length is also assigned, either as a single 

(constant) value or as a randomly selected value from the lognormal distribution based on the 

trace length statistics. This line generation process is continued until the prescribed line 

density (L'1) is rea:hed. All the lines cutting across the inner model boundary are terminated 

at the boundary, correcting for any changes in the length distribution. In addition, if from 

tield observations it is determined that one set preferentially terminates against another, the 

109 



"fracture" of the terminated set is trimmed at the intersection point. if it is found to ext.:nd 

beyond the line defining the "dominant" set. The extra length of fracture is then aAilloo hl the 

other end of the line segment, maintaining the correct trace length distribution. 

In the second step, NE1WRK locates the line intersections present in the generatai line 

network and records the coordinates of the effective intersections, called node.o; . An 

intersection is determined to be effective if it contributes to continuous tlow through the 

system. Many intersections will he found ineffective be>·ause they are not located along any 

possible flow paths. The computer defines as an "element" every line segment hetween two 

consecutive nodes. During this final step, an aperture is assigned to each line segment 

according to a single value or from the statistics of the lognormal distribution and the 

"fracture porosity" (total and effective) of each fracture set is computed. The output nf the 

program NE1WRK is then used directly as input for the program NETFLO. Several 

scenarios with different apertures can be run by calling the aperture generator program, 

APEGEN, after NETWRK and before NETFLO, to change the apertures in the simulated 

fracture network:. 

The program NETFLO uses the finite element med10d to solve the equations for steady-state 

laminar flow of an incompressible viscous fluid. NETFLO first reads in the boundary flow 

conditions, with a boundary being labeled either no flow or having a fixed head value that is 

con:;tant. linearly varying, or logarithmical varying. Then the generated network geometry 

data of nodal coordinates, element length, orientation, and aperture are read. The program 

assigns the head values for the nodes located on the boundaries and then calculates the fluid 
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pressure at each node in the network:. Then the flow rate, velocity, and Reynold's number in 

each element are calculated, and finally the total flux through the model. 

4.2.2 Input and Results 

Since one of the primary goals in this numerical simulation of flow through computer 

generited fracture networks is to determine whether fracture geometry imparts a preferred 

direction to fluid flow through the Monterey reservoirs, an arbitrary (25m)l rectangular model 

geometry was chosen. In addition, since the network model is a two dimensional 

representation of a three dimensional network:, simulations were run with the fracture system 

generated in a horizontal plane, with boundaries oriented North-South and East-West, and 

generated in two vertical sections, one the East-West section and the other the Nonh-South 

section. To evaluate the effects of geometry on flux, all of the generated fracture elements 

were assigned the same aperture value of 5~-Lm, and in all simulations the hydraulic gradient 

was set at 0.8 (AheadiAiength = 20m/25m). To determine flow rate as a function of 

direction, the generated fracture network plane was rotated in 15° increments relative to the 

flow boundaries, with total flux calculated for each increment. 

The trace length and spacing statistics used in the models for the Government Point and 

Jalama Beach areas are presented in Table 4.1, and are from the preliminary analysis of the 

fracture data by Gale et od. (1991). It should be pointed out that in the process of analyzing 

the fracture data for this thesis the set numbers were redesignated for the Gove:nment Point 

and Jalama Beach data. The set designated number 1 in this thesis corresponds to the set 2 
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Table 4.1. Trace length and spacing statistics for each fracture set. used in 2-D simulati,lr._;. 
Mean and Mean .. (and standard deviation) for uncorr~ted (raw) trace data, Ml!all .. (corr~tal) 
for data corrected for censoring and truncation. Est. Mean and Est. Std. deviation are the 
estimates of the statistics using Burys' eQUations. 

Trace Length Government Point Jalama B~ch 

Set I 2 I 2 

No. of Observations 601 97 297 47 

Minimum length (m) 0.12 0.14 0 .30 0.47 

Maximum length (m) 17.00 7.34 8.00 5.00 

Mean (m) 1.64 0.67 1.80 2.26 

Std. deviation (m) 1.67 0.64 1.19 1.29 

Skewness 3.73 5.82 1.67 0.47 

Mean .. 0.16 ~.73 0.39 0.62 

Std. dev.11 0.82 0.72 0 .64 0.67 

Mean .. (corrected) 0.82 -0.82 0.92 -1.19 

Std. dev ... 1.24 1.07 1.07 4.15 

Est. Mean (m) 4 .90 0.77 4.44 -
Est. Std dev. (m) 9.40 1.12 6 .50 -
Spacing 

No. of Observations 355 38 297 28 

Minimum value (m) 0.01 0.08 0 .01 0.04 

Maximum value (m) 2.98 2.08 3.19 2.56 

Mean .. -1.53 -0.93 -1.27 ~.72 

Est. mean spacing(m) 0.34 0.70 0.45 0.89 

Std. dev.11 0.95 1.07 0.97 1.10 

Est. std. dev. (m) 0.42 1.03 0.56 1.37 
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reported by Gale et al . (1991) and vice versa for the other set. The orientations w~re input as 

normally distributed data with meanstrike and dip of N41 a /82 °SE for set I and 

Nl30°/77°SW for set 2 at Government Point. For the Jalama Beach area, set I mean 

orientation was N36°/8rSE and Nl45°/84°NE for set 2. 

The three diagrams in Figure 4 . 1 show the model geometry for the horizontal section and the 

two vertical sections for the Government Point area. Represented in these diagrams are the 

angles formed by the projection of the average plane of each fracture set, into the plane of 

each section, i.e. the trace of the strike line io the horizontal section and the trace of the 

apparent dip on each vertical plane. On each of the model geometries the trace of the average 

bedding plane is shown. Figure 4 .2 shows the representative model geometries for the Jalama 

Beach area. 

Figures 4 .3 and 4.4 show the relative flow rates for the three orthogonal planes for e1ch area, 

Government Point and Jalama Beach, respectively. Each open circle represents the flow rate 

calculated for each 15° increment. The inner oblong form is for uncorrected trace length data 

the larger outline for the trace data corrected for truncation and censoring. At the time of 

these model simulations, the large number of censored trace lengths for set 2 at Jalama Beach 

made it impos..,ible to malce the needed truncation and censoring corrections for this fracture 

set. Two more flux diagrams are shown in Figure 4.5 which show the effects on permeability 

when a third set is add~ to the network. This third set represents bedding plane shears with 

a single input value of 30 meters for trace length and a mean spacing of two meters. Figure 

4.6 compares flow rates obtained from using the horizontal generated fracture plane at 
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Government Point, with fracture apenure held constant at :ollm for one seri~ uf simulari,,ns 

and, for the other series, the aperture was set proportional to length and distributed 

lognormally with a 5 ~tm mean. More discussion of the 2-D results and comparison with Lht! 

3-D results are presented in Chapter 5. 
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figure 4.1. Diagrams showing input parameters for modeling fluid flow through generated 
fracture network from Government Point data, (a) horilontal plane, (b) N-S vertical section, (c) 
E-W vertical section. 
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Figure 4.2. Diagrams showing input parameters for modeling fluid flow through generated 
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figure 4.4. Diagrams of relative flux as a function of direction for uncorrected trace lengths 
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4.3 THREE DIMENSIONAL SIMULATION 

4.3.1 Model Description 

NAPSAC is a computer program developed to determine fluid flow and the transport of 

dissolved chemicals through a three dimensional stochastically generated discrete fracture 

network. The computer code was developed at the UK Atomic Energy Authority's Harwell 

Laboratory during the 1980's and site tested at the Stripa Mine in Sweden (Herbert et al. , 

1990). NAPSAC is similar tJ NETWRK/NETFLO in that both generate a fracture network 

based on probability distributions of the fracture parameters that are input by the user and 

solve for steady-state laminar flow of an incompressible viscous fluid through the generated 

fracture network with an impermeable matrix. However, the NAPSAC program, besides 

being a 3-D code, is larger and offers more flexibility in describing the distributions of the 

fracture geometry along with capabilities of calculating the basic transport properties and an 

extensive range of options for output of the results. 

The network generation stage produces rectangular planar fractures in a cuboid region that has 

dimensions assigned by the user. The centers for the "fracture" planes are randomly placed 

within the cuboid following the uniform distribution and the densities (number of 

centers/cubic meter) for each fracture set. The planes are created around these centers 

according to the mean and spread of the input probability distributions. The geometric 

parameters needed, are the half-lengths of the fracture, effective aperture, and three angles 

that describe the orientation of the fracture . These three angles are designated as orientation 
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angle, dip angle and dip direction. The orientation angle correspc.lnds to the dl!grt:t:s tht: 

fracture is allowed to rotate within its own plane. Dip angle and dip direction are ~elf

explanatory. The probability distributions that are available for these variables are the 

uniform, normal, lognormal, and two-parameter exponential . Six sets of randomly pla~ed 

fractures can be used along with up to 20 "known" fractures whose geometric properties art: 

explicitly set by the user. The solution region within the ~uboid can be: the union of 

irregularly shaped hexahedra and should be smaller than the outer domain to avoid the edge 

effect of reduced density of fractures near the outer boundaries. By default each face of the 

solution domain is considered impermeable, so the user must designate the non-hydrostatic 

component of the pressure to the desired permeable boundaries. The pressure distribution can 

be set to a uniform value on the surface, specified at a particular point on the surface along 

with a linear pressure gradient, or by specifying several points of assigned pressure in a lattice 

layout and interpolating between points. 

To solve for steady-state laminar flow, each "fracture" in the generated nc:twork is divided 

into a number of triangular elements with four elements grouped together to form re":tangles, 

and solved using a finite element method. Fluid flux along any fracture plane is assumed to 

follow the fracture flow law and mass conservation equations. 

4.3.21nput and Results 

The statistics, derived in Chapter 3 for the fracture sets deemed representative at each of the 

four small-scale sites and the tw<' large-scale sites, were used to assess the impact of fracture 
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orientation and aperture on the directional permeability. This assessment, using the 3-D 

modeling program NAPSAC on a SUN SPARC2 workstation, was completed in several steps. 

The first step was to determine the largest model block size that could be run on the SPARC2 

for each individual site and how permeability changed with the increase in block size. The 

next step compared model length and spacing output to the input statisti.::s and evaluated the 

effect of using the fracture ~ength statistics derived from using the approach presented by 

Herbert and Splawski (1990) 1S compared to using the~ length statistics. After choosing 

the model input statistics and model size for each site, simulations were run to determine 

permeability, in the bedding dip direction (parallel to the x-axis in the model), parallel to 

bedding strike (along the y-axis), and vertically (along the z-axis). Three series of simulations 

were made, one with constant orientation/constant aperture, the second with variable 

orientation/constant aperture, and the d)ird with variable orientation/variable aperture. The 

fourth step was to assess if the permeability of the chosen model block size could be described 

by a permeability tensor and thus approximate an equivalent porous medium. The directional 

permeability was determined every 22 .So. from 0° to 157 .So. by rotating the two flow 

boundaries relative to the fracture network wit't the other four faces being impermeable. The 

last step was to check the variability in the permeability in the x and z directions for selected 

sites, by ruMing over 30 realizations for each model with different random seed m·mbers. 

For the first step, two models were made for each of the four small-scale sites; titled GP for 

the Government Point data, JB14 for the Jalarna Beach sites l through 4, JB56 fer the Jalama 

Beach sites S and 6, and l.L for the Lompoc Landing data, with suffix • A • designating use of 

the fracture length statistics, and ·a· for the ~ length ~\tatistics. Models in all realizations 
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Figure 4. 7. Graphs showing the relationship of permeability to block size. gp - Government 
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x and z indicate direction of gndient. 
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were cubes, starting at 2 meters per side for the solution region for most of the small-scale 

sites, and SO meters per side for the large-scale models (SV and NV). Side length for the 

generation region was approximately 20 to 2S9f, longer than the solution region sides. The X

y graphs shown in Figure 4.7 show the relationship of permeability to blo~k size. For the JB 

models, stable percolation started with the 3 meter block, at S meters for the LL model, and 

1S meters for the NV model. Stable percolation would be dependent on an adequate number 

of intersecting fractur~ ..hat COMect the two flow boundaries, and is also a function of 

fracture orientation, length and density. The maximum block size for each model that would 

successfully execute on the SUN SPARC2 with 32 megabytes of memory and 1 gigabyte of 

disk storage, was controlled by the number of intersections, and it was found that the 

maximum limit for intersections was in the 6500 to 7000 range. Several realizations were 

completed successfully with over 8000 intersections but took over 13 hours to complete. 

Each point on the graphs (Figure 4.7) represents one realization, with variable orientation and 

constant aperture equal to 20pm. For most of the models, using the trace length statistics, 

there is a steady but relatively small increase in permeability with increase in block size. The 

permeabilities for the models using the fracture length statistics r A" IJlO\lels) are more 

variable and consistently lower than the "B" model permeabilities. This is probably a result 

of the shorter fracture plane dimensions that are generated from the input fracture length 

statistics, because • A" model realizations had 10 to 1009(, more fracture planes, but a similar 

degree of interconnection as a "B" model of comparable size . The block size in these 

realizations was increased until the limits of the SUN SPARC2 were reached, with more 

realizations needed at each block size to determine the "true" relationship between block size 

and permeability. The size of the solution region chosen for each "B" model is listed in 
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Table 4.2, along wirl-l the probabilities of a generated fracture exceeding a certain length fur 

each set. An ?.dempt was made to balance the largest possible block size for each model with 

a reasonable execution time. For most of the "B" models the bloclt dimensions were dose tll 

two times the average trace lengths and more than ten times the average spacing, with 

exceptions for the JBI4-B and LL-B models. Due to this limitation in block size, it was of 

interest to see what the probability would be of a generated plane exceeding a particular 

length or, in other words, bow many planes could be expected to be connected to both flow 

boundaries. These probabilities give an indication of whether the permeability was due to the 

number of long fractures or to the interconnection of the fracture network. Table 4.2 shows 

that for most of the tested model block sizes, tbere was less than a 10~ probability that a 

fracture could connect to both flow boundaries. The probabilities were slightly higher for set 

2 at Government Point (GP,2v and GP,2h), and between 10 and 20~ probability for set I at 

Jalama Beach sites 1-4 (1814,1), all sers atJalama Beach sites Sand 6, and set 2 at Lompoc 

Landing. 

It was also of interest to evaluate the impact on directional permeability of the estimated 

fracture lengths from the trace length statistics, using the formulas presented by Herbert and 

Splawski (1990, see section 3.4). There was a concern that the dramatic reduction in 

estimated mean fracture length from the mean trace length for most of the sets, would not 

adequately represent the observed field data and relationships. This reduction in length is 

probably due, to the assumption that the fractures are square in shape and free to rotate within 

their own plane, and that there is a fairly large standard deviation to the trace length 

distributions. From observations, the extensional fractures usually have a shorter vertical 
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Table 4.2. Probabilitiea of a generated fracture exceeding a certain length for a given ~Nan and standard 
deviation (S.D.) from the lopormal distribution. Numbers are average from 10 Monte Carlo 
~>imulatioDJ of 1000 generated leugths per simulation. 

Loprm. Dstt. Prob. frac. > lngth.(m) Model size (m) 

Set Mean S.D. 5095 20~ 1095 X y z 
GP,lv 0.34 0.59 1.40 ' 2.25 2.90 10 10 6 

GP,Ih ~.65 0.50 0.50 0.80 1.00 

GP,2v 0.68 0.74 2.00 3.70 5.00 

GP,2h 1.00 1.33 2.70 8.30 14.90 

1814, 1 1.16 1.38 3.20 10.20 18.70 8 8 8 

1814,2 0.74 1.03 2. 10 s.oo 7.90 

1856,1 1.18 0.92 3.25 4.10 10.60 8 8 8 

1856,2 1.13 1.07 3. 10 7.60 12.20 

185C.3 0.89 1.01 2.40 5.70 8.90 

LL,1 0.8S 1.04 2.40 5.60 8.80 18 18 18 

LL,2 1.62 1.48 5.00 17.50 33.50 

NV,I 3.11 1.18 22.00 60.00 100.00 ISO ISO ISO 

NV,2 2.91 1.23 18.00 52.00 88.00 

NV,3 4.21 0.56 67.00 108.00 138.00 

SV,I 2.38 0.8S 11.00 22.00 32.00 100 100 100 

SV,2 2.59 0.81 13.00 26.00 38.00 

SV,3 2 .43 0.96 11 .00 25.00 39.00 

Table 4.3. Comparison of corrected trace length and spacing meana, from realizatiODJ, with the input 
statistics for the GP A and 8 models. 

Co meted ~ 

Model Set Input (m) Output (m) Differeuc:e 

GP A trace lh 0.43 0.52 22 

lv I. OS 1.22 16 

2h 0.23 0.29 27 

2v I. OS 1.31 25 

spacial 1 0.59 0.55 - 7 
2 0.34 0.38 11 

GP B trace lh 0.59 0.69 17 

lv 1.6S 1.83 11 

2h 6.S9 7.78 18 
2v 2.58 2.99 16 

IJMICIDI 1 O.S9 0.60 2 

2 0.34 0.35 ~ 

~ 
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extent than horizontal extent and the cross fractures which usually terminate against the 

extensional set have longer vertical length than horizontal length, thus neither would be 

square. Due to the large trace length standard deviation, which is used in the formulas to 

estimate the fracture length, the above field observations are not maintained in the fra«.:ture 

length statistics (see Table 3.10). 

Checking the consistency of the generated fracture length and spacing was done by simulating 

planes, called mapping planes, through the solution region and "running" scanlines across 

these mapping planes. The NAPSAC program determines for each generated fracture that 

crosses the scanline; trace length, distance from start of the scanline, and angle between the 

fracture and the scanline. Comparison of the output means and the input statistics are shown 

in Table 4.3 for the GP-A and GP-8 models, based on three realizations and three orthogonal 

planes through each realization. Between 400 and 700 generated fractures were sampled for 

each fracture set. It can be seen in the table that the sampled trace length output for each 

model is consistently slightly longer than the input values, but the mean spacing for each set 

compared very well. The difference in mean trace length is due to the bias introduced by 

sampling longer traces and the deletion by NAPSAC of unconnected fractures, which are 

probably the shortest generated lengths. 

Table 4.4 presents the input statistics for the models chosen to evaluate the directional 

permeability. Density is the number of fracture centers per cubic meter and is determined by 

the inverse of the product of mean spacing and mean area for each set. In NAPSAC, lengths 

are entered as half lengths and for all sets are lognormally distributed. For these sets, dip 
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Table 4.4. Input statistics for the models chosen to evaluate directional permeability. See text 
for discussion. 

Model GP A GP B 
Set 1 2 1 2 

Density (cntrs/m3
) 2.97 4.11 1.741 0.173 

Lengths mean(ln,m) -1.62.~.77 -3.02.~.88 - 1.34.~.35 0.31.~.01 

s.d.(ln,m) 0.43, 0.50 1.31, 0.69 0.50, 0.56 1.33, 0.74 

Dip dir. mean(m) 88 179 88 179 

s.d.(m) 15.8 15.4 15.8 15.4 

Dip mean(m) 82 87 82 87 

s.d.(m) 15.3 9.4 15.3 9.4 

Model JB14 B JBS6B LL B 

Set 1 2 1 2 3 I 2 

Density (cntrs/m3
) 0.029 0.292 0.02 0.015 0.202 0.086 0.005 

Lengths mean(ln,m) 0.47 0.05 0.49 0.44 0.20 0.16 0.93 
s.d.(ln,m) 1.38 1.03 0 .92 1.07 1.01 1.04 1.48 

Dipdir . rr.ean(m) 264 334 276 157 218 216 162 
s.d.(m) 12.8 24.8 7. 1 12.1 ll.S 13.6 14.9 

Dip mean(m) 81 89 83 90 88 89 86 

s.d.(m) 13.7 18.0 5 .8 7.7 8.2 6.6 5.8 

Model NVB SVB 
Set 1 2 3 1 2 3 

Density (cntrs/m') 2.35E-S 8.47E-S 7.83E-6 l.92E-4 l.94E-4 l.37E-4 

Lengths mean(ln,m) 2.42 2.22 3.52 1.69 1.90 1.74 
s.d.(ln,m) 1.18 1.23 0.56 0.85 0.81 0.96 

Dip dir. mean(m) 232 4 95 255 4 108 
s.d.(m) 13.95 13.83 0.0 17.24 14.84 34.87 

Dip mean(m) 87 87 59 75 87 4 
s.d.(m) 9.18 15.45 0.0 9.81 12.34 7.90 
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direction (Dip dir.) is the azimuth of the fracture's dip iUkr rotation (see section 3.3) and dip 

is the vertical angle in degrees. The third orientation angle, discussed earlier, for all models 

in this study was set at 0 degrees, thus the fractures were not allowed to rotate within their 

own plane. The NAPSAC program makes the simplifying assumption that dip direction and 

dip are independent. and thus can follow separate distributions. Although. in section 3.3 and 

Appendix C the fracture orientation was determined as a two dimensional distribution. the 

difference to the fracture network and the flow field should not be significant (Herbert et al ., 

1991). Along with t!1e parameters listed in Table 4.4, aperture is entered for each set. There 

are no quantitative aperture data available from the field surveys, so a mean aperture equal to 

20J.Lm was used for the small-scale fractures and lOOJ.Lm for the large-scale fractures. When 

the apertures were allowed to vary, they followed the lognormal distribution, with standard 

deviations of l5J.Lm and 75J.Lm for the small-scale and large-scale fractures, respectively. 

The first sequence of tests to evaluate the effect of orientations and aperture on the 

permeability were run with the trace length statistics (the "B" models) for all the models. 

Permeability was determined from unit gradients along the x-axis, then the y-axis, and then 

the z-axis, with the appropriate opposite faces open to flow and all others impermeable. For 

the first series of realizations, aperture and orientation were held constant, and length was 

allowed to vary according to a lognormal distribution. Thus this first series could be 

considered a lower limiting case in respect to the number of intersections the geometry could 

produce. The second series of realizations held aperture constant, while orientation and 

length varied. In the third series, all parameters were allowed to vary according to their 

respective probability distributions. A summary of the output from these realizations is given 
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-..... 

Table 4.5. Summary of output from realizations used in evaluating the effect of fracture orientation and aperture on penneability . 
Models used trace length statistics. The xx, yy, zz, signify gradient in respective direction, with all other faces impermeable. Percent 
cha.1g~ elplained in the text. 

constant orientation variable orientation variable orientation ------
Model variable aperture constant aperture com;tant aperture 

k(md) 
~rcent -~han9e _ 

Model Dimension Q(m"3/s) k(cm"2) k(md) Q(m"3/s) k(cm"2) k(md) Q(m"3/s) k(cm"2) 1&2T2&3 1&3 
gpxx 10x10x6m 5.67E-11 9.44E-12 0.95 5.S9E-11 9.99E-12 1.01 3.27E-10 5.45E-11 5.51 6 446 477 
gpyy 10x10x6m 1.64E-12 2.73E-13 0.03 1.28E-11 2.13E-12 0.22 1.75E-11 2.91E-12 0.29 68~ 37 

--::. ... -
967 

gpzz 10x10x6m 2.11E-10 1.26E-11 1.27 1.38E-10 1.38E-11 1.39 3.29E-10 3.29E-11 3.32 9 139 161 
jb14xx 8x8x8m 9.09E-11 1.42E-11 1.43 1.29E-10 2.01E-11 2.03 5.68E-10 8.88E-11 8.96 42 - 341 r----s-2s 
~!4YY 8x8x8m 7.22E-11 1.13E-11 1.14 1.20E-10 1.87E-11 1.89 7.99e-1o 1.2SE-10 12.61 

--::+---=---· 
1006 66 568 

jb14zz 8x8x8m 2.10E-10 3.29E-11 3.32 2.26E-10 3.53E-11 3.57 1.07E-09 1.67E-10 16.89 8 313 r-· 409 

j656xx j 8x8x8m 1.12E-10 1.75E-11 1.77 1.73E-10 2.7E·11 2.72 3.56E·10 5.56E·11 5.62 54 106 i16 
jb56yy 8x8x8m 7.13E-11 1.11E-11 1.13 8.51E-11 1.33E-11 1.34 1.72E-10 2.69E-11 2.71 19h02 -141 

jb~!!_ 8x8x8m 2.28E-10 3.56E-11 3.59 2.77E-10 4.33E-11 4.37 7.13E-10 1.11E-10 11 .25 -22 157 213 - ---· 
2.32E-10 7.16E-12 0.72 2.25E-10 6.95E-12 0.70 5.89E-10 1.82E-11 1.83 -3 161 154 llxx 18x18x16m 

llyy 18x18x18m 7.45E-11 2.3E-12 0.23 9.50E-11 2.93E-12 0.30 5.94E-10 1.83E-11 1.85 27 525 1---:. . -
697 

>---- --- t---· --
llzz 18x18x18m 4.84E-10 1.49E-11 1.51 4.34E-10 1.34E-11 1.35 9.20E-10 2.84E-11 2.87 -10 11_~ 90 

3.63E-07 r-1.61 E-10 
r--· .. r--. - .. 

nvxx 150x150x150m 16.28 3.41E-07 1.52E-10 15.32 1.36E-06 6.04E-10 61 .05 -6 299 275 
nvyy 150x150x150m 1.25E-07 5.57E-11 5.62 1.39E-07 6.16E-11 6.22 3.89E-07 1.73E-10 17.46 11 181 211 
nvzz 150x150x150m 4.64E-07 2.06E-10 20.82 4.52E-07 2.01E-10 20.27 1.22E-06 5.42E-10 54.76 -3 170 163 
svxx 100x100x100m 1.78E-07 1.78E-10 18.02 1.74E-07 1.74E-10 17.57 4.73E-07 4.73E-10 47.77 -2 172 ~65 
svyy 1 00x1 00x1 OOm 1.06E-07 1.06E-10 10.69 1.12E-07 1.12E-10 11 .28 4.32E-07 4.32E-10 43.63 5 287 308 
svzz 1 00x1 00x1 OOm 2.48E-07 2.48E-10 25.09 2.61E-07 2.61E-10 26.32 9.77E-07 9.77E-10 98.68 5 275 293 



in Table 4.5 with the calculated tlux in mlJs and permeability in both cml and millidardi!S. 

The last three C(llumns in the table compare the difference in permeabilities between each of 

the orientation/aperture setups. For each progressive realization the calculatc:d permeability in 

the tested directions gets larger, except for a few very small negative changes, tor the 

Lompoc Landing (Jlxx, llzz) data and the large-scale data (nvxx, nvzz, svxx). The variable 

orientation/constant aperture simulations produced 160 to 200% more intersa:tions than the 

constant orientation/constant aperture simulations. The corresponding change in 

permeabilities was variable, but most model permeabilities increased by less than 70% . This 

seems to indicate that the fracture geometries, with no variability to fracture orientation, 

produce a fairly well connected network: at the modeled scales. The largest percentage 

increase in permeability occurred in the "yy" models where the gradient and flow are parallel 

to the y-axis. For most of the models the fracture set with shorter trace lengths strikes sub

parallel with the y-<lirection, thus the permeability in the y-direction benefits the from the 

increased interconnections due to the variability of fracture orientations. 

The number of intersections and the generated fracture geometry is the same for the second 

and third orientation/aperture setups, thus the increase in permeability is due to the variability 

in aperture between members of the same set. Allowing the aperture to vary lognormally 

with a standard deviation approximately 0 .75 times the mean, had a dramatic effect on the 

permeabilities in the three directions tested. For several of the variable orientation/variable 

aperture realizations, the generated aperture data were extracted. All showed a lognormal 

distribution and for the small-scale data the apertures ranged between 41£m and 154~£m with 

means and standard deviations ap!)roximately 231'm and 16,.._m, respectively. For the !arge-
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scale realizations, all the means were approximately ll8Jtm and standard deviations of around 

74Jtm to 71p.m, with minimums around lSp.m and ma.'<imums near 600p.m, but for all the 

realizations 90~ of the apertures were less than 220Jtm. As stated earlier there are no 

quantitative aperture field data, but the generated values seem reasonable. 

In determining if permeability of these models can be approximated by a tensor, the standard 

test procedure of rotating the flow boundaries in relation to the network, was followed. A 

unit gradient was applied in all realizations, which were rotated 22.5° from 0° to 157.5°, 

with only the two opposite faces, perpendicular to the gradient direction being permeable. 

Since the permeability should be the ~arne for flows 180° apart (Scheidegger, 1954), the 8 

directions should be adequate. As a check, several extra realizations with gradients 180° 

from another realization were produced, and in all cases the permeabilities were found to be 

equal . For the realizations with variable orientation/constant aperture and a unit gradient, the 

calculated permeabilities (in millidarcies) for each 72.5° increment is plotted on the left, for 

each model, in Figures 4.8 through 4.14. The plot on the right is one over the square root of 

permeability (Ilk"'), and should approximate an ellipse if the permeability can be 

characterized by a tensor (Scheidegger, 1954; Long et al ., 1982). The top pair of plots is the 

horizontal section, where bedding strilre is in the y-direction. The other two pairs represent 

the two vertical sections, one parallel to the zy plane, the other the zx plane, and vertically up 

is toward the top of the plots. Most of the permeability olots for the horizontal sections show 

the characteristic shape of a modified figure 8 with the major principal permeability axis, 

which is approximately (within 25°) in the direction of bedding dip and follows tne strike of 

the predominant extensional set. Th~ maj(lr exception is for the JB14-B (Figure 4.10) model 
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where the major permeability is 40° from the bedding dip direction and paralll:ls tht: shurtt:r 

but more numerous fracture set. At Lompoc Landing (LL-8. Figure 4 . 12) the major 

permeabil ity is also in the general direction of the shortel hut more numerous i:l!nt:rated 

fracture set. For these two sites (1814-B. LL-8), the generated dominant set does not 

conform to the observed dominant set. This is due to the fact that density is inversely 

proportional to the size of the fracture in these models, it is also a retl~-tion on the scanlinc: 

mapping technique and its bias towards longer fractures. As pointed out earlier. when the: 

generated fracture network is sampled using a scanline technique, the calculated spacings for 

each set match the input spacings used in calculating the input density. For the vertical 

sections, the plots of permeability are elongated ellipses to , vals in shape, showing a slightly 

less anisotropy to flow than in the horizontal sections. In general, the zy plane shows a 

greater anisotropy to flow than the zx plane, mainly because the zy plane is sub-parallel tu the 

shoner fracture set. Figure 4.9 show the plots of the permeabilities from the realizations for 

the GP-A model using the fracrure length statistics (fable 4.4). These plots show more 

variability in directional permeability and are strikingly different from the GP-8 (Figure 4.8) 

model plots using the ~ length statistics. The only difference in the input between the ·A· 

and "B" models is the reduced fracture lengths for the GP-A model. which also increases the 

densities for each set. Realizations for the GP-A model have more than 2 .5 times the number 

of planes than the realizations for the GP-8 model, but about an equal number of interse'-:tions 

( > 5000). The shorter, and more numerous fractures in the GP-A models allow the 

variability in the orientations to become more of a factor in the directional permeabilities. 

Figures 4 . 15 and 4.16 are the permeability and llk"" plots for the GP-8 and SV-8 models. 

respectively, generated with variable orientation and variable aperture, for the same block 
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sizes as the other orientation/aperture model setups. The variable aperture dramatically 

increases the permeability and the anisotropy for both models. Allowing the aperture to vary 

within each set also adds more variability to the directional permeabilities than is seen in the 

constant aperture case, and thus the 1/k~ plots show a more irregular elliptical shape than 

those shown in Figures 4.8 and 4.14. 

For all the 8 models, simulated with variable orientation and constant aperture, except the 

LL-B plots, the Ilk"' plots show a good approximation to an ellipse. To calcl!late the 

principal directions and magnitude of the ellipse, in the 2-D planes, the equations presented 

by Scheidegger (1954) were used. Since permeability was determined in 22.5 degree 

increments(Ot) it is possible to solve for the components of the inverse permeability tensor(te) 

using the following equations; 

( ))" 1 ~ (1)" 1 . l - .w-cos ex . - - .w-s1n «i, 
8 1<, l 8 k, 

The position of the principal axes can be calculated from, 
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1 

tan. • [~~ -1C11 t ( (1C11 -1Cnl 2 + 41C13 ) 2 1 I (21C1 ~) 

where 4J is the angle of the principal axis. Once the components of lh~ matrilt Me found. th~ 

eigenvalues were calculated to obtain the magnitudes of the principal axes. Scheidegg~r 

(1954) gave a simple formula for this calculation; 

1 

). • ( ; ) • [Jt,.l •~tza t ( (1Ca-1C~a) l + 41C~al 2 1 · 

The eigenvalues obtained from the above equation are in md·', which are converted to 

millidarcies (for cm2, cm2 =9.87x10'12(md)) and listed in Table 4.6. The values for the 

principal permeabilities can be compared to the plots in Figures 4.8 lhrough 4.16. The match 

between the measured (from the realizations) and the calculated values is good for the bulk of 

the plots. Some expected exceptions are the GP-A (Figure 4.9) model plots, the LL-B 

(Figure 4.12) horizontal section, the GP-B'• (v for variable aperture) horizontal section plot 

and the SV-Bv model plots. These plots show a greater variability in the directional 

permeabilities, and for th.e variable aperture models there is a strong anisotropy. From this 

inspection of the directional permeabilities for these models, it seems that these fracture 

networks could be considered an anisotropic porous medium at the scale of the models. As 

these permeability plots are based on one realization for each direction and as an anisotropic 

porous medium equivalent for a fracture network is probably dependent on the size and~ 

of lhe tested model block, more realizations for different shapes are needed to describe 

quantitatively the directional permeability. However, based on this series of realizations, only 

a slight "nange in the principal permeability direction would be expected with a possibly 

greater adjustment to the magnitude. 
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To determine the spread in permeability values due to the variability in the input statistics, 

over 30 realizations were made for the GP-B and the SV-8 models with constant and variabl,. 

apenure, for unit gradients in the x (parallel to bedding dip) and z (vertical) directions. The 

statistics from the realizations are summarized in Table 4.7. Flows and thus the 

permeabilities from these realizations follow the normal distribution with relatively small 

standard deviations. Considering the variabilities in the input parameters, especially fra~~re 

orientations and trace lengths, the range in permubilities from these models is ctuite narrow. 

Table 4.6. Positon and magnitude (in millidarcies) of principal axes calculated using equations 
from Scheidegger (1954). Angles are in degrees from the positive y-axis with (-) 
counterclockwise. Horz. is the horizontal plane, zy and zx are the vertical planes. 

Principal axes Principal axes 

Position Magnitude Position Magnitude 
·-

Model Plane angle perm.(md) Model Plane angle perm.(md) 

GPB horz. 89, -1 1.38,0.23 GPBv horz. 82, -8 9.30,0.34 

zy 5,-85 1.52,0.61 zy -1, 89 3.39,1.05 

zx -13, 77 1.41,0.67 zx -17, 73 4.75,0.91 

GPA horz. 66,-24 0.67,0.01 NVB horz. -77, 13 17.3, 6.9 

zy 65,-25 0.14,0.08 zy -2, 88 19.5, 7.4 

zx -33, 57 0.13,0.10 zx 18,-72 20.8,15.4 

JB14B horz. 50,-40 3.26,1.24 SVB horz. -67, 23 20.4,10.4 

zy -3, 87 4 .64,1.12 zy -1, 89 28.1,12.2 

zx -7, 83 3.51,2.19 zx -16, 74 26.9,14.2 

JB56B horz. -69, 21 3.26,1.25 SVBv horz. -62, 28 58.4,41.3 

zy 8,-82 4.41,1.63 zy -1, 89 230,16.8 

lX -3, 87 4.61,2.72 lX -27, 63 110,49.7 

LLB horz. -69, 21 2.00,0.29 

zy 0, 90 2.04,0.39 

zx -12, 78 1.42, 1.03 
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Table 4.7. Statistical summary of realizations used to determine ~·ariability in the magnitude! of 
permeability in the x and z directions for Government Point and South Vandenberg B model!>. 
Pins = number of generated planes, lnts = numbr.r of intersections. Q = flux, k = 
pe.-nteability, Cnst ap = constant aperture model, and Var ap = variable apenure model. 

Cnst ap Var ap 

Rlz. Pins Ints Q(m3/s) lc(cmZ) k(md) Q(m'ts) k(cmZ) k(md) 

GPBx avg 1647 5049 5.79E-ll 9.65E-12 1.0 I .SIE-10 3.02E-II 3.1 

N=32 std 32 389 l.lOE-11 1.83E-12 0.2 1.14E-IO 1.90E-ll 1.9 

min 1597 4385 4.07E-ll 6.78E-12 0.7 7.26E-11 1.21E-II 1.2 

max 1712 5973 7.99E-II 1.33E-ll 1.3 6.79E-10 1.13E-10 11.4 

GPBz avg 1647 5061 1.27E-10 1.27E-11 1.3 2.39E-IO 2.39E-ll 2.4 

N=31 std 26 357 1.70E-ll 1.70E-12 0 .2 7.01E-Il 7.01E-12 0 .7 

min 1580 4385 9.35E-Il 9.35E- 12 0.9 1.58E-IO 1.58E-11 1.6 

max 1699 5973 1.71E-10 l 71E-ll 1.7 4.22E-10 4.~2E-ll 4.3 
-· 

SVBx avg 671 4007 1.98E-{)7 1.98E-IO 20.0 5.61E-{)7 5.61E-10 56.7 

N=30 std IS 410 2.52E-{)8 2.52E-11 2.5 I.SIE-{)7 l.SIE-10 15.3 

min 653 3225 l.41E-{)7 1.41E- IO 14.2 3.22E-{)7 3.22E-IO 32.5 

max 716 4693 2.50E-{)7 2.50E-IO 25.3 8.40E-{)7 8.40E-IO 84.8 

SVBz avg 664 3878 2.67E·-07 2.67E-IO 27.0 9.01E-{)7 9.01E-IO 91.0 

N=30 std 9 421 3.64E-{)8 3.64E-11 3.7 2.19E-{)7 2. 19E-10 22.2 

min 653 3225 2.01E-{)7 2.01E-IO 20.3 4.67E-{)7 4.67E-IO 47.1 

max 683 4693 3.35E-{)7 3.35E-IO 33.8 l.SOE-{)6 1.50E-Q9 151.5 
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Figure 4.8. Directional permeability and 1/k'h plots for Government Point B model. Horizontal 
and venical scales are in same units. 
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figure 4.10. Directional permeability and Ilk"' plots for Jalama Beach sites 1-4 B model. 
Horizontal and vertical scales are in same units. 
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CHAPTERS. DISCUSSION, SUMMARY AND CONCLUSIONS 

The two major objectives of this study were to chara~terize the fracture geometry and evaluah! 

the impact of the fracture geometry on fluid flow in the Monterey Formation. The Monterey 

formation is a folded and fractured ~edimentary rock mass with low matrix permtability 

(Crain et al., 1985; MacKinnon, 1989). Thus, fluid flow through the formation is 

predominantly in discrete fractures, and it is recognized that these fra~o."tures are discontinuous 

within the rock mass. The fracture network modeling •Jsed in this study directly simulates the 

flow process through the interconnected discrete fractures. The i11terconnectivity of the 

fracture system is controlled by the number of fracture sets and the orientations, lengths and 

spacings of the fractures within each set. Since it is not possible to describe every fracture in 

the rock mass, areal and scanline mapping surveys were conducted to sample the rock mass 

for the above fracture parameters, along with other fracture characteristics, at two distinct 

scales of fracturing. As mentioned in Chapter I, it is believed that at a "small-" scale, the 

fracture (joint) system provides the fluid pathways to the "large-" scale fractures (breccia 

zones and faults) which, with the dilation openings in the fold hinges (Figure 1.4), are the 

major permeability conduits w:thin the Monterey Formation. From the sampled fracture 

parameters, a stochastic description of the fracture geometry was obtained and used as input 

for 2-D and 3-D discrete fracture flow models. The following sections summarize: (a) the 

assumptions, inferences, biases and errors associated with, the fracture sampling process, the 

statistical fracture analy~is, and in the determination of the input parameters for the 2-D and 

3-D models; (b) a preliminary comparison of the 2-D and 3-D flow modeling results; and (c) 

the results of the 3-D discrete fracture modeling of the impact of the fracture geometry on 



fluid flow in the Monter!!y Formation. Conclusions and recommendations are presented in th~ 

li!.'>t se,tion of this chapter. 

5.1 FRACTURE MAPPING AND STATISTICS 

The coastal outcrops of the Monterey Formation, with vertical cliff and horizontal "bench" 

exposures, allowed for the dt~ailed areal and scanline sampling of the fracture system in close 

areal proximity ( < 6 km) to the offshore oil reservoirs. In a folded sedimentary sequence, 

such as the Monterey Formation, lithology, bed thickness and structural position may 

infl<~ence the development and characteristics of the fractures and fracture system. As 

discussed in Chapter 2, most of the mapped sites Wf;re located on the limbs of large anticlines 

or synclines with only the Lions Head area being located near a major fault (Figures 2.2 and 

3.12). Figure 2. 1 shows that the sample sites were in the upper two members of the 

Monterey Formation which includect all the major rock types: porc!!lanites, siliceous 

mudstones, mudstones, dolostones, and some cherts. The distinction between some of the 

rock types, especially between porcelanites and siliceous mudstones, is gradational and in 

many places di~cult to differentiate in the field. 

As with all field fracture studi~. there is always some degree of uncertainty that the number 

of sampled fractures adequately represents the "true" population of fractures. This will 

always be the case unless the whole formation can be sampled. For this particular fracture 

study of the Monterey Formation, which was based on data from coastal outcrops. confidence 

could be increased on the applicability of these data for modeling offshore oil reservoir 
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behavior: by sampling the fractures in oriented core from offshore wells; and/or hy 

demonstrating that rock composition and stru~tural geometry are similar. This would ina ease 

contidence in using the fracture orientations and spacings, detenninoo from data colh:ctoo in 

this study, in characterizing the nature of the fracture system in the offshore oil reservuirs . In 

one of the few published core and field studies on the Monterey Formation. Narr (1991) 

found that almost all the fractures in cores from offshore oil wells, had orientations simi!ar to 

the extensional fracture set found in surface outcrops. These orientations are also similar tu 

the extensional set found in this study with fracture strikes being sub-parallel to the bedding 

dip direction. Narr(l991) concluded that the fracture densities were higher in the surface 

outcrops than in the subsurface, possibly due to enhancement by weathering and unloading. It 

was observed in this study, and from the literature (see Chapter 2), that the lithology and style 

of folding in the Monterey Fonnation are similar throughout this study area, and that the 

dominance of extensional fractures is also prevalent. It, therefore, seems reasonable that, it" a 

similar deformational style is exhibited offshore in the Monterey Formation, fracture sets with 

similar characteristics as the sets seen at the surface, especially the dominant extensional set, 

would exist in the offshore reservoirs. 

The scanline mapping technique, used to sample the rock mass for fracture characteristics, 

provided data on the key parameters of fracture trace length, orientation, and spacing. In 

addition, a qualitative description of fracture aperture and roughness was obtained. Due to 

the dimensions and orientations of the rock outcrops, along with the length of the scanlines 

( < 30 m) used in the small-scale survey, the orientation bias on the small-scale fra1.1ure data 

was minimal (see Appendix C). However, for the large-scale survey the length of the 
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s~anl int.!S (I 00 m to 1400 m) and the lack of rock exposures of suitable extent in two 

dimensions, precluded the use of orthogonal sampling lines . Therefore, fracture sets with 

strikes sub-parallel to the scanline directions, if they exist, will not be well represented at this 

larger scale. 

The orientation bias was also accounted for during the statistical analysis (Appendix C and 

Chapter 3) when determining the number of fracture sets and their orientation statistics. 

There is no well defined quantitative method for determining the number of fracture sets in a 

given rock mass, and this is an area of fracture analysis where there can he a good deal of 

uncenainty. The method employed in this study was to objectively determine the mode of 

clustering of poles to fracture planes for each mapped site, using the computer program 

CLUSTRAN (Gillett, 1~87). The poles to the fracture planes were also plotted on lower 

hemisphere equal area stereonets, with fracture sets visually determined by the clustering of 

poles. In these stereonets, there was a relatively strong clustering of points in two to four or 

five groups along the perimeter of the stereonet, with each group showing some degree of 

scatter in dip but more so in dip direction. The "fringe" areas (created by the scattered poles) 

of the clusters can overlap and make it difficult to determine the boundaries of each set. The 

sets determined visually and by CLUSTRAN were compared and where there were 

discrepancies, the field notes and maps were consulted for other fracture characteristics, such 

as termination mode or cross cutting relationships, that would determine which set was 

appropriate for the fracture in question. Structural differences were corrected and the fracture 

sl!ts were compared between s~tes to determine the final groupings. Two to three sets were 

recognized at the sites mapped during the small-scale fracture survey, and three fracture sets 
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were determinoo from the larg~-s~ale fra~tun~ survey data. Fra~ture data were nllt ~llmhin~ 

between the major mapped areas of Government Point (GP), Jal:una Bea~h (1814. JB56). 

Lompoc Landing (LL), and Lions Head. mainly because the areas are lo~atoo in different 

parts of the stratigraphic section, but similarities in orientations can be s~n (fable 5.1). The 

Lions Head data are not presented in Table 5.1 be~ause only one fra~ture set was identitioo 

and the data were not used in the modeling phase of this thi!Sis. The large-scale fra~ture data 

were combined into two groups according to location within one of the two structural 

domains, the Onshore Santa Maria domain (NV) or the Santa Barbara Channel domain (SV). 

As with the small-scale fracture data, there are similarities in ori~ntations fur corr~sponding 

fracture sets located in the two structural domains. Table 5.1 also presents th~ mean and 

standard deviation for the trace lengths and spadngs for each fracture set, assuming both 

follow a lognormal distribution. 

The proper choice of distributional models for each fracture parameter is critical to reducing 

the uncertainties when using the estimated distributional statistics in the tlow modeling. How 

the empirical distribution differs from the theoretical distribution is important and a sutlicient 

sample size (usually > 30) will help in reducing the uncertainty in determining if the sample 

data follow a given distribution. For most sites, the sample size is large (see Table 5.1 ), and 

robust statistical techniques of maximum likelihood estimation and probability plots were 

used . Probability plots for censored data (Chambers et al., 191!3) are well suited for 

evaluating the tit of the empirical trace length distribution to a theoretical distribution. Using 

probability plots, the lognormal distribution was judged to be a good approximation of the 

measured trace length data for these study sites. On most of the probability plots a lognormal 
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model fits the central portion of the data well, but may slightly underestimah! the longer tra'e 

lengths. The probability plots also show the effects of the truncation bias introduced by 

selectively ignoring traces less than .25 m in length. The truncation bias is shown by a 

grouping of data points at the cutoff value thus the lower tail of the plot flatterts out. For the 

trace length data the truncation bias was corrected using the computer program MULTI 

(Chung, 1989), but this bias also affects the spacing analysis. It is difficult to estimate the 

influence the truncation bias has on the spacings of a set, since there is no proven correlation 

between spacing and trace length. But, as some of the fractures are ignored due to their short 

trace lengths ( < 0.25 m) there will be some impact on the distribution of fracture spacings. 

Based on fractured core studies, where the spacing between every fracture is measured, many 

workers including Rouleau and Gale (1985), found fracture sp:tcings follow the exponential 

distribution. In this study, using scanlines, fracture spacings were found to follow the 

lognormal distribution. The difference in distributional type could be, in part, due to the 

truncation bias associated with fracture scanline surveys. It is assumed that the contribution 

to the rock mass permeability, of the fractures associated with trace lengths shorter than the 

mean fracture spacing, is not significant. 

From the field work and o;ubsequent statistical analysis of the fracture data, the parameters 

that describe the fracture geometry were estimated. Mean fracture orientation was estimated 

for each set, with dip and dip direction assumed to follow independently a normal 

distri.,ution. Means and standard deviations were estimated for the fracture trace lengths and 

~•'" ·ings, with both parameters being shown to follow the lognormal distribution. A 

qualitative assessment was also made of fracture aperture and surface roughness. These data, 
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except surface roughness. were usoo as input to the 2-D and 3-0 di~~:rete fra~:ture tlnw 

models to determine the impact of fra~turc goomctry on fluid tlow in the Monterey 

Formation. 

Table 5.1. Summary of mean orientation, trace length and spacing for each se: . N = numb~r 
of fractures in each set, Mean Orient. = mean dip azimuth and mean dip of normalized 
fracture orientations, Trace Length = corre~.'ted trace length in meters, Spadng = corre~ted 
fracture spacings in meters. GP = Government Point, JB14 = Jalama Beach sites l-4, JB56 
= Jalama Beach sites 5 and 6, LL = Lompoc Landing, NV = sites on North Vandenberg 
Air Force Base in the Onshore Santa Maria structural domain, SV = South Vandenberg Air 
Force Base in the Santa Barbara Channel structural domain. 

Mean Trace 
Orient. Length (m) Spacing (m) 

Site Set N DipAz/Dip Mean Std. Mean Std. 

GP l(v) 81 88/82 1.65 1.01 0.59 0.67 

1(h) 0.59 0 .32 

2(v) 642 179/87 2.58 2 .19 0.34 0.37 

2(h) 6.59 14.59 

JB14 1 54 264/81 8.27 19.76 0.50 0.57 

2 128 334/89 3.56 4.90 0 .27 0.32 

JB56 1 18 276/83 4.97 5.73 2.07 1.81 

2 181 157/90 5.49 8.03 0 .44 0.38 

3 63 218/88 4.06 5.40 0 .30 0.28 

LL 1 38 216/89 4.02 5.61 0.72 1.01 

2 42 162/86 15.11 42.57 0.89 1.12 

NV 1 10 232/87 45.0 78.2 29.2 24.1 

2 29 4/87 39.1 73.6 9 .8 16.8 

3 2 95159 73.0 - 24.3 -
sv I 36 255175 15.5 16.0 21.4 24.8 

2 96 4/87 18.5 17.8 14.9 18.6 

3 23 108/04 18.0 22.2 21.1 33.8 
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5.2 NUMERICAL MODELING 

The tirst step in modeling a fra1.1Ured rock mass at the discrete fracture level is to determine a 

rt:presentative elemental volume (REV) whose properties, can be described as an equivalent 

porous medium. This REV is determined by many factors with fracture frequency and 

fracture size and shape being important parameters. It is also important that the model size be 

sufficiently large so as to minimize the number of generated fractures that cut across the 

modeled volume and that provide hydraulic connection from flow boundary to flow boundary. 

For highly skewed distributions like the lognormal distribution, depending on the standard 

deviation, models should have dimensions 3 to 5 times the mean trace length to have less than 

10% of the generated fractures potentially longer than the modeled region (Table 4.3). 

When modeling the fracture networks based on the statistics for the Monterey data, several 

key points arose. One was concerned with the creation of intersections within the realization 

that possibly would not occur in the rock: mass. Due to the wide variability in orientation for 

each set it is possible for members of the same set to intersect. This is seldom seen in the 

outcrops of the Monterey, but regularly occurs in the realizations. The set of realizations 

with constant orientation/constant aperture were compared to the realizations with variable 

orientation/constant aperture to determine if the increased number of intersections had a great 

impact on the permeability. It was found that there were 60% to 100% fewer intersections in 

the realizations where orientation was held constant at the mean value than when orientation 

was allowed to vary, but the effect on the permeability was slight. This indicates that fracture 

lengths for each set were sufficient in size to create a well connected network and at the tested 
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scale the intersections created betwe~n m~mbers of the same s~t did nut have a majllr aiie~t 

on the p~rmeability. 

An('ther aspect of the intersections that should be tested funher is the predominance of one set 

terminating against the other set, which is seen in the study areas. This termination of one set 

against another was accounted for in the 2-D simulations but not in the 3-D simulations. Nu 

direct comparison on the impact of termination mode can be made betwetn the 2-D and 3-D 

results. At this point in the study of fracture network permeability in the Monterey 

Formation, some qualitative comparisons between the 2-D simulations and the 3-0 simulations 

for Government Point (GP) and Jalarna Beach (JB) can be made. It should be noted that the 

numbering of the sets at GP and JB changed between the 2-D and 3-D analysis. Thus 2-D sea 

1 and the 3-D set 2 are essentially the same extensional set, and similarly for the other set. 

Also for the 2-D realizations, fracture orientation was not corrected for changes in bedding 

between stations as for the 3-D data. Fracture orientations for the 2-D simulations are the 

true measured azimuths while the 3-D orientations are related to bedding (see section 3.3). 

Even with these differences some comparisons can be drawn. 

The 2-D flux diagrams shown in Figure 4.4 for the Government Point data show the 

importance and influence of correcting the trace length statistics for truncation and censoring. 

There is approximately a doubling of !lux due to the increase of fracture trace length. These 

2-D realizations used a constant aperture of 51-'m but when permeability is calculated, the 

values are the same order of magnitude a~ the permeability calculated for !he 3-D reaJizations, 

based on a constant 201-'m aperture. The direction of the principal permeahilities are 
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~sentially the same for the 2-D and 3-D models, with both having maximum flow parallel to 

the strike of the dominant ext.::nsional fracture .:>et. Tht: 2-D model showoo the same dramatic 

increase in f1ux, as the 3-D model, when aperture was allowed to vary. Both models show a 

strong vt:rtical flux, wit~ the 2-0 vertical flux just slightly less than the horizontal flux but the 

J-0 model had a slightly larger vertical flux than horizontal. These observations point out the 

relative importance of the third dimension in determining the permeability perpendicular to 

hedding or parallel to the fracture dip. More realizations with realistic aperture distributions 

would determine if 2-D fracture networks can be used to simulate a 3-D environment. 

Realizations that used apertures estimated from field data would also allow one to determine if 

the generated network produces realistic porosities. A preliminary analysis of the 3-0 

simulations, based on the total number of planes that formed the interconnected network and 

the average fracture size and mean aperture (20~tm and 100#-'m. for the small and large-scale 

fractures. respectively) for each set, resulted in a fracture porosity in the range of 0.02% to 

0.2% for the different sites. This range is slightly less than the range of porosities calculated 

from tests on oil wells in the offshore Monterey Formation (Carpenter- pers. comm., 1992), 

but Grivetti (1983) reported fracture porosities that were at least a magnitude larger for 

fractures measured in outcrops. Grivetti didn't explain his method for estimating the fracture 

porosity, but a major source for the difference in estimated fracture porosity would come 

from the enhanced fracture apertures due to weathering of the surface outcrops. 

Another area where differences exist is in how the boundary conditions are applied when 

determining the permeability of a discre:e fra~ture network (Dershowitz, 1984). The 
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approach usoo in this study was to have! constant head boundarii!S on two opposing facl!s with 

all other faces assigned as no-tlow boundaries . This ml!thod requires multiple! realizations, a.~ 

the network is rotated within the solution region, with the tlow calculatoo at each interval ,1f 

rotation and then used to compute a permeability tensor . With this ml!thod there is a 

possibility of changing the coMectivity of the network and, due to the anisotropic nature ,,f 

the network, producing gradients that will not be uniform throughout the solution region. A 

second approach (Long et al., 1982; Herben et al., 1991) used to apply boundary conditions. 

is to assign linear pressure boundaries and allowing all faces to tluw. According to Long ct 

al. (1982) this is necessary to produce a uniform linear gradient in an anisotwpic tlow tield . 

This second approach to applying boundary conditions, is assumed to allow three of the 

permeability tensor components to be calculated from one 3-D realization (Herht!n et al ., 

1991). Thus only three simulations are needed to determine the permeability tensor. This 

second method was attempted using the Government Point data. There were three realizations 

with flow parallel to the x, y, and z axis, respectively. Flows through opposing faces wt!re 

not equal but the total mass flux was conserved. The solution rt!gion was the same a.'l tht! ont: 

for the simulations discussed in section 4.3.2, but the derived permeabilitii!S did not form a 

symmetric matrix. One conclusion from using this second approach on the Government Point 

data could be that the fracture network does not approximate a porous medium at the moddoo 

scale. However, the results of the realizations that used the no-flow boundary conditions of 

the first method did produce a symmetric matrix, and thus at the modeled scale, the fracture 

network is assumed to be an equivalent porous media. 
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5.3 CONCLUSIONS AND RECOMMENDATIONS 

Conclusions that can be drawn from the work conducted in this study include: 

• field scanlint: survey'> can provide fracture geometry data from outcrops at different 

fracture scales. 

• the fracture system in the Monterey Formation can be defined using the scanline 

fracture data, with appropriate corrections for the orientation, truncation and 

censoling biases associated with scanline sampling. 

• there are two to three fracture sets in the Monterey Formation at the study sites, 

with the mean strike of the dominant set sub-parallel with the bedding dip direction. 

• the fracture patterns do not match theoretical fracture pattern model proposed by 

Stearns. 

• fracture geometry produces a well connected network. 

• varying fracture apertures logarithmically within fractures of the same set has a 

strong impact on the magnitude of directional permeability, but only a slight affect on 

the direction of the principal permeabilities. 

Recommendations for further study include: 

• a further in-depth analysis of the fracture trace lengths could be undertaken using 

the probability plots to help ascertain if there is a physical or structural reason for 

deviation of data points from the assumed theoretical model. 
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• simulatl! larger model sizes to determinl! if REV exists at all sites and ho!h fra.:turc.' 

scales. 

• produce realizations of models using the linear pressure houndary and !he Cllnstant 

head boundary methods at varying modi!! sizes to evaluatl! !he diffl!ren..:.:s. if any. 

between these methods. 

• additional modeling is nl!eded to evaluate if and/or how !he large-scale fra..:tun:.o; 

form !he hydrodynamic boundaries for !he small-scale fracture system, and if ,me ..:an 

merge the permeabilities of the small and large-s..:ale fracture systems. 
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APPENDIX A. Fracture Mapping Data Files 

KEY: 
Site- location; station number.scanline number. 
NNum - number of feat'Jre. 
Space- distance at which feature intersected scanline. 
Type - feature type. 
Ddr - dip direction. 
Dl -dip. 
Trace- trace length. 
Cen -censoring type of feature. 
Mz - mineral intill . 
Lsr - large scale roughness (shape). 
Ssr - small scale roughness (surface roughness). 
RkT - rock type. 
Trm - termination type of feature. 

*other abbreviations defined in Figure 3.3. 
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CHEVRON Fracture Data: 
Site NNum Space Type Ddr or Trace Cen Mz LsR Ssr RkT Trm 
GPl.01 001.0 o.oo JT 138 71 1. 50 0 G p s SH 2 
GP1.01 003.0 0.45 JT 133 74 1.30 0 G u s SH 2 
GP1.01 004.0 0.80 ~TT 137 71 0.80 0 G p s SH 1 
GP1.01 005.0 0.90 JT 137 75 0.80 0 G p s SH 1 
GP1.01 007.0 2.35 JT 102 80 0.35 0 G u s SH 2 
GP1.02 008.0 2.50 JT 144 79 0.60 0 G u s SH 1 
GPl.J2 009.0 2.52 JT 308 86 1. 30 0 G u s SM 2 
GP1.02 010.0 2.60 JT 108 86 2.00 1 G u s SH 1 
GP1.02 012.0 2.75 JT 283 84 0.80 0 G u s SM 2 
GP1.02 013.0 3.05 JT 134 74 1. 70 1 c u R SH 0 
GP1.02 014.0 3.55 JT 149 64 1.30 0 G c s SM 0 
GP1.02 015.0 4.00 JT 125 88 1. 70 0 G u s SH 2 
GP1.02 016.0 4.55 JT 116 89 1.45 0 G s s SH 1 
GP1.02 017.0 5.10 JT 291 88 1.48 0 G u s SM 2 
GP1.02 019.0 5.50 JT 289 79 1.10 0 p s SH 2 
GP1.02 020.0 5.60 FZ 290 86 2.00 1 p s SM 1 
GP1.02 021.0 5.82 FZ 286 84 2.00 0 p s SM 2 
GP1.02 022.0 6.15 JT 264 24 0.65 0 c s SH 2 
GP1.02 023.0 6.34 JT 110 87 1.05 0 s s SH 2 
GP1.02 024.0 6.65 JT 289 85 0.80 0 c s SH 2 
GP1.02 025.0 7.10 JT 129 78 0.90 0 s s SH 3 
GP1.02 026.0 7.60 JT 212 76 0.50 0 p s SM 2 
GP1.02 027.0 7.90 FZ 107 85 2.50 1 s s SM 1 
GP1.02 028.0 8.30 JT 109 87 2.00 1 s s SM 1 
GP1.02 029.0 9.04 JT 148 85 1. 37 0 s s SH 2 
GP1.02 031.0 9.68 JT 104 89 1.10 0 p s p 2 
GP1.02 032.0 9.95 JT 130 79 0.90 0 c s p 2 
GP1.02 033.0 10.80 JT 106 85 0.90 0 u s p 2 
GP1.02 034.0 11.12 JT 109 85 1.20 0 u s p 2 
GP1.02 035.0 11.12 JT 196 65 0 . 90 0 u s p 2 
GP1.02 037.0 13.10 JT 167 84 0.75 0 s s 2 
GP1.02 039.0 15.20 JT 137 84 2.65 0 s s 2 
GP1.02 040.0 JT 129 66 p s 
GP1.02 041.0 JT 236 89 u s 
GP1.02 042.0 JT 274 85 p s 
GP1.02 043.0 JT 273 88 u s 
GP1.02 044.0 JT 197 87 u s 
GP1.03 001.0 1.20 JT 217 70 1.00 1 p s SM 1 
GP1.03 002.0 3.15 JT 144 69 1.60 1 s s SM 1 
GP1.03 021.0 2.50 JT 146 68 0.90 0 p R SM 0 
GP1.04 003.0 5.55 JT 149 69 0.70 0 p s SM 1 
GP1.04 004.0 5 . 50 JT 335 36 1.00 0 p R SH 0 
GP1.04 005.0 6.22 JT 145 78 1.00 1 p R SH 1 
GP1.04 006.0 8.08 JT 137 28 1.20 0 p R SM 0 
GP1.04 007.0 8.48 JT 333 76 0.80 1 s R SH 0 
GP1.04 008.0 9.67 JT 156 68 0.68 0 u R SM 0 
GP1.04 009.0 9.80 JT 328 89 o. 52 0 u R SM 0 
GP1.04 010.0 10.70 JT 214 70 1.00 2 p R SH 4 
GP1.05 011.0 0.10 JT 192 83 1. 41 0 s R SM 2 
GPl.OS 012.0 0.10 JT 217 72 1. 50 0 G u R SM 1 
GPl.OS 013.0 0.58 JT 141 71 0.80 0 p R SM 1 
GP1.05 014.0 1. 65 JT 142 82 1.00 0 s s SM 1 
GP1.05 015.0 3.20 JT 135 62 1.20 0 p s SM 3 
GPl.OS 016.0 4.15 JT 135 78 2.00 0 p s SH 3 
GP1.06 017.0 4.95 JT 320 72 1. 59 0 p s 3 
GP1.06 018.0 5.76 JT 142 64 0.78 0 p s 1 
GP1.06 019.0 6.08 JT 135 74 1.00 0 s s 1 
GP1.06 020.0 7.78 JT 145 70 0 . 97 0 p s 1 
GP1.06 022.0 50.00 JT 145 67 1.13 0 p R 2 
GP1.06 023.0 50.00 JT 140 62 0.64 0 u R 3 
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GP1.07 001.0 o.oo JT 244 70 1. so 1 u R H 0 
GP1.07 002.0 0.50 JT 159 87 1.30 0 s R H 0 
GP1.07 003.0 0.70 JT 120 75 1.24 0 FE p R H 0 
GP1.07 004.0 1.05 FZ 125 79 2.00 0 GCL s R M 1 
GP1.07 005 . 0 1.40 JT 112 71 1. 30 0 G p s H 1 
GPl. 07 006.0 1.90 FZ 132 77 2.20 0 p s H 1 
GP1.07 007.0 2.03 JT 295 81 1.40 0 c s H 0 
GP1. 07 008.0 2.21 JT 307 83 1.20 0 p s M 0 
GP1.07 009 . 0 2.24 JT 294 75 0.80 0 c s M 1 
GP1.07 010 . 0 2 . 37 JT 299 80 1.00 0 u s M 1 
GP1.07 011.0 2.48 JT 129 89 1.30 0 T u s M 1 
GP1.07 012.0 2 . 74 JT 288 83 1.00 0 u s M 1 
GP1.07 013.0 3.00 JT 284 86 1. so 0 c s M 0 
GP1.07 014.0 3.21 JT 124 77 0 . 70 0 s s M 0 
GP1.07 015.0 3.41 JT 130 88 1.00 0 u s H 0 
GP1.07 016.0 3.52 JT 110 82 1.40 0 c s H 0 
GP1.07 017.0 3.53 JT 124 78 1.30 0 u s H 0 
G,l.07 019.0 4.82 JT 122 87 1. 52 0 T p s H 1 
GP1.07 020.0 5.00 JT 127 88 1.03 0 T p s H 1 
GP1.07 021.0 5.05 JT 121 87 2.00 0 T p s H 1 
GP1.07 022.0 5.30 JT 94 85 2.00 0 T p s M 1 
GP1.07 023.0 5.40 JT 112 85 2.00 0 T p s M 0 
GP1.07 024.0 5.69 JT 109 84 1.13 0 s s H 1 
GP1.08 025 . 0 6.20 JT 131 82 4.00 0 T p s 1 
GP1.08 026.0 6.70 JT 129 84 2.04 0 T p R 1 
GP1.08 027 .o 6.88 JT 119 80 0.72 0 T s R 1 
GP1.08 028.0 6.97 JT 282 85 1.15 0 G c R 2 
GPl. 08 029 . 0 7 . 09 JT 267 89 1.24 0 T p s 1 
GP1.08 030.0 7 . 35 JT 299 88 1.10 0 s s 1 
GPl.08 031.0 7.52 JT 292 89 1.58 0 T p s 2 
GP1.08 032.0 7.63 JT 130 87 1.16 0 T p s 2 
GP1.08 033.0 7.83 JT 122 86 1.10 0 p s 0 
GPl. 08 034.0 8 . 38 JT 124 81 0.93 0 T p s 1 
GP1.08 035 . 0 8.07 JT 122 89 1. 72 0 p s 1 
GP1.08 036.0 8.33 JT 127 85 2.00 0 p s 1 
GPl. 08 037.0 8.55 JT 128 85 0.57 0 T p s 1 
GP1.08 038.0 8 . 58 JT 120 87 1.20 0 T p s 1 
GP1.08 039 . 0 8.67 JT 128 80 0.73 0 T p s 0 
GP1.08 040.0 8.72 JT 136 84 1.98 0 T p s 1 
GP1.08 041.0 9.12 JT 126 85 0 . 48 0 T p s 0 
GP1.08 042.0 9.19 JT 128 84 1.90 0 T p s 2 
GP1.08 043 . 0 9.25 JT 126 81 4 . 00 0 T p s 1 
GP1.08 044.0 9.64 JT 125 78 1.65 0 u s 1 
GP1.08 045.0 10.02 JT 125 85 1.27 0 c s 1 
GP1.08 046.0 10 . 65 JT 274 89 1.04 0 T u R 2 
GP1.08 047.0 10.75 JT 129 80 1.42 0 T p s 1 
GPl. 08 048 . 0 11.11 JT 133 80 3.00 0 T p 1 
GP1.09 049.0 0 . 14 JT 298 80 0.50 0 T p s 1 
GPl. 09 050 . 0 0 . 25 JT 119 75 2.00 0 T p s 3 
GPl. 09 051.0 0.60 JT 127 76 2.00 0 T p s 1 
GP1.09 052.0 0.97 JT 126 85 1.00 0 T p s 3 
GP1.09 053.0 1.29 JT 284 81 1.50 0 T p s 2 
GP1.09 054.0 1.29 JT 299 90 0.50 0 T 3 
GPl. 09 055.0 1.68 JT 124 70 1.50 0 T p s 2 
GP1.09 056.0 1.85 JT 122 86 1.00 0 c s 3 
GP1.09 057 . 0 1.94 JT 124 87 1.50 0 c s 2 
GP1.09 058.0 2 . 19 JT 148 71 1.00 0 T p s 2 
GP1.09 059.0 2.42 JT 114 80 1.00 0 G p s 2 
GP1.09 060.0 2.82 JT 293 74 1.53 0 G p s 3 
GP1.09 061. 0 3.20 JT 131 88 1.87 0 T p s 3 
GP1.09 062.0 3 . 58 J T 121 80 2.00 0 T p s 0 
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GP1.09 063.0 3.57 JT 127 86 4.00 1 T p s 1 
GP1.09 064.0 3.82 JT 122 78 s.oo 1 T p s 1 
GP1.09 065.0 3.89 JT 320 83 5.00 1 T p s 1 
GP1.09 066.0 4.06 JT 130 80 5.00 1 T p s 1 
GP1.09 067.0 4.12 JT 124 82 4.50 0 T p s 2 
GP1.10 001.0 4.22 JT 136 76 3.00 0 T p s 2 
GP1.10 002.0 4.38 JT 142 76 0.95 0 T c s 2 
GP1.10 J03.0 4.89 JT 126 75 1. 67 0 T p s 2 
GP1.10 004.0 5.38 JT 122 e6 1. 67 0 T p s 2 
GP1.10 oos.o 5.62 JT 144 74 0.89 1 p s 1 
GP1.10 006.0 6.10 JT 132 e4 4.00 0 T p s 2 
GP1.10 007.0 6.18 JT 125 86 1. 60 0 T p s 2 
GP1.10 008.0 6.29 JT 292 eo 5.00 0 T p s 2 
GP1.10 009.0 6.27 JT 286 82 5.00 1 c s 1 
GP1.10 010.0 6.54 JT 126 8e 1. 37 0 I s 
GP1.10 011.0 6.79 JT 317 e4 1.00 0 T p s 2 
GP1.10 012.0 7.22 JT 316 67 0.50 0 T R s 2 
GP1.10 013.0 7.56 JT 306 e2 5.00 0 T p s 2 
GP1.10 014.0 7.39 JT 160 80 0.55 0 T p R 2 
GP1.10 015.0 8.09 JT 137 8e 4.50 0 T p s 2 
GP1.10 016.0 8.57 JT 288 85 0.55 0 p s 3 
GP1.10 017.0 8.57 JT 326 86 5.00 0 p s 3 
GP1.10 01e.o 8.90 JT 145 e9 0.65 0 c s 2 
GP1.10 019.0 9.60 JT 298 89 0.60 0 T p s 2 
GP1.10 020.0 10.22 JT 135 87 1.40 0 T p s 2 
GPl.ll 001.0 20.30 JT 331 86 0.80 0 p s H 0 
GPl.ll 002.0 20.80 JT 148 70 1. 35 1 p s H 1 
GPl.ll 003.0 20.83 JT 151 75 1. 35 1 p s H 1 
GP1.11 004.0 21.55 JT 158 65 1.40 1 s s H 1 
GP1.11 005.0 21.80 JT 153 67 0.83 0 p s H 1 
GP1.11 006.0 22.18 JT 141 85 1.14 1 G s s H 0 
GPl.ll 007.0 22.45 JT 263 54 0.95 0 c R H 1 
GPl.ll 008.0 23.13 JT 144 70 1. 50 1 c s H 1 
GP1.12 009.0 24.90 JT 226 75 1.40 1 u R 0 
GP1.12 010.0 26.85 JT 144 70 1. 35 0 s R 1 
GP1.12 011.0 27.02 JT 144 74 1.40 1 s R 0 
GP1.12 012.0 27.35 JT 174 67 1. 35 1 s R 0 
GP1.12 013.0 27.45 JT 164 73 1.12 1 c R 0 
GP1.12 014.0 27.40 JT 220 eo 0.65 1 c s 0 
GP1.12 015.0 28.10 JT 162 77 1. 65 1 p s 1 
GP1.12 016.0 28.40 JT 215 76 1.40 0 I s 1 
GP1.12 017.0 28.70 JT 213 74 1.35 1 I s 1 
GP1.12 018.0 30.90 JT 213 e6 1. so 0 I R 0 
GP1.12 019.0 31.50 JT 156 eo 2.00 1 p s 1 
GP1.12 020.0 31.70 JT 150 e6 1. 45 0 p s 1 
GP1.12 021.0 31.75 JT 146 e9 1. 35 0 s s 0 
GP1.12 022.0 32.20 JT 141 80 1.00 0 c s 1 
GP1.12 023.0 32.45 JT 150 76 1.00 0 c s 1 
GP1.12 024.0 31.eO JT 217 69 2.10 1 p R 1 
GP1.12 025.0 32.eO JT 150 6e 0.75 0 p R 1 
GP1.12 026.0 33.55 JT 136 87 0.55 0 p R 1 
GP1.12 027.0 34.50 JT 137 89 1. 70 0 p s 0 
GP1.12 028.0 35.80 JT 147 e9 1.40 0 p s 0 
GP1.12 029.0 35.10 JT 213 66 1. 60 1 p s 1 
GP1.12 030.0 36.10 JT 208 e1 0.70 0 p s 1 
GP1.12 031.0 37.30 JT 149 76 1. 55 0 p s 1 
GP1.12 032.0 37.50 JT 151 75 1.10 0 p R 1 
GP1.12 033.0 JT 151 84 0.70 1 s s 0 
GP1.12 034.0 JT 261 83 0.70 0 s s 1 
GP1.12 035.0 JT 149 75 o.e5 1 p s 
GP2.01 001.0 0.00 JT 296 82 1. 75 2 T p s 4 
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GP2.01 002.0 0.28 JT 287 77 l. 70 0 T p s 0 
GP2 .01 003.0 0.44 JT 292 81 1.10 0 T c s 0 
GP2.01 004.0 0.55 JT 284 76 l. 70 2 T p s 4 
GP2 .01 005.0 0.71 FZ 291 75 l. 76 2 T p R 4 
GP2.01 006.0 0 . 85 FZ 278 78 l. 68 2 T p s 4 
GP2.01 007.0 1.18 JT 281 77 1.57 2 T c s 4 
GP2.01 008.0 1. 37 FZ 286 89 l. 57 2 T p s 4 
GP2.01 009.0 1. 38 FZ 266 74 1.63 2 T c c 4 
GP2.01 010.0 1. 64 FZ 280 80 l. 62 2 T p s 4 
GP2.01 011.0 1.85 JT 185 67 0.19 2 p s 4 
GP2.01 012.0 2.12 FZ 284 80 l. 56 2 T p s 4 
GP2 . 01 013.0 2.22 FZ 303 86 1.66 2 T c s 4 
GP2.01 014. ' : 2.73 JT 293 76 l. 78 2 T p s 4 
GP2.01 015.0 2.93 JT 313 88 1.95 2 T c s 4 
GP2.01 016.0 3.10 FZ 301 72 1.85 2 T c s 4 
GP2.01 017.0 3.40 JT 325 82 l. 52 1 T p s 1 
GP2.01 018.0 3 . 34 JT 276 7l 2.15 2 T p s 4 
GP2.01 019.0 3.47 JT 280 66 1.85 2 T p s 4 
GP2.01 020.0 3.67 JT 284 64 2.10 2 T p s 4 
GP2.01 021.0 4.23 JT 315 80 1.83 1 p s 1 
GP2.01 022.0 4.07 FZ 265 70 1.83 2 T p s 4 
GP2.01 023.0 4 . 58 FZ 299 85 2.05 2 T p s 4 
GP2.01 024.0 4.75 JT 279 70 l. 56 1 T c s 1 
GP2.01 025 . 0 5.01 JT 296 82 1.05 0 T c s 2 
GP2.01 02S . A 4 . 51 JT 249 56 1.26 1 p s 0 
GP2.01 026.0 5 . 13 FZ 284 66 1.84 2 T p s 4 
GP2.01 027 . 0 5 . 38 JT 285 73 l. 52 1 T c s 1 
GP2.01 028.0 5 . 83 FZ 286 77 1.93 2 T p s 4 
GP2.01 029.0 5 . 96 JT 276 74 2.00 2 T c s 4 
GP2.01 030.0 6.45 FZ 293 73 2.08 2 T p s 4 
GP2.01 031.0 6 . 54 JT 294 76 0 . 98 1 p s 1 
GP2.01 032.0 6 . 72 JT 281 72 2.12 2 p s 4 
CP2.01 033.0 7 . 21 FZ 299 82 2.10 2 T p s 4 
GP2.02 001.0 7.48 FZ 302 80 3 . 10 2 T p s 4 
GP2.02 002.0 7 . 50 FZ 308 87 2 . 75 2 T p s 4 
GP2 . 02 003.0 8 . 00 FZ 309 89 l. 74 1 T c s 1 
GP2.02 004.0 8 . 18 FZ 294 81 l. 72 1 T p s 1 
GP2.02 005.0 8 . 35 FZ 300 83 l. so 1 T c s 1 
GP2.02 006 . 0 8 . 64 FZ 286 79 2.75 2 T c s 4 
GP2.02 007.0 8 . 75 FZ 295 76 0.78 0 T p s 2 
GP2.02 008.0 8.88 FZ 294 76 l. 54 1 T p s 1 
GP2.02 009.0 9 . 02 JT 298 77 2 . 96 2 T c s 4 
GP2.02 010.0 9.36 JT 298 70 2.75 2 T c s 4 
GP2.02 011.0 9 . 72 FZ 291 79 2.87 2 T p s 4 
GP2.02 012.0 9.92 FZ 280 76 2.74 2 T p s 4 
GP2.02 013.0 10 . 12 JT 301 80 2.24 1 T c s 1 
GP2.02 014.0 10 . 23 JT 297 87 2.84 2 T p s 4 
GP2 . 02 015 . 0 10 . 29 JT 291 74 2.61 1 T p s 1 
GP2.02 016.0 10.51 JT 287 67 2.77 2 T p s 4 
GP2.02 017.0 10 . 67 FZ 290 78 3 . 01 2 T p s 4 
GP2.02 018.0 10 . 83 J T 300 71 l. 38 2 T p s 4 
GP2.02 019.0 10 . 92 JT 304 55 l. 72 1 T c s 1 
GP2.02 020.0 11.05 FZ 300 87 2 . 10 1 T c s 0 
GP2.02 021.0 11. 18 JT 307 75 2 . 24 1 T c s 1 
GP2.02 022.0 11.38 JT 306 65 l. 5 5 1 T c s 1 
GP2.02 023.0 11.53 JT 301 75 2.88 2 T p s 4 
GP2.02 024.0 11.72 JT 291 70 2 . 40 1 T c s 1 
GP2.02 025 . 0 11.86 FZ 304 86 2.77 1 T p s 1 
GP2.02 026.0 12 . 04 FZ 283 74 2.93 2 T p s 4 
GP2.02 027.0 12 . 30 JT 289 88 2.91 2 T p s 4 
GP2.02 028.0 12.48 JT 286 81 l. 72 0 T c s 2 
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CP2.02 029.0 12.55 JT 290 65 2.05 0 T c s 2 
CP2.02 030.0 12.63 JT 296 80 2.98 2 T p s 4 
CP2.02 031.0 12.72 FZ 284 73 3.00 2 T p s 4 
CP2.02 032.0 13.08 FZ 279 72 2.98 2 T c s 4 
CP2.02 033.0 13.42 JT 298 85 3.19 2 T p s 4 
CP2.02 034.0 13.65 JT 281 67 1.61 0 T c s 2 
CP2.02 035.0 13.83 JT 287 68 2.90 2 T p s 4 
CP2.02 036.0 13.96 JT 285 70 1.96 0 T p s 2 
CP2.02 037.0 14.39 JT 284 80 2 . 94 2 T p s 4 
CP2.02 038.0 14.66 JT 291 82 l. 77 1 T c s 1 
CP2.02 039.0 14 . 72 FZ 286 81 2.23 1 T c s 1 
CP2 .02 040.0 14.89 FZ 292 89 2.97 2 T p s 4 
CP2 . 02 041.0 15.11 FZ 281 82 3.09 2 T p s 4 
CP2.02 042.0 15.21 FZ 288 77 2.95 2 T p s 4 
CP2.02 043.0 15.30 JT 300 85 3.14 2 T c s 4 
CP2. 02 044.0 15.45 JT 286 80 1.96 1 T p s 1 
CP2 .02 045.0 15.68 JT 280 65 1.96 1 T p s 1 
CP2 .02 046.0 15.92 FZ 281 72 3.09 2 T p s 4 
CP2.02 047.0 16.24 FZ 283 80 3.06 2 T p s 4 
CP2.02 048.0 16.56 FZ 296 89 3.13 2 T p s 4 
CP2.02 049 . 0 16.70 JT 296 90 3.22 2 T c s 4 
CP2.02 050.0 16.97 JT 295 87 3.34 2 T c s 4 
CP2.02 051.0 17.10 JT 294 83 2.44 1 T p s 1 
CP2.02 052.0 17.20 JT 295 90 1.40 0 T c s 2 
CP2.02 053.0 17.55 JT 274 81 1.16 0 T c R 2 
CP2 .02 054.0 17.80 JT 294 77 1.34 2 T p s 4 
CP2.05 001.0 0 . 00 JT 128 87 1.30 0 T p s 0 
CP2.05 002.0 0.31 FZ 121 89 3.00 1 T I R 0 
CP2.05 003.0 0.61 JT 295 79 3.00 1 I R 0 
CP2.05 004.0 0.79 JT 326 89 2.00 1 I R 0 
CP2.05 005.0 1.22 JT 138 84 2 . 00 1 u R 0 
CP2.05 006 . 0 1.65 JT 133 84 3.00 1 c R 0 
CP2.05 007.0 2.07 JT 141 70 1.60 1 c R 1 
CP2.05 008.0 2.53 JT 137 89 1.28 0 I R 1 
CP2.05 009.0 2.62 JT 108 79 1.45 0 I R 0 
CP2 . 05 010.0 2 . 84 JT 146 77 1.40 0 I R 0 
CP2.05 011.0 2.90 JT 146 81 o. 72 0 p R 0 
CP2.05 012 .o 2.99 JT 145 85 0.82 0 p R 0 
CP2.05 013.0 3.23 JT 151 89 l. 58 1 I R 0 
CP2.05 014.0 3 . 58 JT 135 81 1.28 0 I R 0 
CP2.05 015.0 3.96 JT 139 79 1.90 0 T p R 1 
CP2.05 016.0 4 . 36 JT 147 82 1.40 0 T s s 1 
CP2.05 017.0 4.72 JT 138 78 l. 52 1 T c s 1 
CP2.05 018.0 5.03 JT 136 78 2.00 1 T p s 1 
CP2.05 019.0 5.41 JT 139 81 1.60 2 T p s 4 
CP2.05 020.0 5.76 JT 140 89 2.00 0 T s s 0 
CP2.06 021.0 0.38 JT 130 85 2.80 1 T c s 1 
GP2.06 022.0 0.69 JT 138 74 1.45 1 p s 0 
CP2.06 023.0 1.07 JT 146 80 0.98 1 CL p s 0 
CP2.06 024.0 1.91 FZ 134 84 3.00 1 T I R 0 
CP2.06 025.0 2.21 JT 141 78 3 . 00 2 T p s 4 
CP2.06 026.0 2.53 JT 134 76 0.98 1 T p s 0 
GP2.07 001.0 o.oo JT 136 82 1.60 1 s s 1 
GP2.07 002.0 0 . 27 J T 139 89 1.65 1 u R 1 
CP2.07 003.0 0 . 38 J T 181 78 2 . 60 0 u R 2 
CP2.07 004.0 0.61 JT 224 84 0 . 74 0 u R 1 
CP2 . 07 005.0 0.61 JT 138 86 0.74 0 u R 2 
CP2.07 006.0 1.07 JT 314 81 l. 67 0 u R 2 
CP2 . 07 007 . 0 Le6 JT 320 86 1.24 0 p s 1 
CP2 . 07 008.0 2 . 07 JT 320 89 1.47 1 s R 0 
CP2.07 009.0 1.83 J T 209 69 1.60 1 u R 0 
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CP2.07 010.0 2.44 JT 315 80 0.91 0 p s 1 
CP2.07 011.0 2.90 FZ 327 89 1.34 1 p s 1 
GP2.07 012.0 3.35 JT 150 87 0 . 90 0 p s 1 
CP2.07 013.0 3.66 FZ 321 85 0.95 0 T p s 1 
CP2 . 07 014.0 4.57 JT 195 76 1.20 1 s I R 0 
CP2.07 015.0 4.45 JT 128 89 0 . 67 0 T p R 1 
GP2.07 016.0 4.66 JT 142 87 1. 76 1 I R 0 
CP2 . 07 017 . 0 4.88 JT 315 80 0 . 93 0 I R 1 
CD2.07 018 . 0 5 . 09 JT 300 85 0.68 0 I R 1 
CP2.C7 019.0 5.21 JT 326 86 0.84 0 p R 1 
CP2.07 020.0 5.41 JT 311 75 1.00 0 p R 0 
CP2.07 021.0 5.56 JT 158 81 1.10 0 p R 1 
CP2 . 07 022.0 5.64 JT 314 78 1.71 1 p R 0 
CPP1 . 00 081.0 JT 125 85 1.41 2 p s M 4 
CPPl.OO 082.0 JT 135 75 1.68 1 c s M 0 
CPPl. 00 083.0 JT 114 80 2.67 1 p s M 1 
GPP1 . 00 084.0 JT 108 90 3.44 2 p s M 4 
GPPl.OO 085.0 JT 211 86 0.47 2 I s M 4 
GPP1.00 086.0 JT 132 84 0 . 35 1 I s M 1 
GPPl. 00 087.0 JT 127 85 2.04 1 u s M 0 
GPP1.00 088.0 JT 13!. 88 1.23 0 c s M 0 
GPP1.00 089.0 JT 138 88 2 . 15 0 T c s M 2 
GPPl.OO 090.0 FZ 132 77 14 . 12 1 s s M 0 
GPPl.OO 091.0 JT 110 83 1.45 1 p s M 1 
GPPl. 00 092.0 JT 214 79 0.97 0 s s M 2 
GPP1.00 093.0 JT 147 90 0.67 0 p s M 1 
GPPl.OO 094.0 JT 135 70 2.45 1 T u s M 0 
GPP1.00 095.0 JT 112 86 0 . 78 1 p s M 1 
CPP1.00 096.0 JT 137 80 0.33 1 T s s M 1 
GPPl.OO 097 .0 JT 78 88 0 . 22 0 p R M 2 
CPPl.OO 098.0 JT 202 84 0.35 0 I R M 2 
GPPl.OO 099.0 JT 130 85 1.39 0 p s M 1 
CPPl.OO 100.0 JT 35 80 0.82 1 p s M 0 
CPP1.00 101.0 JT 216 70 0.67 0 c s M 1 
CPPl.OO 102.0 JT 302 86 0.90 2 T s s M 4 
CPPl.OO 103.0 JT 128 78 1.12 1 T s s M 1 
GPPl. 00 104.0 JT 213 70 0.32 1 T u s M 1 
GPP1.00 105.0 JT 128 80 1.34 1 T s s M 1 
GPPl.OO 106.0 JT 121 85 0.98 1 T u s M 1 
CPPl.OO 107.0 JT 133 75 1.44 0 T u s M 0 
CPPl.OO 108.0 JT 61 83 0.33 0 c s M 2 
GPPl. 00 109.0 JT 248 80 0.31 0 c s M 2 
GPPl. 00 110.0 JT 173 59 0.60 0 T c s M 2 
GPP1.00 111.0 JT 202 80 0.38 0 u s M 1 
CPP1.00 112.0 JT 19 85 0.32 0 T u s M 1 
CPP1.00 113.0 JT 123 81 0.67 0 c s M 0 
CPPl.OO 114.0 JT 129 81 0.89 0 u s M 0 
CPPl.OO 115.0 JT 129 76 2.00 1 T p s M 0 
GPPl. 00 116 . 0 JT 315 84 1. 59 1 u s M 1 
CPP1.00 117.0 FZ 141 80 2 . 30 2 T p s M 4 
GPP1.00 118.0 JT 210 72 0.38 0 u s M 2 
GPPl. 00 119.0 JT 66 89 0.53 0 u R M 1 
CPPl.OO 120.0 JT 213 75 0.77 0 u R M 2 
CPPl.OO 121.0 JT 219 73 3.27 0 s s M 1 
GPPl. 01 001.0 3.12 JT 124 83 0 . 80 0 c s M 1 
CPPl. 01 002.0 3.19 JT 126 75 1.65 0 c s M 0 
GPPl. 01 003.0 3.20 JT 121 75 0 . 26 0 u s M 0 
GPPl. 01 004.0 3.38 JT ~19 84 3 . 80 1 T p s M 1 
GPPl. 01 005.0 3.45 JT 212 79 0.19 0 u s M 2 
GPPl. 01 006.0 3.80 JT 116 74 0 . 45 0 p s M 0 
GPP1.01 007.0 4.00 J T 232 64 0 . 27 0 u ~ M 2 
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GPPl.Ol 008.0 4.11 JT 124 70 0.45 1 p s H 1 
GPPl.Ol 009.0 4.20 JT 228 73 0.20 0 p R H 2 
GPP1.01 010.0 4.33 JT 123 59 o. so 0 p R H 0 
GPPl. 01 011.0 4.58 JT 140 75 1 . 30 0 p R M 0 
GPPl. 01 012 .o 4.66 JT llS 71 0.35 0 p s M 0 
GPP1.01 013.0 4.88 JT 127 79 0.54 0 p s M 0 
GPPl. 01 014.0 5.10 JT 127 65 1.10 0 c s H 1 
GPP1.01 015.0 5.32 JT 197 67 0 . 38 0 p R M 2 
GPP1.01 016.0 5.43 JT 132 80 0.43 0 p s M t) 
GPP1.01 017.0 5.50 JT 129 66 0.90 0 T p s M 0 
GPP1.01 018.0 5.51 JT 133 76 1.00 0 p s M 0 
GPP1.01 019.0 5.82 JT 127 88 3 . 25 0 T p s M 0 
GPPl. 01 020.0 6.25 JT 125 78 0.65 1 p s M 0 
GPP1.01 021.0 6.54 JT 109 74 1.80 0 T p s M 2 
GPPl. 01 022 .o 6 . 60 FZ 125 80 3.20 2 T p s K 4 
GPP1.01 023.0 6.72 JT 238 80 0 . 30 0 p R M 2 
GPP1.01 024 . 0 6.78 JT 126 82 0.30 2 p s M 4 
GPP1.01 025.0 6.80 JT 124 76 o. 30 0 p s M 0 
GPP1.01 026.0 6.90 JT 131 89 2 . 70 1 p s H 0 
GPP1.01 027.0 7.06 FZ 126 84 3 . 20 0 p s H 0 
GPPl. 01 028.0 7.52 JT 124 89 3.00 1 p s M 0 
GPPl. 01 029 . 0 7 . 78 JT 138 75 0.48 0 p s M 1 
GPPl. 01 030 . 0 8.29 JT 145 75 0.22 2 p s M 4 
GPP1.01 031.0 8.57 JT 130 as 1.16 1 p s M 0 
GPPl. 01 032.0 9.34 JT 135 76 0.90 1 p s M 0 
GPPl. 01 033 . 0 9.66 JT 128 85 3.16 0 p s M 0 
GPP1.01 034.0 9.90 JT 124 85 1.80 1 c s M 0 
GPP1.01 035.0 10.00 JT 126 80 o.8s 0 c s M 0 
GPP1.01 036.0 10.20 .!T 232 76 0.16 0 p s M 2 
GPPl. 01 037.0 10. 23 JT 149 79 0.90 1 T p s M 1 
GPPl. 01 038.0 10.38 JT 127 69 2.60 0 T c s 0 
GPP1.02 001.0 0.18 JT 129 89 1. 55 0 p s 0 
GPP1.02 002.0 0.64 FZ 131 85 0.82 0 p s l 
GPP1.02 003.0 0.77 JT 121 74 0.38 2 c s 4 
GPPl. 02 004 . 0 0.99 JT 134 87 0.68 0 I R 1 
GPP1.02 005 . 0 1.05 JT 187 70 0.35 0 I R 2 
GPP1.02 006.0 1.09 JT 100 81 0.53 0 I R 3 
GPPl.n 007.0 1.20 JT 115 85 0 . 88 0 I R 0 
GPP1.02 008.0 1.27 JT 128 82 0.41 0 c R 0 
GPPl. 02 009.0 1. 35 JT 192 65 0. 24 0 s R 2 
GPPl. 02 010 . 0 1. 53 JT 119 79 1.61 1 T s s 0 
GPP1.02 011.0 1.56 JT 122 87 0.47 0 s s 1 
GPP1.02 012 . 0 1. 75 JT 134 85 0 . 53 0 p s 1 
GPP1.02 013.0 1. 75 JT 119 88 0 . 42 0 c s 1 
GPPl. 02 014.0 1.88 JT 126 85 0.31 0 p s 0 
GPP1.02 015.0 1.95 JT 166 80 0.22 0 p R 0 
GPP1.02 016.0 2.12 JT 159 84 0 . 25 0 s R 1 
GPP1.02 017.0 2.37 JT 121 89 0.32 0 c R 1 
GPP1.02 018.0 2.48 JT 308 89 0.28 0 I R 1 
GPP1.02 019 . 0 2.70 JT 134 82 2. 75 0 T c R 0 
GPP1 . 02 020.0 2.86 JT 137 84 1.05 0 T c R 2 
GPP1.02 021.0 3.09 JT 224 70 0.28 0 I R 2 
GPPl. 02 022 .o 3.17 JT 127 80 0.55 0 p s 0 
GPPl. 02 023.0 3.23 JT 131 84 1.47 0 T c s 0 
GPPl. 02 024.0 3.26 JT 125 89 0.28 0 p s 0 
CPP1.02 025.0 3.39 JT 125 89 0.17 0 p s 1 
GPP1.02 026 . 0 3 . 46 JT 124 88 1.25 0 I s 0 
GPP1 . 02 027.0 3.69 JT 126 85 1.80 1 T p s 0 
GPP1 . 02 028 . 0 3.75 JT 126 87 0.32 0 c s 1 
GPPl. 02 029.0 3 . 96 JT 128 86 0.47 0 T s s 1 
GPP1.02 030.0 4.13 JT 126 8 5 1.01 0 T c s 1 
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Site NNum Space Type Ddr DI Trace Cen Mz LeR Ssr RkT Trm 
GPP1. 02 031.0 4.20 JT 121 84 0.97 0 c s 1 
GPP1.02 032.0 4.40 JT 126 89 o. 27 0 c s 2 
GPP1.02 033.0 4.52 JT 211 71 0.42 0 I s 2 
GPP1.02 034.0 4.65 JT 133 87 0.44 0 p s 1 
GPP1.02 035.0 4.95 JT 119 89 1.06 0 I s 0 
GPP1.02 036.0 5.24 JT 127 86 0.58 0 p s 0 
GPk-'1.02 037.0 5.28 JT 125 89 0.67 0 u s 0 
GPP1.02 038.0 5.49 JT 130 88 0.64 0 c s 1 
GPP1.02 039.0 5.61 JT 135 69 0.23 0 c s 1 
GPP1.0:l 040.0 5.68 JT 122 79 1. 44 0 T c s 0 
GPP1.02 041.0 5.90 JT 124 82 1. 76 0 T I s 1 
GPP1.02 042.0 5.93 JT 138 78 1. 70 0 T c s 1 
GPP1.02 043.0 6.18 JT 128 85 0.60 0 p s 0 
GPP1.02 044.0 6.32 JT 133 82 0.42 0 c s 1 
GPP1.02 045.0 6.35 JT 168 61 0.12 0 p s 2 
GPP1.02 046.0 6.49 JT 132 79 0. 35 0 I s 0 
GPP1.02 047.0 6.56 JT 133 86 1.07 0 FE I R (J 

GPP1.02 048.0 6.65 JT 247 85 0.15 0 FE p 5 1 
GPP1.02 049.0 6.75 JT 127 84 0.16 0 FE s s 1 
GPP1.02 050.0 6.80 JT 152 77 0.55 0 T ! s 1 
GPP1.02 051.0 7.08 JT 128 86 0.18 0 FE c s 1 
GPP1.02 052.0 7.15 JT 310 86 1.80 0 T c s 1 
GPPl. 02 053.0 7.32 JT 133 72 0.83 0 FE I .s 0 
GPP1.02 054.0 7.51 JT 123 86 0.70 0 FE c s 0 
GPP1.02 055.0 7.77 JT 124 87 0.40 0 FE I R 1 
GPP1.02 056.0 7.97 JT 29 55 0.54 0 FE s s 0 
GPP1.02 057.0 8.01 JT 120 88 0.82 0 FE I s 0 
GPP1.02 058.0 8.43 JT 12 64 0.24 0 T c R 2 
GPP1.02 059.0 8.48 JT 105 86 4.00 1 T p s H J. 
GPP1.03 OOA.O 2.65 JT 136 80 0.94 1 p s H 1 
GP:.?l.03 OOB.O 3.10 JT 299 88 2.30 0 p s H 1 
GPP1.03 ooc.o 3.45 JT 4 86 0.46 0 p s H 1 
GPP1.03 000.0 3.52 JT 122 81 1. 70 1 p s M 0 
GPP1.03 OOE.O 3.62 JT 134 86 0.88 0 c s H 0 
GPP1.03 OOF.O 3.75 JT 135 80 0.90 1 c s H 0 
GPP1.03 ooc.o 3.78 JT 140 75 0.49 1 u s H 0 
GPP1.03 OOH.O 3.81 JT 241 75 0.38 0 c s H 1 
GPP1.04 001.0 0.16 JT 300 85 0.33 1 T c s H 0 
GPP1.04 002.0 0.35 JT 153 86 1.30 0 T [> s H 1 
GPP1.04 003.0 0.55 JT 316 90 0.14 0 T p s H 1 
GPP1.04 004.0 0.65 JT 196 77 0.09 0 c s H 2 
GPP1.04 005.0 0.73 JT 32 80 0. 38 0 c s H 2 
GPP1.04 OC6.0 0.84 JT 122 85 3.22 0 T p s H 1 
GPP1.04 007.0 0.86 JT 200 80 0.26 0 s s H 1 
GPP1.04 008.0 1.01 JT 205 89 0.24 0 s s H 2 
GPP1.04 009.0 1.35 FZ 141 eo 1. 54 1 u s 0 
GPP1.04 010.0 1. 58 JT 133 77 0.48 0 p s SP 0 
GPP1.04 011.0 1. 71 JT 135 78 0 . 21 0 p s SP 0 
GPP1.04 012.0 2.12 JT 150 54 2.60 0 u s SP 3 
GPP1.04 013.0 2.18 JT 138 79 0.20 0 p s SP 1 
GPP1.04 014.0 2.41 JT 135 70 0.54 0 p s SP 0 
GPP1.04 015.0 2.55 JT 127 72 0. 72 0 u s SP 0 
GPP1.04 016.0 3.13 JT 144 83 o. 27 0 p s SP 1 
GPP1.04 017.0 3.18 JT 144 85 0.33 0 c s SP 0 
GPP1.04 018.0 3.42 FZ 236 76 0.64 0 u s SP 0 
GP'Pl. 04 019.0 4.80 FZ 129 78 3.55 0 T p s p 0 
GPP1.04 020.0 4.90 JT 222 85 0.14 1 p s H 0 
GPP1.04 021.0 5.10 FZ 122 85 7.14 1 T p s p 0 
GPP1.04 022.0 5.70 JT 237 76 o. 30 0 c s p 2 
GPP1.04 023.0 5.75 JT 140 79 0. 36 0 c s p 1 
GPP1.04 024.0 5.86 JT 2 79 0.90 0 u s p 1 
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Site NUum Space Type Ddr DI Tra:::e Cen Mz LsR Ss1.- RkT Trm 
GPPl. 04 025.0 6. ]6 JT 128 78 0.98 0 T u s 3 
GPP1.04 026.0 6. 22 JT 213 eo 0.28 0 u s 2 
GPP1.04 027.0 7. 22 JT !26 77 1. 56 0 u s AP 3 
GPP1.04 028.0 8.13 .JT 130 77 0.80 0 T s s AP 0 
GPP1.04 029.0 8.18 JT 214 80 0.14 0 T s s AP 2 
GPP1.04 030.0 8. 45 JT 208 76 0.22 0 p s AP 2 
GPPl. 04 031.0 8. 36 FZ 133 e1 5.64 0 u s AP 3 
G~P1.04 032.0 8. 58 FZ 133 83 3.52 :;. T u s AP 1 
GPP1.04 033.0 9. 60 JT 134 85 0.16 1 s AP 0 
GPP1.04 034.0 10.00 JT 136 84 0.41 1 s s AP 1 
GPP1.04 035.0 10.05 JT 243 83 0.18 0 u s AP 2 
GPP1.04 036.0 10.80 JT 116 80 0 . 37 1 p s AP 0 
GPP1.04 037.0 11.21 JT 209 89 0.21 0 c s 2 
GPP1.04 038.0 11.42 JT 312 e5 1.08 1 p s 3 
G£•P1.. 04 039.0 12.69 JT 12e 81 0.41 2 u R 4 
GPP1.04 040.0 12.75 JT 223 82 0.24 0 u s 2 
GPP1.05 041.0 0 .oo JT 298 90 0.63 l T p s AP 0 
GPPl. OS 042.0 0. 36 JT 311 87 o. 56 1 T p s AP 1. 
GPP!.05 043.0 0. 84 JT 128 e7 l.e6 0 T p s AF 1 
GPP1.05 044.0 0. 94 JT 118 e5 3.34 0 T u s AP 1 
GPPl. OS 045.0 1.03 JT 110 e9 4.12 2 T u s AP 4 
GPP1.05 046.0 1.15 JT 215 85 1.04 1 u R AP 1 
GPPl.OS 047.0 1.38 JT 114 86 0.32 l I s AP 1 
GPP1.0!: 048.0 1. 72 JT 295 86 0.99 l c s AP 0 
GPP1.05 049.0 1.98 JT 293 87 0.79 1 T p s AP 1 
GPP1.05 050.0 2. 30 JT 127 88 0.62 l p s AP 0 
GPP1.05 051.0 2. 65 JT 123 86 0.65 0 u s AP 0 
GPP1.05 052.0 4. 72 JT 288 85 1.17 1 T u R AP 0 
GPP1.05 053.(J 4. 79 JT 223 75 0.31 1 s R AP 0 
GPPl. OS 054.0 4. 83 JT 133 87 0.39 1 p s AP 0 
GPP1.05 055.0 4. 88 JT 106 e7 5.50 2 T u s AP 4 
GPP1.05 056.0 4. 91 JT 10S e4 0.86 0 T u s AP 1 
GPPl.OS 057.0 5. 08 JT 323 89 0.53 0 u s AP 2 
GPPl.OS 058.0 5.15 JT 136 82 0.41 1 p s AP 0 
GPPl.OS 059.0 5. 17 ,JT lOB 88 5.22 1 T u s AP 0 
GPPl. OS 060.0 5. 31 JT 138 83 0.52 1 c s AP 1 
GPPl.OS 061.0 5. 61 JT 123 82 0.88 2 c s AP 4 
GPPl.OS 062.0 5. 86 JT 133 90 0.55 2 u s AP 4 
GPP1.05 063.0 6. 25 JT 115 e6 0.88 0 c s AP 0 
GPP1.05 064.0 6. 52 JT 124 90 0.73 1 c s AP 0 
GPPl.OS 065.0 7.17 JT 132 84 1.09 2 u s AP 4 
GPPl.OS 066.0 7. 56 JT 129 82 0.99 1 p s AP 0 
GPPl.OS 067.0 8. 16 JT 120 90 0.41 1 u s AP 1 
GPPl.OS 068.0 8. 24 JT 140 e2 0.29 1 s s AP 1 
GPP1.05 069.0 8. 32 JT 130 eo 0.14 l p s AP 0 
GPPl.OS 070.0 8. 42 JT 104 eo 0.14 l p s AP 1 
GPPl.OS 071.0 9. 38 JT 134 86 1.48 2 s s AP 4 
GPPl. OS 072 .o 9. 59 JT 124 90 3.35 l u s AP 0 
GPPl.OS 073.0 9. 83 JT 124 80 0.52 l p s AP 0 
GPPl.OS 074.0 10. OS JT 126 es 0.56 l s s AP 0 
GPPl.OS 075.0 10.26 JT 128 77 0.33 l u s AP 0 
GPPl.OS 076.0 10.45 JT 126 eo 1. 62 0 u s AP 0 
GPPl.OS 077.0 10.63 JT 125 79 3.35 l p s AP 0 
GPPl. OS 078.0 11.00 JT 118 78 2.14 0 s s AP 0 
GPPl.OS 079.0 11.20 JT 114 85 0.39 l p s AP 1 
GPPl.OS 080.0 11.60 JT 130 e6 7.10 0 s s AP 0 
GPP2.00 001.0 JT 126 77 3.58 1 p s M 0 
GPP2.00 002.0 JT 134 85 2.40 1 T p s M 0 
GPP2.00 003.0 JT 132 89 2.75 0 p s M 0 
GPP2.00 004.0 JT 212 75 0.43 0 u s M .:. 

GPP2.00 005.0 JT 136 as 2.45 l p s ~ 0 
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Site NNum Space Type Ddr DI Trace Cen Mz LsR Ssr RkT T:-m 
GPP2.00 006.0 JT 319 85 0.65 0 p s M 0 
GPP2.00 007.0 .JT 130 85 3.28 1 T c s H l) 

GPP2. CO 008.0 JT 310 8') 1. 26 1 u s H 0 
GP?2 .00 009.0 ~"T 48 75 0.63 0 p s H 1 
GPP2.00 OOA.O JT 135 89 0.44 1 T p s H 0 
GPP2.00 008.0 JT 293 88 0 . 32 1 T c s H 0 
GI'P2.00 ooc.o JT 130 87 0.74 1 T p s H 0 
GPP2.00 000.0 JT 144 85 1.15 1 T c s H 0 
GPP2.00 OOE.O JT 315 75 1. 54 1 T p s H 0 
GPP2.00 OOF.O JT 138 71 1. 47 2 T c s H 4 
GPP2.00 OOG.O JT 136 73 0.54 1 T p s H 0 
GPP2.00 OOH.O JT 140 82 2.00 2 T p s H 4 
GPP2.00 OOI.O JT 140 82 1. 50 0 T p s H 0 
GPP2.00 OOJ.O JT 143 85 2.00 2 T p s H 4 
GPP2.00 OOK.O JT 228 88 0.50 0 T p s H 2 
GPP2.00 OOL.O JT 207 63 0.52 0 T p s H 2 
GPP2.00 OOH.O JT 205 60 0.40 0 T c s H 1 
GPP2.00 OON.O JT 217 80 0.28 0 T p s H 2 
GPP2.00 010.0 JT 310 88 1. 56 0 p s H 0 
GPP2.00 011.0 ,TT 230 7!; 0.65 0 u s M ::: 
GPP2.00 012.0 JT 135 88 2.00 1 p s M 0 
GPP2.00 013.0 JT 227 80 0.73 0 s s H 2 
GPP2.00 014.0 FZ 143 75 3.00 0 s s 0 
GPP2.00 015.0 JT 136 85 1. 53 1 p s 0 
GPP2.00 016.0 JT 143 85 1. 51 1 c s 0 
GPP2.00 017.0 JT 231 80 0.50 0 s s 2 
GPP2.00 018.0 JT 140 85 1.40 1 p 5 0 
GPP2.00 019.0 JT 155 85 1.05 1 p s H 0 
GPP2.00 020.0 JT 325 90 1.00 1 T p s 0 
GPP2.00 021.0 JT so 76 1.03 0 T c s 1 
GPP2.00 022.0 JT 55 85 l. 39 0 s s 1 
GPP2.00 023.0 JT 314 as 2.64 1 p s AP 0 
CPP2 .00 024.0 JT 220 89 0.65 1 t R 1 
GPP2.00 025.0 JT 138 85 l. 34 1 p s 1 
(;PP2 .00 026.0 JT 118 84 1.44 0 p s 1 
GPP2.00 027.0 JT 213 79 0.38 0 c R 2 
GPP2.00 028.0 JT 215 88 0.45 0 u R 2 
GP£·2.00 029.0 JT 133 90 l. 57 1 u s 1 
GFP2.00 030.0 JT 121 85 1.80 0 c s 1 
GPP2.00 031.0 JT 123 a7 2.00 0 p s 1 
GPP2.00 032.0 JT 315 as 2.53 1 p s 1 
GPP2.00 033.0 JT 318 a6 1.65 0 p s 1 
GPP2.00 034.0 JT 213 a2 0.32 0 u R 2 
GPP2.00 035.~ JT 224 78 0 . 40 0 u R 2 
GPP2.00 036.0 JT 213 73 0.4a 0 u R 2 
GPP2.00 037.0 JT 325 83 2 . 93 1 p s H 0 
GPP2.00 038.0 JT 145 a4 3 . 33 1 T p s 0 
GPP2.00 039.0 JT 225 90 0.46 0 u R 2 
GPP2.00 040.0 JT 44 as 1.17 0 s s 0 
GPP2 .00 041.0 JT 224 a6 0 . 90 0 T s R 2 
GPP2.00 042.0 JT 140 85 2.30 1 s s 0 
GPP2 .00 043.0 JT 228 a3 0. 70 0 p s 2 
GPP2.00 044.0 JT 319 90 1.00 1 T s s 0 
GPP2 . 00 045.0 JT 142 as 1. 20 0 p s 0 
GPP2 .00 046.0 JT 316 90 2.30 1 T p s 0 
GPP2 .00 047.0 JT 38 89 0.45 0 u R 2 
GPP2.00 04a.o JT 143 87 2.22 1 p s 0 
GPP2.00 049.0 JT 316 90 2.22 1 p s 0 
GPP2.00 050.0 JT 51 85 0.38 0 u R 2 
GPP2.00 OSl.r . JT 216 75 0.35 0 u R 2 
GPP2 .00 052.0 JT 47 84 0.47 0 u R 2 

179 

. . 
' I "' ' -. • ' 



• ~ • • 1 -~ ----- ' • ' ~ • . • • • ""·· • 

Site NNu :1 Space Type Ddr or Trace Cen Mz LsR Ssr Rk1 Trm 
GPP2.00 053.0 .JT !38 136 3.00 1 T p s 0 
GPP2.00 054.0 JT 143 89 2.30 1 c s 0 
GPP2.00 055.0 JT 222 63 0.24 0 lJ R 2 
GPP2.00 'J56.0 JT 138 99 ).. 59 1 s s 0 
GPP2.00 057.0 JT 38 89 0.?9 0 u R 2 
GPP2.00 058.0 J1 225 74 0.53 0 u R 2 
GPP2.00 059.0 JT 140 80 2. 3"1 1 p s 0 
GPP2.00 060.0 JT 140 88 0.68 0 5 s 1 
GPP2.00 061.0 JT 68 90 0.55 0 c s 2 
GPP2.00 062.0 JT 140 79 2.00 1 p s 0 
GPP2.00 063.0 JT 224 70 0.68 1 u R 1 
GPP2.00 064.0 JT 221 85 0.(7 1 u R 1 
GPP2.00 065.0 JT 147 85 1. 25 l c s AP 0 
GPP2.00 066.0 FZ 133 87 6.00 1 p s 0 
GPP2.00 067.0 J 'r 131 80 3.09 0 p s M 0 
GPP2.00 068.0 JT 38 80 0.42 0 u s M 2 
GPP2.00 Ob9.0 JT 131 89 0.67 1 p R 0 
GPP2.00 070.0 JT 48 77 0.23 0 J. R 2 
GPP2.00 071.0 JT 308 75 0.91 1 T I s 0 
GPP2.00 072.0 JT 310 88 1. 53 2 I s 4 
GPP2.00 073.0 JT 133 82 1. 20 0 T p s 0 
CPP2.00 074.0 JT 228 85 1.00 0 T u R 1 
GPP2.00 075.0 JT 145 84 l. 42 1 T u s 0 
CPP2.00 076.0 JT 207 85 0.26 0 u R 2 
GPP2 .00 077.0 .JT 215 35 1.17 0 T u 5 2 
GPP2.00 078.0 JT 217 80 0.82 0 u s 1 
GPP2.00 079.0 ,JT 316 89 0.88 0 T p s 0 
CPP2.00 080.0 JT 228 75 0.80 0 u s 3 
CPP:?.OO 081.0 JT 131 87 1.40 0 p s 0 
CPP2.00 082.0 JT 250 90 0.39 0 u s 2 
GPP2.00 083.0 JT 172 82 
GPP2.01 001.0 0.00 JT 138 84 0.37 2 p s 4 
GPP2.01 002.0 0.51 JT 135 87 0.85 2 T p s 4 
CPP2.01 003.0 0.70 JT 217 70 0.30 1 p s 1 
GPP2.01 004.0 0.89 JT 137 84 0.53 1 p s 1 
CPP2.01 005.0 1.15 JT 226 80 0.45 1 p s 1 
GPP2.01 006.0 1.25 JT 134 90 0.68 2 p s 4 
GPP2.01 007.0 1.49 JT 136 88 0.81 1 p s 0 
GPP2.01 008.0 l. 64 JT 222 79 0.55 1 p s 0 
GPP2.01 009.0 1.98 JT 135 84 0.26 1 p s 0 
GPP2.01 010.0 2.15 JT 128 85 8.00 2 CL p s 4 
GPP2.01 011.0 2.48 JT 234 81 0.<.2 0 p s 2 
GPP2.01 012.0 2.47 JT 179 81 0.56 0 CL p R 0 
CPP2.01 013.0 2.80 JT 137 85 0.68 0 CL p s 1 
GPP2.01 014.0 3.03 JT 241 84 0.43 0 CL p s 2 
CPP2.01 015.0 3.14 JT 137 81 3.67 0 T p s 0 
CPP2.01 016.0 3.34 JT 142 84 0.73 2 CL p s 4 
GPP2.01 017.0 3.56 .JT 137 86 0.25 2 CL p R 4 
GPP2.01 018.0 3.62 JT 130 79 1.10 2 CL p s M 4 
CPP2.01 019.0 3. 72 JT 131 85 0.34 2 CL p s 4 
GPP2.01 020.0 3.98 JT 146 87 0.33 2 CL p s 4 
GPP2.01 021.0 4.22 JT 135 86 4.59 2 CL p s 4 
GPP2.01 022.0 5.07 JT 124 85 7.87 (I T p s 3 
GPP2.01 023.0 5.88 JT 130 85 0.73 0 CL p s 0 
GPP2.01 024.0 6.07 JT 127 85 1. 70 0 T p R 0 
GPP2.01 025.0 6.13 JT 132 85 0.95 0 T c R 0 
GPP2.01 026.0 6.42 JT 109 88 0.40 2 c R 4 
GPP2.01 027.0 5.63 JT 110 89 0.61 2 c R 4 
GPP2.01 028.0 7.11 JT 46 75 0.36 2 c R 4 
GPP2.01 029.0 7.39 JT 132 89 1.05 2 T c R M 4 
GPP2.01 030.0 10.77 JT 126 86 12.80 2 T p R 4 
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Site NNum Space Type Odr r.r Trace C<>n Hz LsR Ssr RkT Tt"m 
GPP2.01 031.0 10.79 JT 25 85 0.54 0 f:L p s 2 
GPP2.01 032 . 0 11.00 JT 138 78 0.60 0 p s ... ... 
GPP2.01 033 . 0 11.08 .JT 133 85 o. 32 0 c s 2 
GPP2.01 034.0 11.21 JT 116 88 0.83 0 FE c s 2 
GPP2.01 035.0 11.40 JT 108 90 0.70 0 FE c s 2 
GPP2.01 036.0 11.65 JT 268 84 0.~5 0 FE p s 2 
GPP2.01 037.0 11.95 JT 138 78 0 . 45 0 FE p s 2 
CPP2.01 038.0 12.15 JT 149 85 0.56 0 FE p s 2 
CPP2.01 039.0 12.45 JT 139 84 0. so 0 FE c R 2 
GPP2.01 040.0 12.66 JT 138 88 1. 38 0 FE c R 2 
CPP2.01 041.0 12.82 JT 132 88 0.35 0 FE s R 2 
CPP2.01 042.0 12.92 JT 292 88 0. 59 0 FE p R 2 
GPP2.01 043.(1 13.26 JT 301 90 0.81 0 FE p s 2 
GPP2.01 044.0 13.50 JT 313 84 0.41 0 FE c !'; 2 
GPP2.01 045.0 13.63 JT 122 87 0.86 0 FE p s 2 
GPP2.01 046.0 14.04 JT 138 89 0.40 0 FE s s 2 
CPP2.01 047.0 14.29 JT 143 85 0.48 0 FE s s 2 
CPP2.01 048.0 14.52 JT 339 82 0.34 0 FE c s 2 
CPP2.01 049.0 14.85 JT 143 86 0.48 0 FE p s 2 
GPP2.01 050.0 15.30 JT 321 85 1.41 0 FE p s 2 
CPP2.01 051.0 15.35 JT 138 85 6 . 50 1 FE p s 1 
GPP2.01 052.0 15.45 JT 138 88 1. 24 1 FE p s H 1 
GPP2.01 053.0 15.52 JT 135 86 1.21 1 FE p s 1 
GPP2.01 054.0 17.75 JT 320 90 0.92 0 FE c s 2 
CPP2.01 055.0 17.90 JT 232 83 1. 25 0 FE c s 1 
CPP2.01 056.0 18.50 JT 138 90 1.19 0 FE c s 2 
GPP2.01 057.0 18.81 JT 118 85 2.96 1 FE c s H 1 
CPP2.01 058.0 21.36 JT 133 85 7.20 2 T p s 4 
GPP2.01 059.0 21.80 JT 303 88 1.06 0 FE c s H 2 
C''f'P2.01 060.0 22.05 JT 308 86 0.44 0 FE p s 2 
GJ?P2 - 01 061.0 22.20 JT 136 90 0.83 0 FE p s 2 
GPP2.01 062.0 22.29 JT 312 90 1.02 0 FE p s 2 
CPP2.01 063.0 22.68 JT 138 88 2.52 0 FE s s 2 
CPP2.01 064.0 23.00 JT 130 90 2.32 0 T s s 2 
CPP2.01 065.0 23.54 JT 131 90 1.08 0 T p s H 2 
CPP2.01 066.0 23.95 JT 123 90 1.46 0 T c s 2 
GPP2.01 067.0 25.00 JT 132 85 2.48 0 c s 2 
GPP2.01 068.0 25.20 JT 222 80 0.35 0 T p s 2 
GPP2.01 069.0 25.40 JT 138 88 2.19 0 T p s 2 
GPP2.01 070.0 25.70 JT 130 90 2.15 0 CL c s 2 
CPP2.01 071.0 26.01 JT 136 88 8.26 1 T c s 1 
GPP2.01 072.0 26.17 JT 130 88 2.49 0 CL c s 2 
GPP2.01 073.0 27.00 JT 143 85 l. 50 0 T p s 2 
GPP2.01 074.0 27.19 JT 128 80 l. 79 0 T p s 2 
GPP2.01 075.0 27.58 JT 149 82 2.06 0 T c s 2 
GPP2.01 076.0 27.85 JT 134 89 3.31 2 T c s 4 
G!?P2.01 077.0 28.19 JT 138 88 2.53 1 T c s 1 
GPP2.01 078.0 28.53 JT 135 88 3.07 1 T c s 1 
GPP2.01 079.0 28.70 JT 131 89 2 . 30 1 T p s 1 
GPP2.02 050.0 0.00 JT 135 84 0.69 0 p s 0 
GPP2.02 05!.0 0.35 JT 215 60 0.39 0 c s 2 
GPP2.02 052.0 0.68 JT 214 60 0.23 0 p R 2 
GPP2.02 053.0 0.82 JT 224 85 0.31 0 c R 2 
GPP2.02 054.0 1.12 JT 39 75 0.29 0 c R 2 
GPP2 .02 055.0 1.52 JT 225 74 0.17 0 I R 1 
GPP2.02 056.0 1. 61 JT 227 78 0.19 0 p R 2 
CPP2.02 057.0 1.67 JT 135 89 0.33 0 p s 1 
GPP2.02 058.0 1. 75 JT 228 65 0.23 0 p R 1 
GPP2.02 059.0 1.94 JT 43 69 0.36 0 I R 1 
GPP2.02 060.0 2.00 JT 32 69 0.20 0 I s 1 
GPP2.02 061.0 2.13 JT 42 55 0.23 0 I s 2 
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GPP2 .02 062.0 2.23 JT 233 71 0.22 0 c 5 2 
CPP2.02 063.0 2.23 JT 314 89 0.15 0 c 5 2 
GPP2.03 001.0 0.55 JT 134 82 1. 32 1 T p s MD 0 
GPP2.03 002.0 2.16 JT 308 Ae 0.77 0 T p s 0 
GPP2. 03 003.0 2.30 JT 140 80 1.93 1 T p s 0 
CPP2.03 004.0 2.53 JT 141 85 0.75 0 T p s 0 
GPP2.03 005.0 3.27 JT 325 85 0.24 1 T c s 1 
GPP2.03 006.~ 3.64 JT 313 80 0.64 0 T p s 0 
GPP2.03 007.0 4.05 JT 132 80 0.38 1 T p s 0 
GPP2.03 008.0 4.60 JT 135 78 0.30 1 T p s 0 
GPP2.03 009.0 4.90 JT 195 55 0.15 1 T c s 0 
CPP2.03 010.0 5.18 JT 315 75 0.24 0 T p s 0 
GPP2.03 011.0 5. 21 JT 237 60 0.20 0 T p s 2 
GPP2 .03 012.0 5.65 .JT 35 72 0.17 0 T c s 2 
GPP2 .03 013.0 5.81 JT 140 85 7.20 2 T c s 4 
GPP4.01 001.0 0.00 JT 314 89 3.54 :l T u s AP 4 
GPP4.01 002.0 0.23 JT 156 86 0.56 0 u s AP 1 
GPP4.01 003.0 0.65 JT 137 89 1.10 1 s s AP 1 
GPP4.01 004.0 0.88 JT 136 89 0.89 1 s s AP 0 
GPP4.01 005.0 1.08 JT 132 89 1.10 1 u s AP 0 
GPP4.01 006.0 1. 35 JT 143 89 1.43 2 u s AP 4 
GPP4.01 007.0 1.90 JT 225 90 7.34 1 T u s AP 0 
GPP4.01 008.0 2.36 JT 133 88 0.59 0 u s AP 2 
GPP4.01 009.0 3.07 JT 141 88 1.85 0 T u s AP 1 
GPP4.01 010.0 3.45 rz 136 89 10.00 1 T c s AP 1 
GPP4 . 01 011.0 3.95 JT 140 87 3.00 0 T u s AP 0 
CPP4.01 012.0 4.48 JT 204 71 0.68 0 c s AP 2 
GPP4.01 013 . 0 4.55 JT 134 88 3.48 1 T u s AP 3 
GPP4.01 014.0 4.68 FZ 138 90 3.86 1 T u s AP 0 
GPP4.01 015.0 5.75 FZ 150 84 6.07 1 T u s AP 1 
GPP4.01 016.0 6.44 JT 136 82 9.00 1 T u s AP 0 
GPP4.01 017.0 7.20 JT 135 86 7.00 0 T u s AP 3 
CPP4.01 018.0 7.60 FZ 155 89 11.27 0 T c s AP 1 
GPP4. 01 019.0 8.65 JT 146 80 6.00 0 T u s AP 1 
CPP4.01 020 . 0 9.00 JT 140 80 10.00 1 T u s AP 1 
CPP4.01 021.0 9.50 JT 171 73 5.85 0 T u s AP 3 
CPP4.01 022.0 10.30 JT 157 86 9.85 1 T u s AP 3 
CPP4.01 023 . 0 11.55 JT 171 77 10.00 1 T u s AP 3 
CPP4.01 024.0 12.05 8Z 150 85 1. 62 1 T c R AP 1 
CPP4.01 025.0 12.50 FZ 336 84 7.14 1 T c s AP 3 
CPP4.01 026.0 13.20 FZ 160 86 7.88 2 T c s AP 4 
CPP4.01 027.0 14.25 FZ 139 88 4.70 1 T c s AP 1 
CPP4.01 028 . 0 15.35 JT 151 80 9.99 2 T u s AP 4 
GPP4.01 029 . 0 16.05 JT 153 87 1. 93 1 T u s AP 0 
CPP4.01 030.0 17.00 FZ 137 85 11.72 2 T u s AP 4 
GPP4.01 031.0 17.10 JT 173 82 2.98 1 T u R AP 0 
CPP4.01 032.0 18.20 JT 161 84 6.20 2 u s AP 4 
CPP4.01 033.0 19.09 FZ 142 89 5.24 0 T u s AP 2 
GPP4 .01 034.0 19.65 JT 139 86 5.80 0 T u s AP 0 
GPP4.01 035.0 19.95 JT 136 90 2.47 1 T u s AP 0 
GPP4.01 036.0 20.22 JT 137 89 11.00 2 T u s AP 4 
GPP4.01 037.0 21.15 JT :!.49 89 4.00 2 T p s AP 4 
GPP4.01 038.0 21.70 JT 151 87 3.00 2 T p s AP 4 
GPP4.01 039.0 22.30 JT 137 88 3.00 2 T u s AP 4 
GPP4.01 040.0 22 . 64 JT 139 87 1.00 2 T u s AP 4 
GPP4.01 041.0 23.30 JT 135 90 3.00 2 T u s AP 4 
CFP4.01 042.0 23.95 JT 160 84 2.50 1 T u s AP 1 
GPP4.01 043.0 24.50 JT 133 88 3.00 1 T u s AP 1 
GPP5.01 001.0 0.00 JT 127 89 2.26 0 p R DM 0 
GPP5.01 1102.0 0.21 JT 135 85 0.63 0 T p s DM 1 
CPP5.01 ( 103.0 0.50 JT 110 82 0.45 0 c s DM 1 
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Site NNum Space Type Ddr DI Trace Ct,!n Hz LsR Ss r RkT. Trm 
GPPS. 01 004.0 0.83 JT 304 88 2.24 0 p s DH 0 
GPPS. 01 005 . 0 1. 24 JT 131 79 2.28 0 T p s DH 0 
GPP5.01 006.0 1. 71 JT 316 88 0.53 0 c s DH 0 
GPP5.01 007.0 1.85 ._TT 121 84 0.81 1 FE c s DH 1 
GPPS. 01 008.0 2.11 JT 306 89 0.86 1 FE c s DH 0 
GPP5.01 009.0 2.29 JT 1:4 so 1. 36 0 p s :H 0 
GPP5.01 010.0 2.23 JT 136 77 0 . 39 I) p s OM 0 
GPP5.01 011 . 0 3.21 JT 308 89 1. 27 0 p s OM 0 
GPP5.01 012 . 0 3.42 JT 127 88 0 . 29 0 I s DH 0 
GPP5.01 013.0 3.88 JT 131 80 1.40 0 I s OM 0 
GPP5.01 014.0 3.90 J1' 118 89 0.69 0 I s OM 0 
GPP5.01 015.0 4.09 JT 131 89 0.68 0 I s OM 0 
GPP5.01 016 . 0 4 . 27 JT 129 89 2 . 61 1 I s OM 0 
CPP5.01 017.0 4.48 JT 123 88 0 . 33 0 T p s M 2 
CPP5 . 01 018 . 0 4 . 76 JT 116 88 0.52 1 T p s H 1 
CPP5 . 01 019.0 4.97 JT 120 89 0 . 48 1 T p s M 1 
GPP5. 01 020.0 5.22 FZ 294 86 3.83 1 T c s M 0 
GPP5.01 021.0 5.50 9T 310 90 0 . 47 0 T c s M 0 
G?P5.01 022.0 5.76 JT 304 84 1. 43 0 T p s H 1 
GPP5 . 01 023.0 5.80 JT 126 84 0 . 22 1 T p s M 0 
GPPS.01 024 . 0 5 . 92 JT 129 75 0 . 24 0 T p s M 0 
GPP5.01 025.0 6.48 JT 260 62 1.00 0 T p 5 M 1 
CPP5 . 01 026 . 0 6.86 JT 280 90 1.20 1 T c s M 0 
GPP5.01 027.0 7.21 FZ 295 87 1.60 1 T c s M 0 
GPP5.01 028.0 7.55 FZ 302 83 5.30 2 T p s M 4 
GPP5. 01 029.0 8 . 08 JT 286 83 2.10 1 T c s M 0 
GPPc;.01 030.0 8.73 JT 299 87 6.50 1 T p s M 0 
GPP5. 01 031.0 8.98 JT 310 74 3.00 1 T c s M 0 
CPP5.01 032.0 9.27 JT 133 64 1. so 0 T c s M 0 
CPP5.01 033 . 0 10.68 FZ 121 81 3.10 1 T c s M 0 
CPP5. 01 034.0 11.23 FZ 303 86 2.35 1 T p s M 0 
CPPS.01 035 . 0 12.19 JT 290 81 2.33 1 T p s M 0 
CPPS.01 036.0 12.90 FZ 288 77 2.00 1 T p s M 0 
GPP5.01 037.0 13.66 JT 128 73 3.20 0 T c s M 0 
GPPS. 01 038 . 0 13.87 JT 290 88 1.22 1 T p s M 1 
GPPS. C1 039.0 14 . 20 JT 128 75 1. 32 1 T p s M 0 
CPP5. '.)1 040.0 14.31 JT 299 88 2.00 1 T p s M 1 
CPP5.01 041.0 15 . 09 FZ 299 90 3.56 2 T p s M 4 
CPPS.01 042.0 15.58 JT 122 84 0.75 2 T p s H 4 
CPP5.01 043 . 0 15.96 JT 290 81 1.64 2 T p s H 4 
GFPS.01 044.0 16.52 JT 287 88 1.63 2 T p s M 4 
CPPS.02 001.0 7.65 JT 120 90 0 . 85 1 T c s 0 
CPP5.02 002.0 9.05 JT 292 78 0 . 66 0 T c s 1 
CPPS.02 003.0 9.30 JT 288 64 1. 53 0 T c s 1 
CPPS.02 004.0 10.16 JT 208 66 0.20 0 T u s 2 
CPPS.02 005.0 11.05 JT 293 80 0.80 0 T p s 0 
GPP5 . 02 006.0 14 . 50 JT 296 89 1.20 2 T p s 4 
CPP5 . 03 001.0 0.10 JT 108 80 o. 50 1 T s s 1 
GPPS.03 002.0 0.50 JT 126 86 1. 30 2 T I s 4 
GPPS.OJ 003.0 0.95 FZ 296 74 1.60 1 T I s 0 
GPPS.OJ 004.0 1. 64 FZ 294 88 10.00 2 T I s 4 
CPP5.03 005.0 2.00 JT 293 85 8.50 0 T s s 1 
GPPS.OJ 006.0 2.80 FZ 296 87 8.00 1 T I s 1 
GPPS.OJ !'>07.0 3.50 FZ 301 86 12.00 1 T I s 0 
GPPS . OJ 008.0 4.12 JT 126 84 3.50 0 T p s 1 
GPP5.03 009.0 5.00 FZ 130 £11 10 . 00 2 T p s 4 
CPPS.03 OOA.O 15.21 JT 277 84 0 . 31 2 T c s 4 
CPPS . 03 008.0 13.96 J T 295 80 1.09 1 T p s 0 
GPP5.03 ooc.o 13.28 JT 301 75 0.93 0 T p s 0 
GPPS.OJ 000.0 13.08 J T 115 85 0 . 7 5 0 T p ... 0 
GPP5.03 OOE.O 12.88 JT 110 83 1. 32 2 T p s 4 
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Site NNum Space Type Ddr DI Trace Cen Hz LsR Ssr RkT Trm 
GPPS.OJ OOF.O 12.71 JT 110 as 0.90 1 T p 5 0 
GPPS.03 OOG.O 12.01 JT 29S a4 0.84 2 T p 5 4 
GPPS.03 OOH.O 11.41 JT 290 as 1.03 1 T p 5 0 
GPP5.03 OOI. 0 10.12 JT 302 90 17.00 1 T p 5 0 
GPP5 .03 OOJ.O 9.41 JT 134 ao 0.93 1 T p R 0 
GPP5.03 OOK.O 6.43 JT 31a a6 l. S5 1 T c 5 1 
GPPS.03 OOL.O 6.00 BZ 135 ao 3.00 1 1" u 5 0 
GPPS.OJ 010.0 5.35 FZ 126 84 6.00 1 T p 5 0 
GPP5.03 011.0 6.00 FZ 125 88 15.00 T p 5 0 
GPPS .03 012.0 7.21 FZ 126 90 20.00 2 T 5 5 4 

JALA~..a\ BEACH 
Site NNUH SPACE TYPE DDR DI TRACE CEN HZ LSR SSR RKT TRH 
JB~. 601 001.0 0.30 FZ 113 a8 1. 56 1 FE p s 0 
JBl. 601 002.0 0.90 JT 304 84 1.25 1 FE c s 1 
JB1.60l 003.0 1.15 JT 131 88 1.40 2 FE u 5 4 
JB1.60l 004.0 1.29 JT 57 60 2.00 1 FE p 5 1 
JDl. 601 005.0 1. 42 JT 142 52 0.70 1 FE c s 1 
JB1.60l 007.0 1. 35 JT 223 89 0.47 0 FE p 5 2 
JBl. 601 008.0 2.48 JT 138 80 1.10 2 FE p 5 4 
JBl. 601 009.0 2.48 JT 51 74 0.65 0 FE I) 5 2 
JB1. 601 010.0 3.50 JT 298 89 1.00 1 FE 5 5 1 
JBl. 601 011.0 3.80 JT 163 54 0.80 0 FE p 5 2 
JBl. 601 012.0 4.70 JT 13 58 3.55 0 FE UP R 1 
JB1.601 013.0 4.58 JT 148 70 1.14 1 FE u 5 1 
JB1.601 015.0 4.95 JT 47 86 0.50 1 FE p 5 1 
JB1.601 016.0 5.90 JT 285 74 2.38 2 FE u 5 4 
JB1.601 017.0 6.80 FZ 294 85 2.18 1 FE u 5 0 
JB1.60l 018.0 7.20 FZ 339 64 2.60 0 FE u 5 1 
JB1.601 01';.0 8.00 FZ 322 80 2.00 l FE 5U s 1 
JB1.601 07.0.0 7.50 FZ 349 69 0.80 1 FE u 5 0 
JB1.601 021.0 8.50 FZ 335 55 1.90 0 FE p s 0 
JBl. 601 022.0 10.60 FZ 308 80 2.80 2 FE c s 4 
JB1.601 023.0 11. so FZ 323 85 3.00 2 FE p 5 4 
JBl. 601 024.0 12.86 JT 138 80 1.80 0 FE u 5 1 
JB1.601 026.0 13.61 JT 131 88 3.00 2 FE p 5 4 
JBl. 601 027.0 13.78 JT 146 59 1.80 1 FE c s 1 
JBl. 602 025.0 12.95 JT 146 84 1.50 1 FE p s 0 
JB1.602 028.0 14.43 JT 145 79 1.60 1 FE p s 0 
JBl. 602 029.0 14 . 70 JT so 75 2.08 0 FE p R 2 
JB1.602 030.0 1. 47 JT 149 71 2.00 1 FE p s 0 
JBL 602 031.0 15.55 FZ 148 89 3.00 1 FE p s 1 
JBL 602 032.0 15.80 JT 67 64 4.00 1 FE p R 1 
JB1.602 033.0 15.80 FZ 320 88 3.00 2 FE u s 4 
JB1.602 034.0 16.05 JT 127 89 .2.00 1 FE p s 1 
JB1.602 035.0 16.40 JT 320 86 1.10 0 FE ... s 0 -JB1.602 036.0 16.70 JT 314 79 1.20 0 FE c s 0 
JBl. 602 037.0 17.55 FZ 144 77 3.00 2 FE p s 4 
JBl. 602 038.0 17.75 JT 64 64 3.00 2 FE p R 4 
JB1.602 039.0 18.2(' JT 65 66 3.00 2 FE p R 4 
JB1.602 040.0 18.30 JT 147 64 l. 37 1 FE c s 0 
JBl. 602 041.0 18.73 JT 165 74 1.00 0 FE p s 0 
JB1.602 042.0 19.22 .JT 56 68 2.00 2 FE p R 4 
JBl. 602 043.0 18.75 .;T 37 75 0.75 0 FE p R 2 
JB1.602 044.0 18.80 FZ 130 88 0.88 0 FE p s 2 
JBL 602 045.0 19.43 JT 54 69 0.80 0 FE c s l 
JB1.602 046.0 19.46 JT 327 69 1.46 0 FE p s 0 
JBl. 602 047.0 19.70 JT 328 65 1.00 0 FE p s 0 
JBl. 602 048.0 20.08 JT 332 74 2.00 0 FE p s 0 
JBl. 603 049.0 20.38 FZ 323 72 2.50 0 FE p s 0 
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Site NNUM SPACE TYPE CDR DI TRACE CEN HZ LSP. SSR RKT TR:-1 
JB1.603 050.0 21.30 FZ 65 75 3.00 2 FE p R .; 
JBl. 603 051.0 20.65 JT 51 85 2.00 0 FE c s 0 
JB1.401 001.0 0.00 JT 230 44 0.64 0 FE c R 2 
JB1.401 002.0 0.28 JT 139 76 0.40 0 FE F s 2 
JBl. 41)1 003.0 0.43 JT 147 80 1.10 1 FE p R 0 
JBl. 401 00~.0 1.05 JT 147 65 o. 75 0 FE p R 2 
JBl. 401 006.0 2.60 JT 149 55 1. 55 0 FE c R 1 
JB1.401 007.0 2.70 JT 94 65 0. 70 1 FE c R 1 
JBl. 401 008.0 2.75 JT 94 65 0.35 0 FE c R 1 
JB1.401 009.0 2.80 JT 15 87 0.23 0 FE R p 1 
JBl. 401 010.0 3.28 JT 81 55 0. 38 0 FE c R 2 
JB1.401 011.0 3.46 JT 281 75 1.61 1 FE R 1 
JBl. 401 012.0 3.56 JT 287 82 0.60 1 FE p R 1 
JB1.402 013.0 4.12 JT 275 79 1.80 1 FE c R j 

JB1.402 014.0 4.36 JT 79 t~::; 0.23 0 CL p R 2 
JB1.402 015.0 4.58 JT 74 36 1.00 0 FE c R 1 
JB1.402 016.0 4.82 JT 325 89 1. 38 1 FE c R 3 
JB1.402 017 . 0 4.87 JT 151 79 0.50 0 FE p R 2 
JB1.402 018.0 5.12 JT 345 S4 1. 65 0 FE c R 1 
JB1.402 019.0 5.08 JT 74 58 0. 27 0 c p R 1 
JB1.402 020.0 5.58 JT 337 86 1. 70 1 FE c R 0 
JB1.402 021.0 JT 338 60 1.05 0 LT c R 1 
JBl. 402 022.0 JT 147 66 0.45 1 FE c R 0 
JB1.402 023.0 JT 151 71 0.54 1 FE c R 1 
JB1.402 024.0 JT 149 74 0.42 1 FE c R 1 
JB1.402 025.0 JT 65 61 1.20 1 LT c R 1 
JB1.402 026.0 JT 139 66 0.47 1 CL p R 1 
JB1.402 027.0 JT 150 75 0. 32 0 CL c R 1 
JB1.402 028.0 JT 151 72 0.47 0 FE c R 0 
JBl. 402 029.0 JT 259 72 0.68 0 FE c R 1 
JB1.402 030.0 JT 285 79 0.56 0 FE p R 2 
JB1.402 031.0 JT 108 49 0.90 1 FE p R 1 
JB1.402 032.0 JT 144 64 0.69 1 FE p R 0 
JB1.301 001.0 0.00 JT 260 71 2.17 1 p s 0 
JB1.301 002.0 0.66 JT 130 65 2.39 1 c s 1 
JB1.301 003.0 1.01 JT 140 60 0.65 1 p s 1 
JB1.301 004.0 1.30 JT 140 55 0. 59 0 c s 2 
JB1.301 005.0 1. 26 FZ 70 60 2.10 1 c R 1 
JBl. 301 006.0 1. 59 JT 155 80 2.85 1 p R 1 
JB1.301 007.0 2.00 JT 75 60 2.93 0 c s 2 
JBl. 301 008.0 2.28 JT 150 70 2.15 0 p R 2 
JB1.301 009.0 3.14 JT 100 35 1.81 0 c R 2 
JB1.302 010.0 2.68 JT 70 75 2.03 1 c R 1 
JB1.302 011.0 2.84 JT 125 80 o. 70 0 p s 2 
JB1.302 012.0 3.55 JT 150 60 1.85 1 c ~ 1 
JB1.302 o1:;.o 3.54 JT 140 65 1. 31 0 p s 2 
JB1.302 014.0 3.38 JT 285 65 0.86 0 c s 2 
JBl. 302 015.0 3.65 JT 150 70 1. 31 0 c s 2 
JB1.302 016.0 3.82 JT 145 70 0.66 0 c R 2 
JB1.302 017.0 4.11 JT 135 70 1. 55 0 c R 2 
JB1.302 018.0 4.40 JT 135 70 1. 68 1 c s 1 
JB1.302 019.0 4.64 JT 80 60 0.98 0 p R 2 
JB1.302 020.0 4.63 JT 195 90 1.17 2 c R 4 
JB1.302 021.0 5. CJ3 JT 140 55 1. 96 1 p s 1 
JB1.302 022.0 5.38 JT 140 70 0.96 1 c R 1 
JB1.302 023.0 5.40 JT 195 90 0.83 2 c R 4 
JB1.303 OOA.O 5 . 68 JT 143 70 0. 55 0 p s 0 
JB1.303 COB.O 5.82 JT 137 82 o. 70 0 s s 0 
JBl. 303 ooc.o 5.98 JT 142 83 o. 55 0 s s 0 
JB1.303 000.0 6.28 JT 127 66 0.45 0 p R 0 
,TBl. 303 OOE . O 6.38 JT 153 89 o. so 0 s s 0 
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Site NNUM SPACE TYPE DDR DI TRACE CEN MZ LSR SSR RKT TRM 
JB1. 303 OOF.O 6.45 JT 58 56 2.20 2 c R 4 
JB1.303 ooc.u 6.82 JT 147 67 0.90 0 s R 0 
JBl. 303 OOH.O JT 40 75 0.50 1 p M l 
JBl. 303 OOI.O ~.15 JT 147 72 0.40 1 s s 0 
JBl. 303 OOJ.O 7. 70 JT 139 65 1.15 1 I R 0 
JBl. 303 OOIL 0 JT 140 75 0.80 1 c R 1 
JBl. 303 OOL.O 8.15 JT 143 69 0. so 1 p R 1 
JBl. 303 001-!.0 8.20 JT 56 73 0.65 0 p s 2 
JBl. JOJ oor~. o 8.57 JT 319 76 2.10 2 p R 4 
JBl. 303 000.0 8.76 JT 338 4 2.10 1 c s 0 
JBl. 303 OOP.O 9.40 JT 280 10 1.10 0 c s 0 
JBl. 303 OOQ.O 9.00 JT 294 14 1.10 0 c s 0 
JB1. 303 OOR.O 10.13 JT 122 84 2.00 1 p 8 1 
JBl. 201 001.0 0.40 JT 31 85 1.13 p s 1 
:~81.201 002.0 0.00 JT 166 74 1. 29 2 p s 4 
JB1.201 003.0 0.87 JT 164 73 1.07 2 p R 4 
JBl. 201 004.0 .1.56 JT 121 61 0.98 0 p R 1 
JBl. 201 005.0 1.69 JT 272 54 1.97 .?. c s 4 
JBl. 201 006.0 1. 52 JT 13 71 1. 44 2 p R 4 
JBl. 20! 007.0 1. 94 JT 118 54 3.80 2 c R 4 
JB1.201 008.0 ::..86 JT 215 87 4.10 2 p R 4 
JB1. 201 009.0 2.29 JT 116 57 0.93 1 p s 1 
JBl. 201 01('.0 2.59 JT 118 56 0.73 1 p s 1 
JB1.201 011.0 2.80 JT 130 60 1.48 1 c s 1 
JBl. 202 012.0 2.92 JT 237 87 1. 68 1 c R 1 
JB1.202 013.0 3.09 JT 56 62 5.00 2 r R 4 
JB1.202 014.0 3.24 JT 24 89 1. 57 1 p R 0 
JB1.202 015.0 3.48 JT 149 61 2.14 1 c R 1 
JB1.202 016.0 4.63 JT 36 71 2.20 1 c R 1 
JBl. 202 017.0 5.00 .JT 143 57 5.00 2 p R 4 
JB1.202 018.0 4.88 JT 25 66 5.00 2 c R 4 
JB1.202 019.0 5.18 JT 154 66 1. 43 1 p R 1 
JB1.202 020.0 5.61 JT 142 46 5.00 2 p s 4 
JB1.202 021.0 5.60 JT 225 66 1. 53 1 p R 1 
JB1. 202 022.0 6.22 JT 134 44 0.90 1 p s 1 
JBl. 202 023.0 6.36 JT 127 49 1. 82 1 p s 1 
JBl.202 024.0 7.80 JT 142 64 5.00 2 p R 4 
JB1.202 025.0 5.94 JT 73 62 5.00 2 c R 4 
JB1.202 026.0 6.48 JT 62 71 5.00 2 p R 4 
JBl. 202 027.0 6.95 JT 62 71 3.14 1 c R 1 
JB1.202 028.0 7.36 JT 74 "i6 5.00 2 c R 4 
JB1.202 029.0 8.08 JT 66 45 s.oo 2 c R 4 
JB1.202 030.0 8.30 JT 221 82 5.00 2 c R 4 
JB1.202 031.0 8.50 FZ 126 82 3.50 1 c R 1 
JB1.203 001.0 0.30 JT 245 84 3.34 1 FE c s 0 
JB1. 203 003.0 0.55 JT : n 69 1.00 0 FE c s 1 
JBl. 203 004.0 1.21 JT 240 84 1.82 0 FE c R 1 
JB1.203 005.0 1. 54 JT 64 78 2.86 1 FE p R 1 
JB1. 20:> 006.0 1. 73 JT 151 72 o. 52 0 FE p R 0 
JB1. 203 007.0 2.18 JT 153 85 0.57 0 c R 0 
JB1.203 008.0 2.50 JT 318 29 1. 43 0 u s 1 
JB1. 203 009.0 2.77 JT 322 18 0.83 0 u s 2 
JBl. 203 010.0 3.16 JT 146 86 4.04 2 c s 4 
JBl. 203 011.0 3.45 JT 151 68 0.71 0 p R 3 
JB1.203 012.0 3.20 JT 49 86 0.55 0 c R 2 
JBl. 203 013.0 3.69 JT 325 86 1.27 0 p R 1 
JB1.203 014.0 3.73 FZ 324 89 1.14 1 FE c R 0 
JB1.203 015.0 3.79 JT 237 70 1. 01 0 FE p s 1 
JBl. 203 016.0 3.80 JT 163 71 1. 35 1 FE c 5 0 
JB1.203 017.0 4.18 JT 144 81 1.02 1 FE p R 0 
JB1.203 018.0 4.49 JT 145 68 1. 33 1 FE c R 0 
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Site NNUM SF ACE TYPE DDR DI TRACE CEN MZ L5R SSR RKT TRM 
JB1.203 019.0 4. "19 JT 142 88 0. 72 0 FE p R 0 
JB1-203 020.0 4.92 JT 153 74 1. 05 0 FE r s c 
JB1.203 021.0 5.07 JT 158 75 1. 72 0 FE p s 0 
JB:..203 022.0 5.27 FZ 154 84 0.62 0 FE p R J 
JB1.203 023.0 5.73 JT 150 87 1. 22 0 FE p R l 
JB1.203 024.0 5.95 JT 137 85 o. 78 0 FE p R 0 
JB1.203 025.0 6.12 JT 305 89 4.44 2 FE p R 4 
JB1.203 026.0 6.51 JT 317 59 0.49 0 c R 0 
JB1.203 027.0 7.01 JT 141 59 4.64 2 p R 4 
JB1.203 028.0 7.28 JT 133 80 0.47 0 FE u R 0 
JB1.204 029.0 7.62 FZ 1.38 86 0.53 0 FE c s 0 
JB1.2C4 030.0 8.05 JT 108 60 0.69 0 FE p s 0 
JB1.204 031.0 8.05 JT 358 84 0.52 0 FE I R 0 
JB1.204 032.0 8.07 JT 112 64 0.81 0 FE p s 1 
JB1.204 033.0 8.64 JT 133 75 0.43 0 p s 0 
.:81.204 035.0 8.80 FZ 104 56 0.39 0 FE p s 0 
JBl. 2C4 036.0 9.70 FZ 115 55 0.40 0 FE p s 0 
JB1.204 037.0 8.89 JT 34 76 0.68 0 FE c R 0 
JB1.204 038.0 9.25 FZ 330 31 0.59 0 c R 0 
JB1.204 039.0 9.92 FZ 115 55 0.70 0 p s 0 
JB1.204 040.0 10.80 FZ 106 50 0.86 0 FE p s 0 
JB1.204 041.0 11.25 JT 58 80 4.00 2 FE p R 4 
JB1.204 042.0 1.1. 78 FZ 215 71 0.58 0 FE c R 0 
JB1.204 043.0 12.44 JT 321 85 1. 45 0 FE c s 2 
JB1.205 044.0 13.20 JT 144 85 2.07 0 FE p s 0 
JB1.205 045.0 13.47 JT 136 82 0.45 0 FE p s 0 
JB1.205 046.0 13.68 JT 285 65 2.04 1 FE u s 0 
JB1.206 047.0 0.97 JT 141 65 1.28 0 FE c R l 
JB1.206 048.0 0.50 FZ 315 20 4.90 0 u R 2 
JB1.206 049.0 0.95 FZ 314 47 0.63 0 c R 1 
JB1.206 050.0 1.13 JT 138 74 0.56 0 FE p s 0 
JB1.206 051.0 2.43 JT 145 74 0.57 0 FE p s 1 
JB1.206 052.0 2.57 JT 148 83 0. 50 0 FE s s 1 
JB1.206 053.0 3.20 FZ 54 65 13.00 1 FE p R l 
Ja1.207 054.0 3.90 FZ 140 74 1.14 0 FE c R 2 
JB1.207 055.0 3.68 FZ 1 89 0.70 0 FE c R 2 
JB1.207 056.0 4.13 JT 152 72 0.46 0 p s 2 
JB1.207 057.0 4.60 JT 138 62 0.82 0 FE I s 2 
JB1.207 058.0 4.70 JT 120 56 1. 36 0 FE I R 2 
JBl. 207 (.)59.0 5.50 JT 315 89 4.00 2 FE s R 4 
JB1.207 060.0 6.20 FZ 151 73 0.20 0 FE p s l 
JB1.207 061.0 8.65 JT 323 86 2.10 0 FE u s 2 
JB1.207 062.0 9.40 JT 131 59 0.60 0 FE p s 1 
JBl. 207 063.0 10.25 FZ 307 76 4.00 2 FE I s 4 
JB1.207 064.0 10.30 FZ 93 60 0.30 0 FE c s 1 
JB1.2()7 065.0 10.96 JT 135 56 1. 50 0 FE p s 0 
JB1.207 066.0 11.25 JT 144 63 0.90 0 FE s s 0 
JB1.207 067.0 11.70 JT 106 46 1. 67 0 FE c s 1 
JB1.207 0'58.0 12.15 JT 113 53 0.78 0 FE p s 2 
JB1.207 069.0 12.47 JT 117 58 0.69 0 FE 5 5 1 
JB1.207 070.0 12.65 JT 112 64 0.95 0 FE p 5 l 
JB1.207 071.0 12.73 JT 139 54 1.00 1 FE c s 0 
JB1.207 072.0 12.30 JT 222 60 4.00 2 FE p R 4 
JB1.207 073.0 14.15 FZ 143 81 6.00 2 FE u R 4 
JB1.207 074.0 14.45 FZ 141 60 5.00 0 FE s s 0 
JB1.207 075.0 15.85 FZ 146 84 4.00 2 FE u s 4t 
JB5.0NF 001.0 JT 44 70 2.40 
JB5.0NF 002.0 JT 282 89 0.70 
JB5.0NF 003.0 JT 106 81 0.94 
JB5.0NF 004.0 JT 309 90 0.65 
JB5.0NF 005.0 JT 110 77 0.98 
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Site fi!WK SPACE TYPE DDR DI TRACE CEN KZ LSR SSR RKT TRM 
JBS.ONF 006.0 JT 50 139 3.09 
JBS.ONF oo: .0 JT 295 90 0.72 
JBS.ONF 008.0 JT 332 81 0.68 
JBS.ONP" 009.0 JT 269 E9 0.38 
JBS.ONF 010.0 JT 111 77 0.3:2 
JBS.lOl 001.0 0.00 JT 135 75 3.18 1 u s 1 
JBS.101 002.0 ().44 JT 317 68 0.99 0 c s 2 
JB5.1~1 003.0 0.59 JT 316 61 0.6~ 0 LD p s 2 
JB5.101 004.0 o. 71 JT 319 76 o. 74 0 LD c s 2 
JB5.101 005.0 0.83 JT 139 75 0.30 0 CL c s ., 

" 
JBS.101 006.0 1. 61 JT 138 79 2.74 0 c s ~ 

JB5.101 007.0 1. 80 JT 272 81 3.11 0 c s 2 
JB5.101 008.0 2.(6 JT 298 68 2.84 2 c s 4 
JBS.101 009.0 2.83 JT 106 87 1.59 0 p s 2 
JBS.101 010.0 3.03 JT 326 80 2.76 1 c s 1 
JBS.101 011.0 2.81 JT 214 81 1. 91 2 s R 4 
JB5.101 012.0 3.24 JT 219 83 2.98 2 s R 4 
JB5.102 001.0 3.43 JT 117 88 2.74 2 CL c R 4 
JB5.102 002.0 3.98 JT 308 79 1.24 0 c R 2 
JBS.102 003.0 3.87 JT 294 78 2.93 2 s R 4 
JBS.102 004.0 4.47 JT 115 71 3.16 1 CL p s 0 
JB5.102 005.0 4.67 JT 304 64 1.45 l p s 0 
JB5.102 006.0 4.96 JT 296 90 1. 23 0 c s 2 
JBS.102 007.0 5.18 JT 286 89 2.94 2 s s 4 
JB5.102 008.0 5.45 JT 120 76 2.79 1 CL c s 1 
JB5.102 009.0 5.80 JT 231 77 3. 28 1 c R 0 
JB5.102 010 . 0 5.63 JT 291 89 2.11 2 s s 4 
JB5.102 011.0 6.16 JT 291 79 2.67 1 CL c s 1 
JB5.102 012.0 5. ·10 JT 86 84 1. 34 1 p s 1 
JB5.102 013.0 6.67 JT 118 74 3.34 2 CL p 5 4 
JBS.102 014.0 7.75 JT 137 85 1.77 1 CL p s 1 
JB5.102 015.0 7.64 JT 98 79 0.98 0 c s 2 
JB5.10.2 016.0 8. j 2 JT 277 66 1.02 0 c s 2 
JB5.102 017.0 8.33 JT 299 70 3.90 2 CL c s 4 
JB5.102 018.0 8. 18 JT 94 87 1. 54 0 c s 2 
JBS.102 019.0 9.00 JT 296 88 3.88 2 CL c s 4 
JBS.l03 001.0 9.41 JT 106 81 0.84 0 p 5 2 
JB5.103 002.0 9.63 JT 323 81 3.33 2 CL c s 4 
JBS.103 003.0 9.09 JT 53 73 2.20 2 c R 4 
JBS.103 004.0 9.85 JT 81 75 2.38 0 c s 2 
JB5.103 005.0 10.81 JT 119 86 1.38 1 c s 1 
JB5.103 006.0 11.06 JT 296 84 2. 82 2 p s 4 
JB5.103 007.0 11.19 JT 108 60 2.60 2 CL p s 4 
JB5.103 008.0 11.40 ,JT 116 83 1. 47 1 c s 1 
JB5.103 009.0 11.91 JT 110 89 3.06 2 CL c s 4 
JB5.103 010.0 12.13 JT 131 54 2.17 1 c s 1 
JBS.103 011.0 12.66 JT 292 81 0.87 0 5 R 2 
JBS.104 001.0 13.03 JT 281 89 2.87 1 CL c s 1 
JBS.104 002.0 13.64 JT 95 86 0.96 1 p R 0 
JBS.104 003.0 13.86 JT 174 85 2.06 1 c s 1 
JBS.104 004.0 14.91 JT 110 83 2.04 1 p s 1 
JB5.104 005.0 15.24 JT 95 77 3.29 2 c s 4 
JBS.104 006.0 15.91 JT 289 89 2.15 1 c s 1 
JBS.104 007.0 15.84 JT 126 81 3.43 1 c s 1 
JBS.104 008.0 16.03 JT 90 87 3.73 1 c s 1 
JB5.104 009.0 16.88 JT 260 88 3.42 2 c s 4 
JBS.104 010.0 17.75 JT 118 70 2. 74 1 c R 1 
JB5.104 011.0 17.73 ,JT 161 89 1.01 1 5 R 1 
JBS.104 012.0 18.17 JT 81 85 3.32 2 p s 4 
JBS.104 013.0 19.28 .JT /.82 89 3.50 2 p R 4 
JBS.104 014.0 20.08 .IT 114 74 3.46 2 c R 4 
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Site NNUM SPACE TYPE DOR DI TRACE CEN MZ LSR SSR RKT TRM 
JBS.lOS 001.0 70.60 JT 295 89 4.00 2 u R 4 
JB5.105 OJ2.0 20.i0 JT 295 85 l. 40 1 u R 1 
JB5.105 003.0 21.35 JT 171 81 0.60 0 c s 1 
JB5.105 004.0 22.15 JT 107 80 3.00 2 u R 4 
JBS.105 005.0 22.68 JT 132 86 0.136 c u R 1 
J85.105 OC6.0 22.70 JT 96 76 3 .00 2 u R 4 
JB'J.105 007.0 22.80 JT 220 74 J . SO 2 ll R 4 
~TSS.105 008.0 23 .1C JT ao 81 3.00 2 p R 4 
JB5.105 009.0 23.40 JT 150 79 l. 80 1 u R 1 
JB5.105 010.0 23.80 JT "74 74 :.1.00 1 c R 1 
JBS. ~.06 011.0 24.85 JT 1.1. 82 l. so 1 p R 1 
J85.106 012.0 25.60 JT 295 72 3.20 2 u R 4 
JB5.1C6 013.0 26.25 JT 323 R5 l. 45 1 c R 1 
JBS.106 014.0 26.40 JT 316 86 l. 50 2 c R •l 
JBS.106 015.0 26.50 JT 112 76 0.85 2 c R 4 
JB5.106 016.0 27.10 JT 304 80 l. 40 2 c rt 4 
JB5.106 017.0 27.10 FZ 263 65 3.40 2 c R 4 
JBS.10o u18.0 ~7 .10 JT 235 76 4.00 2 u R 4 
JB5.1'J6 019.0 27.25 JT 116 84 4.00 2 u R 4 
JB5.106 020.0 27.85 JT 113 87 2. 80 2 u R 4 
JB5.106 021.0 28.35 JT 116 80 2.10 1 lJ R 0 
JB5.1C6 022.0 29.05 FZ 110 85 3.10 1 u R 1 
JB5.106 023 . .) 29.20 FZ 100 72 3.00 1 u R 1 
JB5.106 024.0 30.52 FZ 117 8') 3.20 2 u R 4 
J£15.106 025.0 30.60 JT 120 84 l. 25 0 c R 2 
JB5.106 026.0 30.80 JT 313 -;r 1.00 0 c R 1 
JBS.107 027.0 31.22 JT 121 76 3.30 1 p R 1 
JB5.107 028.0 32.00 J'J: 320 89 l. 90 0 p R 1 
J35-107 029.0 32.24 J1' 120 78 0.65 0 p R 1 
.JB5. 107 030.0 32.30 JT 97 76 0 . 80 0 p R 0 
JB5.10'i 031.0 33.40 FZ 112 70 1. 50 1 c R 0 
JB5.107 032.0 33.40 FZ 122 74 2.50 1 p R 1 
J85.107 033.0 33.40 FZ 325 82 3.00 2 u k 4 
JB5.107 034.0 33.70 JT 88 88 1.15 0 u R 1 
JB5.107 035.0 33.80 JT 275 86 1.00 0 u R 1 
JB5.107 036.0 34.50 JT 277 88 2.80 2 c R 4 
JB5.107 037.0 35.20 JT 120 73 1.00 0 p s 0 
JB5.107 038.0 35.65 JT 320 78 3.00 1 c s 1 
JBS.107 039.0 36.40 JT 352 80 1. 40 0 c R 1 
JBS.107 040.0 36.50 JT 324 80 2.80 1 c R 0 
JBS.107 041.0 36.80 JT 146 81) 2.10 0 c R 1 
JBS.107 042.0 37.35 JT 325 o~ 

~.J 0.90 0 I R J 
JB5.107 043.0 37.80 JT 110 88 0.70 0 p f' 0 
JB5.107 044.0 36.50 ..J. 225 82 1.10 1 p R 0 
JBS.107 045.0 37.9~ JT 105 81 1.80 0 p R 0 
JB5.107 046.0 38.30 JT 100 so 0.80 0 p s 0 
JBS.107 047.0 38.50 JT 255 60 1. 20 0 p R 1 
JB5.107 048.0 38.65 JT 120 67 0. 85 0 s R 1 
J85.107 049.0 39.10 JT 123 80 2 . 20 0 s s 0 
JB5.107 050.0 39.30 JT 120 74 1.00 0 p s 0 
JBS.lO"/ 051.0 :>9 . 50 JT 14 80 0.70 0 p s 2 
JBS.l07 052.0 39 . 'IS JT 2 88 0.40 0 p s 2 
JB5.107 053.0 39.70 JT 123 68 0.95 0 c R 2 
JB5.107 L'S4.0 39.85 JT 94 84 2.20 0 p R 1 
JBS.107 OSS.lJ 40.00 JT 120 70 0.65 0 p R 1 
JB5.107 056.0 40.13 JT 119 71 1. 20 0 p R 1 
JB5.108 057.0 40.40 JT 119 72 1. 70 1 p R 1 
JBS.lOS 058.0 40.70 JT 120 70 1. 65 1 p R 0 
JB5.108 059.0 40.85 JT 117 78 2.10 1 u R 1 
JB5.108 060.0 41.22 JT 1:20 75 1. 30 1 p R 0 
JB5 . 108 061.0 41.30 JT 116 76 1. so 1 p s 0 
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JB~.l08 062.0 41.60 JT 121 8~ 2.72 2 c s 4 
JB5.108 063.0 42. 13 JT 127 76 3.14 2 c s 4 
JBS.l08 064.0 42.66 ,TT 119 74 1.04 l p s 0 
JB5.108 065.0 42.70 JT 116 77 0 . 54 0 p s 1 
J85.10d 066.0 42.84 JT 116 80 1. 55 1 p s 1 
J85.108 067.0 44.22 JT 197 64 0.88 1 c R 1 
J85.108 068.0 45.80 JT 232 8& 1.50 1 u R 0 
JB5.108 069.0 44.35 JT 294 89 2.16 1 I R 1 
JB5.108 070.0 44.20 FZ 265 71 4.87 2 c R 4 
JB5. 108 071.0 45.06 JT 114 70 2.30 0 p s 1 
JB5.l08 072.0 45.34 JT 114 72 1.60 0 s s 0 
JB5.108 073.0 45.70 .TT 112 72 1.50 1 p s 0 
JB5 .108 074.0 46.30 JT 109 69 2.64 1 c s 0 
JB5.108 075.0 46.60 JT 146 89 1.72 0 c s 2 
JB5.l08 076.0 47.40 JT 110 78 1. so 0 c s 0 
JB5.108 077.0 47.68 JT 112 73 1.30 0 s s 0 
JB5.108 078.0 47.90 FZ 121 75 3.20 2 p R 4 
JB5.109 001.0 7.84 JT 106 74 1.80 1 c s 1 
JBS.l09 002.0 8.02 JT 108 87 1.27 0 p s 1 
JBS.109 OO.l.O 8.15 JT 113 86 0.97 c p s 2 
JBS.109 004.0 8.43 JT 118 70 0.75 0 p s 2 
JBS. 109 005.0 8.59 JT 119 71 0.61 0 c s 2 
JBS. 109 006.0 8.80 JT 113 72 3.10 1 p s 1 
JB5.109 007.0 9.04 JT 119 80 0.61 0 p s 2 
JB5.109 008.0 9.!8 JT 93 75 0.85 0 p R 2 
JB5.109 009.0 9.70 JT 301 84 0.37 0 p s 2 
JB5.109 010.0 9.97 JT 131 86 0.69 0 p R 2 
JBS .109 011.0 10.28 JT 116 75 2.77 1 c s 1 
JB5.109 012.0 10.47 JT llS 72 1. 59 1 p s 0 
JB5.109 013 . 0 10.6£ JT 107 88 1.80 0 s s 2 
JBS.109 014.0 10.84 JT 115 78 0.73 0 p s 2 
JB5.109 015.0 11.14 JT 113 80 1.20 0 c s 1 
JB5.109 016 . 0 11.32 JT 113 79 2.05 1 s s 1 
JBS.109 017.0 11.82 JT 103 76 1.45 0 c s 0 
JB5.109 018.0 13.6C JT 241 76 1.67 2 u R 4 
JB5.109 019.0 12.32 JT 154 82 2.50 0 I R 2 
JBS.109 020.0 13.04 FZ 148 87 3.85 2 I R 4 
JBS.109 021.0 12.50 JT 144 86 0.83 0 p s 2 
JBS.109 022.0 12.60 JT 170 70 2.15 1 s R 1 
JBS.109 023.0 13 -10 JT 109 79 3.45 2 p s 4 
JB5.109 024.0 13.15 JT 114 /9 3.50 1 p R 1 
JBS.109 025.0 13.61 FZ 109 79 3.20 ~ p R 4 
JB5. 109 026.0 13.74 JT 108 81 1.70 1 c s 1 
JB5.109 027.0 14.83 JT 109 e5 1.33 1 s p 1 
JB5.109 027.0 14.15 JT 110 87 1.08 1 s s 0 
JB5.109 028.0 14.48 FZ 299 89 3.05 2 u R 4 
JB5.109 030.0 15.40 FZ 296 75 3.12 2 c R 4 
JBS.109 031.0 15.62 JT 113 85 1. 70 1 p s 0 
JB5.109 032.0 15.85 JT 117 72 3 . 34 2 p s 4 
JB5.109 033.0 19.22 JT 110 76 1.45 1 p s 0 
JB5.109 034.0 17.10 JT 114 75 ~.65 1 p s 0 
JBS.109 035.0 17.65 JT 328 89 .·z. so 1 p s 0 
JBS.109 036.0 17.73 JT 113 76 2.87 2 p s 4 
JB6.901 001.0 0.00 JT 276 81 2.60 2 G p s 4 
JB6. 901 002.0 o. 76 JT 278 89 2.20 2 G c s 4 
JB6. 901 003.0 2.13 JT 107 80 2.00 1 G p s 0 
JB6.901 004.0 2.13 JT 74 78 1.50 0 G c s 2 
JB6.901 005.0 2.31 JT 358 60 3.60 1 G c s 1 
JB6.901 006.0 3.16 JT 277 89 2 . 00 1 c p R 1 
JB6.901 007.0 4.13 JT 285 86 2.50 1 c p R 1 
JB6.901 008.0 4.29 JT 60 70 2.50 1 c s 1 
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JB6.90l 009.0 4 . 71 JT 192 85 4.90 2 c c s 4 
JB6. 901 010.0 5.17 JT 100 77 2 . 34 i. G c s 1 
JB6. 901 011.0 5.81 JT lOS 85 2 . 84 2 G p s 4 
JB6.901 012.0 6.96 JT 101 86 1. 50 1 p s 0 
JB6. 901 013.0 7.08 JT 100 85 1. 84 1 G 0 
JB6 . 901 014.0 7.33 JT 185 86 0. 48 0 G p s 2 
JB6. 901 015.0 7.60 JT 99 87 1. 70 2 G p s 4 
JB6. 901 016.0 8.36 JT 8 80 2. 32 0 G c s 2 
JB6.90l 017.0 9.12 JT 120 80 0 . 93 0 G p s 2 
JB6. 901 018.0 9.27 JT 9 78 2 . 20 0 G p s 2 
JB6.901 019.0 9.52 JT 16 85 0.88 0 c s 2 
JB6. 901 020.0 10.43 JT 62 78 1. 56 0 G p s 2 
JB6. 901 021.0 10.37 JT 341 80 0 . 44 0 G p s 2 
JB6.90l 022 . 0 10 . 49 JT 328 80 0. 70 0 p s 2 
JB6.901 023.0 10.67 JT 351 70 2 . 06 0 G c s 2 
JB6.901 024.0 11.07 JT 65 75 1. 43 1 G p s 1 
JB6. 901 025.0 11.73 JT 336 80 1. 56 0 G c s 2 
JB6. 901 026.0 12.16 JT 276 86 1. 46 0 G c s 2 
JB6.901 027 . 0 12.49 JT 55 74 2.01 0 G c s 2 
JB6.90l 028.0 12 . 62 JT 120 80 1. 20 0 p s 2 
JB6.901 029.0 12.80 JT 122 88 1. 26 0 p s 2 
JB6.90l 030.0 13.53 JT 291 8J 1.74 0 G p s 2 
JB6 . 901 031.0 13.92 JT 10~ S7 1. 88 0 G p s 2 
JB6.90l 032.0 14.14 JT 5 80 1. 50 1 G c R 1 
JB6. 9(11 033.0 14.14 JT ::.11 88 0. 77 0 p s 2 
JB6. 90~. 0j4.0 14 . 56 JT ~89 84 2.42 1 G p s 1 
JB6 . 901 035 . 0 14.59 JT 176 85 0 . 93 0 G c s 2 
JB6. 901 036.0 14.84 JT 284 85 2.47 2 G p s 4 
JB6.901 037.0 15 . 50 JT 358 75 4.34 0 G c s 2 
JB6. 901 038.0 15.96 JT 291 76 1. 41 0 c s 2 
JB6.90l 039.0 15 . 96 JT 347 80 1. 24 0 p s 2 
JB6.90l 040.0 16.39 JT 64 79 3.52 0 G c s 2 
JB6. 901 041.0 16.78 JT 107 81 0 . 78 0 p s 2 
JB6.901 042.0 16.99 JT 160 76 2. 84 2 G c s 4 
JB6. 901 043.0 17.88 JT 286 86 1. 38 0 p s 2 
JB6.90l 044.0 18 . 82 JT 109 80 6. 72 2 G p R 4 
JB6.90l 045.0 20.22 JT 2 70 !).58 0 c s 2 
JB6.902 001.0 0.20 JT 270 84 1. 80 2 I R 4 
JB6. 902 002.0 0.30 JT 10 46 1. 21 0 I R 1 
JB6. 902 003.0 1.71 VN 102 86 1. 44 0 c c s 1 
JB6.902 004.0 1. 70 VN 347 78 2.00 1 c c R 1 
JB6. 902 005 . 0 1. 95 VN 287 88 3.01 2 c p s 4 
JB6.902 006.0 2.00 JT 351 65 5.48 1 c s 1 
JB6. 902 007.0 2.40 JT 22 74 1. 54 ') uc R 1 
JB6.902 008.0 3.62 JT 353 51 5 . 19 1 c c s 0 
JB6. 902 009.0 3.84 JT 1 53 o. 71 0 c c s 0 
JB6.902 010.0 4.11 JT 3 46 59 o. 69 0 c I s 1 
JB6.902 011.0 4.12 JT 2 7 1 7 6 1. 14 0 c I R 1 
JB6.902 012.0 4.40 JT 272 86 1. 24 0 c p R 2 
JB6 . 902 013.0 4.59 JT 10 so 0 . 61 0 UI s 0 
JB6 . 902 014 . 0 4.85 JT 351 56 6.05 2 UP P. 4 
JB6.902 015.0 5.40 JT 345 80 1.44 1 UI R 1 
J56 . 902 016 . 0 5.51 JT 1 07 85 3.19 0 c p s 1 
JB6.902 017.0 6.10 JT 107 85 4 . 12 1 c p s 1 
JB6.902 018.0 6.25 JT 108 85 1.84 0 c p R 1 
JB6 . 902 019.0 6.42 JT 354 60 7.68 1 UP R 0 
JB6. 902 020.0 7 . 17 J T 353 45 1.85 0 c p R 0 
JB6.902 021.0 8.19 VN 293 P6 4.02 1 c p s 1 
JB6.902 022 . 0 8.40 JT 354 60 a. 22 2 UP R 4 
JB6.902 023 . 0 8.82 VN 1 10 89 1. 72 0 c p s 2 
JB6. 902 024.0 9. 21 JT 106 80 5 . 91 1 c p s 0 
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Site UNUM SPACE TYPE OCR DI TRACE CEN MZ LSR SSR RKT TRM 
JB6.902 025.0 9.43 JT 106 85 5.66 1 c p s 0 
JB6.902 026.0 9.52 JT 94 89 2.55 0 c p s 0 
JB6.902 027.0 9.60 JT 357 46 2.92 0 UP R 1 
JB6.902 028.0 9.85 J': 2 48 0.56 0 UP s 1 
JB6.902 029.0 10.30 JT 354 49 1 . . J8 0 UP s 0 
JE6.902 030.0 10.35 VN 111 86 2.43 0 c p s 0 
JB6.902 031.0 10.70 VN 290 86 1.95 0 c p s 0 
JB6.902 032.0 10.86 JT 351 56 6.18 0 UP R 

.., 
" 

JB6.902 033.0 11.22 JT 344 52 2.51 0 UP R 2 
JB6.902 034.0 11.38 JT 357 69 1. 37 0 UP R 1 
JB6.902 035.0 11.48 JT 358 74 1.88 0 UP R 1 
JB6.902 036.0 11.67 JT 106 89 8.00 1 c p s 0 
JB6.902 037.0 11.82 JT 111 86 2.57 0 c p s 1 
JB6.902 018.0 12. 11 JT 342 69 6.54 0 UI R 0 
JB6.902 039.0 12.38 JT 103 86 3.53 1 c p s 1 
JB6.S02 040.0 12.55 JT 103 86 5.08 0 c p s :> 
JB6.902 041.0 12.73 VN 103 tl6 1. 27 0 c p s 0 
JB6.902 042.0 12.92 JT 9 66 3.54 0 UI R 2 
JB6.902 043.0 13.97 JT 107 89 3.52 0 c p s 0 
JB6.902 044.0 13.20 JT 107 89 2.04 0 c p s 0 
JB6.902 045.0 13.22 JT 1 61 1. 25 0 UI R 1 
JB6.902 046.0 13.43 JT 101 89 1. 28 0 c p s 0 
JB6.902 047.0 13.60 JT 104 88 1. 31 0 c p s 1 

LOMPOC LANDING Fracture data 
Site Nnum Space Type Ddr DI Trace Cen Mz LBR SaR Rkt Trm 
LLl. 01 001.0 1. 85 FZ 229 86 3.40 2 T p R 0 
LLl. 01 002.0 2. 15 FZ 214 89 3.40 2 T p R 0 
LLl. 01 003.0 2. 95 JT 236 87 1.07 0 T p s 0 
LLL 01 004.0 3.88 JT 243 89 1. 36 0 T c R 0 
LLl. 01 005.0 4.00 BZ 246 88 8.30 1 T c R 1 
LLl.Ol 006.0 5.40 BZ 252 88 7.20 0 T c R 1 
LLl. 01 007.0 6.38 BZ 260 89 6.80 0 T s R 1 
LLl. 01 008.0 7.05 BZ 250 88 22.50 0 T s R 1 
LL1.01 009.0 8.20 BZ 260 89 8.20 0 T s R 0 
LLl. 01 010.0 8.35 JT 113 80 2.35 0 T p R CH 1 
LL1.01 011.0 8.60 JT 135 80 1. 33 0 T c R 2 
LL1.01 012.0 8.90 JT 124 84 1. 29 1 T c R 1 
LLl. 01 013.0 9.11 JT 124 81 3.60 1 T c R 1 
LLl. 01 014.0 9.33 JT 110 80 3.50 1 T c R 1 
LLl. 01 015.0 9.60 JT 114 81 3.20 0 T c R 2 
LLl. 01 016.0 9.95 JT 109 80 2.90 0 T c R 2 
LLl. 01 017.0 10.18 JT 85 85 4.40 1 T c R 1 
LLl. 01 018.0 10.18 JT 123 84 3.55 0 T p R 0 
LLl. 01 019.0 11.24 JT 115 82 2.70 0 T c R CH 0 
LLl. 01 020.0 11.48 JT 122 81 J.. 30 0 T c R CH 1 
LLl. 01 021.0 11.78 JT 130 81 1. 65 0 T c R CH 0 
LLl. 01 022.0 12.40 JT 116 82 1.28 0 T p R 0 
LLl. 01 023.0 12.80 JT 118 80 1. so 0 T c R 0 
LL1.01 024.0 12.95 JT 110 81 1. 45 0 T c R 1 
LL1.01 025.0 13.20 JT 120 82 2.55 0 T c R 0 
LLl. 01 026.0 13.83 JT 115 80 2.30 0 T c R 0 
LLl. 01 027.0 14.18 JT .;.04 80 1. 85 0 T c R 0 
LLl. 01 028.0 14.60 JT 113 81 2.30 0 T c R 0 
LL1.01 029.0 14.95 BZ 48 89 24.00 1 T c R 1 
LLl. 01 030.0 15.38 BZ 109 82 11.00 1 T c R 1 
LLl. 02 001.0 21.10 FZ 277 89 7.75 0 T p R 0 
LLl. 02 002.0 25.53 BZ 103 88 9.50 1 T c R 1 
LLl. 02 003.0 26.90 JT 104 99 3.10 .) T c !l 2 
LL1.03 001.0 l. 20 JT 21 75 l.CO 0 T s s 2 
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Site Nnum Space Type Ddr DI Trace Cen Hz LsR SsR Rkt Trm 
LLl. 03 002.0 1. 70 BZ 95 94 1. 70 0 T p R 1 
LLl. 03 003.0 2 . 00 JT 78 75 4.50 0 T s s 3 
LLl. 03 004.0 2.20 BZ 78 ec 48.50 1 T p R 1 
LLl. 03 005.0 2.27 JT 112 88 1. 20 0 .. c s p 3 
LLl. 03 006.0 3 . 30 JT 67 80 0.70 0 T p s p 1 
LLl. 03 007.0 3.35 JT 60 75 0. 72 0 T s s p 2 
LLl. 03 008.0 3.80 JT 292 8:J 0.62 0 T p s p 3 
LLl. 03 009 . 0 4.35 JT 116 75 1.40 0 T u s p 2 
LLl. 03 010.0 4.85 BZ 330 85 1.90 0 T u R p 3 
LI.l. 03 011.0 5.95 JT 300 67 1.00 0 T p s H J 
LL1. 03 012.0 8.06 JT 284 80 0.90 0 T u s 1 
LL1. 03 013.0 8.47 JT 54 85 1. 83 0 T s s 2 
LL1. 03 014.0 8.72 JT 234 70 1. 76 2 T 5 s 0 
LLl. 03 015.0 9.63 JT 43 88 24 . 00 0 T s s 0 
LL1.03 016.0 10.10 JT 48 80 4.71 0 T s s 3 
LL1. 03 017.0 10.14 JT 53 85 4 . 14 0 T u s 3 
LLl. 03 018.0 10 . 96 JT 239 83 1. 57 0 T s s 3 
LL1. 03 019.0 11.30 JT 53 80 2.50 0 T s s 3 
LL1 . 03 020.0 11.45 JT 53 80 3.16 0 T s s 3 
LLl. 03 021.0 1 2.74 JT 78 85 2.15 0 T u s 3 
:::.Ll. 03 022.0 13.30 BZ 24 1 85 5 . 35 1 T s s 1 
LLl. 03 023.0 14.10 BZ 330 85 3 . 00 2 T u R 0 
LLl. 03 024.0 14.94 JT 301 00 0.50 0 T p s 3 
LLl. 04 001.0 0.09 JT 68 75 0.19 1 T s s p 1 
LL1.04 002 . 0 0.10 JT 316 90 0.12 1 T p s 1 
LLl. 04 003.0 0.40 BZ 78 80 48.50 1 T p R 0 
LL1.04 004 . 0 1.65 JT 314 65 0.37 0 T p s 1 
LLl. 04 005.0 1.93 JT 132 85 0 . 63 1 T u s 1 
LL1.04 006 . 0 2.00 JT 265 85 0.60 0 T s s 2 
LLl. 04 007.0 2.65 BZ 315 85 24.00 1 T p R 0 
LL1. 04 008.0 5.60 FZ 136 65 4.00 0 T u s 1 
LL1.04 009.0 5.70 JT 258 80 0. 78 1 T s s 1 
LL1.04 010.0 10.67 FZ 78 85 1. 67 0 T s s 0 
LLl. 04 011.0 11.75 FZ 70 85 19.00 0 T u s 0 
LL1. 04 012 . 0 12.45 FZ 243 ro 12 . 20 0 T u s 0 
LL1. 04 013 . 0 13.67 JT 76 78 24 . 00 0 T s s p 0 
LL1.04 014.0 15.20 JT 65 75 1.21 0 T c s 1 
LL1.04 015.0 15.25 JT 74 90 0 . 81 0 T c s 0 
LL1.04 016 . 0 15.40 JT 214 65 0 . 67 0 T c s 1 
LLl. 04 017 . 0 15.96 JT 63 80 0 . 95 0 T p s 1 
LLl. 04 018.0 17.00 JT 263 85 2.12 0 T s s p 1 
LLl. 04 019 . 0 16.10 JT 146 86 0 . 48 0 T p s 2 
LL1. 04 020.0 17.20 JT 58 90 6 . 34 l T s s 0 
LL1.04 021.0 17.90 J 1' 63 80 2 . 67 1 T s s p 0 
LL1. 04 022.0 17.60 J1' 106 90 0. 70 0 T p s 0 
LLl. 04 023.0 20.40 JT 117 90 0 . 82 1 T p s 0 

LIONS HEAD Fracture data 
Site Nnum Space Type Ddr DI Trace Ce n Hz LsR SsR RkT Trm 
LHl. 01 1.0 0.35 JT 104 76 o.s 1 PS s CH 0 
LHl. 01 2.0 0.73 J 'f 281 90 0 . 9 2 PS s 0 
LHl. 01 3 . 0 1.05 JT 2 77 90 0.50 2 PS s 0 
LH1.01 4.0 1.22 JT 104 86 1.00 2 PS s 0 
LHl. 01 5.0 1. 63 J 'J.' 101 87 3 . 17 2 PS s 0 
LHl. 01 6.0 2.03 JT 116 74 1. 20 2 PS s 0 
LHl. 01 7.0 BD 195 80 4 . 00 2 p s 0 
LHl. 01 8 . 0 2 . 48 J T 102 8 1 1. 70 2 PS s 0 
LHl. 01 9.0 2. 7 0 JT 112 82 0.80 2 PS s 0 
LHl. 01 10 . 0 2.90 J'I' 99 85 1. 60 2 PS s 0 
LHl. 01 11.0 3.08 J ':' 119 81 1. 30 2 PS s 0 
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Site Nnum Space Type Ddr DI Trace Cen Hz LsR SsR Rkt Trm 
LH1.01 12.0 3.34 JT 103 80 1. 20 2 PS s 0 
LH1. 01 13.0 3.45 JT 117 86 1.10 2 PS s c 
LHl. 01 14.0 3.60 JT 118 79 0.60 2 PS s 0 
LHl.Ol 15.0 3.78 JT 120 86 0.75 2 PS s 0 
LH1.01 16.0 4 . 06 JT 115 86 0.60 2 PS s 0 
LH1.01 17 . 0 4.25 JT 110 as 0.75 2 PS s 0 
LH1.01 18.0 4.60 JT 109 84 0.50 2 PS s 0 
LH1.01 19.0 5.0G JT 111 75 0. 50 2 PS s 0 
LH1.01 20.0 5 . 55 .:JT 121 81 1. 40 1 PS s 0 
LH1.01 21.0 5.90 JT 119 74 1.00 2 PS s 0 
LH1.01 22.0 6.28 JT 118 72 0.50 2 PS s 0 
LHl. 01 23.0 6 . 51 JT 120 82 1. 40 2 PS s 0 
LHl. 01 24.0 6.63 JT 131 e6 1. 30 2 PS s 0 
LHl. 01 25.0 6.69 JT 118 80 2.00 2 PS s 0 
LH1.01 26.0 7.18 JT 299 86 1.40 2 PS s 0 
LH1.01 27.0 7.54 JT 293 87 1.00 2 PS s 0 
LH1.01 28.0 7.51 JT 92 77 0.90 2 PS s 0 
LH1.01 29.0 7.98 JT 104 82 1. 55 1 PS s 0 
LH1.01 30.0 8 . 35 JT 111 82 2 . 20 1 PS s 0 
LH1.01 31.0 8.70 JT 112 81 1. 60 1 PS s 1 
LH1.01 32 . 0 9.22 JT 274 90 3.50 2 PS s 0 
LHl. 01 33.0 9.22 JT 126 89 1. 70 0 PS s 0 
LHl. 01 34.0 9.49 JT 110 85 1.89 0 PS s 0 
LH1.01 35.0 9.88 JT 118 80 1. 65 0 PS s 0 
LH1.01 36.0 10.10 JT 126 80 2.20 2 PS s 0 
LH1.01 37.0 10.44 JT 117 79 2.20 2 PS s 0 
LH1.01 38.0 10.63 JT 107 80 1. 40 2 PS s 0 
LHl. 01 39.0 10.80 JT 103 77 2.60 2 PS s 0 
LH1. 01 40.0 11.17 JT 104 73 2.10 2 PS s 0 
LHl. 01 41.0 11.48 JT 286 89 1.24 2 PS s u 
LH1.01 42.0 11.59 JT 118 85 1.00 1 PS s 0 
LH1.01 43.0 11.80 JT 110 85 0.83 1 PS s 0 
LHl. 01 44.0 12.20 JT 105 65 2.30 2 PS s 0 
LH1.01 45.0 12.70 JT 120 88 1.90 1 PS s 0 
LH1.01 46.0 13.08 JT 126 83 1.86 2 PS s 0 
LHl. 01 47.0 13.28 JT 120 88 1. 07 1 PS s 0 
LHl. 01 48 . 0 13.65 JT 300 79 1.26 ). PS s 0 
LHi.01 49.0 13.95 JT 312 86 1. 31 2 PS s 0 
LH1.01 50.0 14.15 JT 105 56 1. 30 2 PS s 0 
i.H1.01 51.0 14.50 JT 109 80 1. 50 2 PS s 0 
LH1.01 52 . 0 15.71 JT 112 66 1.00 2 PS s 0 
LH1.01 53.0 15.90 JT 116 72 1.10 1 PS s 0 
LHL 01 54.0 16.10 JT 103 78 o. 79 1 PS s 0 
LHl.Ol 55.0 16.50 JT 104 89 0.90 1 PS s 0 
LH1.01 56 . 0 16.90 JT 106 69 0.90 1 PS s 0 
LH1. 01 57.0 18.10 JT 101 80 2.40 2 PS s 0 
LHl. 01 58.0 18.50 JT 107 86 1. 30 1 PS s 0 
LH1.01 59 . 0 18.78 JT 101 87 2.30 2 PS s 0 
LHl. 01 60.0 18.98 JT 99 70 2 . 40 2 PS s 0 
LH1. 01 61.0 19 . 27 JT 100 7 2 1. 70 1 PS s 0 
LH1.01 62 . 0 19.15 JT 93 85 1. 20 1 PS s CH 0 
LHl. 01 63.0 19.73 JT 99 71 2.10 2 PS s 0 
LH1.01 64 . 0 20.40 JT 103 80 1. 70 2 PS s 0 
LHl. 01 65.0 20.88 JT 303 82 1.80 2 PS s 0 
LH1.01 66 . 0 21.35 JT 112 78 1. 30 2 PS s 0 
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Large Scale Features 
SITE NNUH SPACE TYPE DDIR DI P TRC CEN MNLz 
GP8Z 1. 01 0 . 0 8Z 130 88 8 0 TAR 
GP8Z 1.02 3 . 6 8Z 119 84 5 1 TAR 
GPBZ 1. 03 10.4 BZ 130 81 8 0 TAR 
GPBZ 1.04 15 . 5 8Z 307 89 25 0 TAR 
GPBZ 1.05 19.5 BZ 138 85 8 0 TAR 
ropez 1.06 35.1 BZ 123 78 3 0 TAR 
'-' ?BZ 1.07 37.7 8Z 309 89 17 0 TAR 
GP8Z 1.08 40.4 8Z 130 80 5 0 TAR 
GP8Z 1.09 41.1 BZ 121 80 9 0 :·'-R 
GPBZ 1.10 44.0 BZ 130 80 14 2 TII.R 
GPBZ 1.11 77.0 BZ 134 89 14 2 TAR 
GPBZ 2.01 5 . 1 BZ 135 86 9 1 TAR 
GPBZ 2.02 12.2 BZ 125 89 12 1 TII.R 
GPBZ 2.03 22.0 BZ 134 89 5 1 TAR 
GP8Z 4.01 87.0 F 8 0 TAR 
GP8Z 5.01 o.o BZ 134 86 12 1 TAR 
GPBZ 5.02 9 . 8 BZ 138 80 8 1 TAR 
GPBZ 5 . 03 16.0 8Z 138 80 5 0 TAR 
GPBZ 5 . 05 90.0 BZ 139 87 5 1 TAR 
NV497 101.018 0.0 80 38 7 
NV497 101.058 18.4 BD 47 8 
NV497 103.018 11.9 80 21 9 
NV497 104.02A AT 330 71 
NV497 104.068 35.0 80 353 30 
NV497 105 . 028 10.7 80 6 33 
NV497 105 . 068 BD 2 27 
NV497 106.02A AT 168 80 
NV497 101.002 9.0 HL 68 11 
NV497 101.003 HL 332 66 
NV497 101.004 HL 339 5 
NV497 101.006 18.4 F 284 71 3 2 
NV497 102.001 46 . 0 F 296 81 31 TAR 
NV497 102.002 F 74 45 5 
NV497 103.002 15.3 F 74 67 4 1 
NV497 103.003 17.0 F 70 53 8 2 
NV497 103.004 18 . 2 HL 356 8 
NV497 104.001 19 . 0 HL 64 5 
NV497 104 . 003 21.3 F 74 59 2 
NV497 104.004 25 . 3 F 70 80 8 2 TAR 
NV497 104.005 29 . 7 F 290 85 11 TAR 
NV497 105.001 10 . 7 F 75 85 15 1 TAR 
NV497 105.003 12 . 6 F 332 84 8 1 TAR 
NV497 105.004 17 . 8 F 71 64 16 0 TAR 
NV497 105.005 24 . 8 F 129 62 9 2 
NV497 106.001 12 . 8 HL 272 4 
NV497 106.003 F 263 76 34 
NV497 106.004 F 250 70 10 2 
NV497 106.005 F 238 56 13 2 
NV497 106.006 .. 243 85 11 2 
NV497 106.007 F 252 44 4 2 
NV497 106.008 F 220 60 
NV501 133.018 1.0 BD 1 54 25 
NV501 133.028 2.0 EiD 73 15 
NV501 133.038 3.0 80 73 16 
NV501 133.048 4 . 0 BD 27 49 
NV501 134.001 0.8 8Z 1 32 75 100 2 TAR 
NV501 134.002 21.0 8 Z 316 66 100 2 TAR 
NV501 134 . 003 2 3 .2 BZ 284 85 5 0 TAR 
NV501 134.004 25.7 BZ 314 7 5 100 2 TAR 
NV501 134.005 32.5 BZ 116 72 100 2 TAR 
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SITE tHWM SPACE TYPE DDIR DIP TRC CEN MNLZ 
NVS01 134.006 44.0 8Z 140 88 10 2 TAR 
NVS01 134.007 4&.2 8Z 335 56 80 2 TAR 
NVS01 134.008 48.2 8Z 328 52 80 2 TAR 
NV501 134.009 52.4 8Z 325 89 90 2 TA. ·. 
NV501 134.010 58.0 8Z 313 52 13 2 TAR 
NV501 134.011 &0.0 8Z 134 84 13 2 TAR 
NV501 134.012 63.4 8Z 310 75 20 2 TAR 
NVS01 134.013 71.7 8Z 293 76 40 2 TAR 
NV501 134.014 120.0 HL 109 7 
NV501 134.015 1&9 . 9 8Z 310 53 70 2 
NV501 134.018 3.5 80 32 16 
NV501 134.028 42.7 80 16 27 
NV501 134.038 90.0 80 106 9 
NV501 134.048 135.9 80 39 11 
NV501 134.058 167.0 80 32 27 
NV501 134.068 206.0 80 41 10 
NV501 135.018 27.0 80 70 14 
NV501 135.028 43.6 80 56 21 
NV501 136.001 14.0 8Z 128 75 45 2 
NV501 136.002 26.0 HL 90 18 
NV501 136.018 2&.0 BO !~2 14 
NV501 137.001 8.0 HL 100 15 
NV501 137.002 50.6 BZ 305 42 100 2 CARS 
NV50l 137.018 50 . 0 BO 122 19 
NV501 138.001 2.2 BZ 98 80 100 2 CAR8 
NV501 139.001 87.2 8Z 107 74 70 2 CAR8 
NV501 139.002 90.0 HL 60 30 
NV501 139.004 122.5 8Z 84 65 35 2 
NV501 139.018 59.0 BO 154 20 
NV501 139.028 70.0 80 139 14 
NV501 139.03A 90.0 AT 60 90 
NV501 139.038 104 . 5 BO 327 20 
NV SOl 140.001 14.0 F 72 46 8 2 
NV501 140.002 41.0 F 110 74 7 2 CLAY 
NV501 140.003 45.5 BZ 82 54 7 2 
NV501 140.004 48.0 F 88 85 5 2 CLAY 
NV501 140.005 64.7 BZ 91 80 6 2 CLAY 
NV501 140.006 71.5 F 316 53 
NV501 140.007 81.0 F 252 36 
NV501 140.008 87 .o HL 78 6 
NV501 140.009 97.0 F 306 41 
NV501 140.010 105.2 HL 40 18 
NV501 140.011 140.0 HL 210 24 
NV501 140.012 159.0 F 135 89 CLAY 
NV501 140.013 161.0 F 314 63 CLAY 
NV501 140.018 46.5 80 348 10 
NV501 140.028 65.0 80 172 5 
NV501 140.038 81.0 80 155 22 
NV501 140.048 115.(1 BD 294 10 
NV501 144.018 110.0 BO 14 9 
NV501 145.018 138.0 BD 28 19 
SV474 401.001 24.0 F 206 88 4 2 CLY 
SV474 401.003 60.0 BZ 243 56 8 2 CLY 
SV474 401.004 72.0 F 231 46 10 2 CLY 
SV474 401.0!35 72.0 HL 210 11 
SV474 401.018 30.0 BO 224 55 
SV474 401.05A 72.0 AT 236 62 
SV474 401. OSP 72.0 AP 297 76 
SV474 405A.002 4.5 HL 336 12 
SV474 405A.006 9.0 F 290 84 4 2 TAR 
SV474 405A.018 0.0 BO 216 28 
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SITE NNUM SPACE TYPE DDIR DIP TRC CEN MNLz 
SV474 405A.02A 4.5 AT 48 20 
SV474 405A.02A 4 . 5 AT 238 72 
SV474 405A.028 8 . 8 BD 204 29 
SV474 405A.02P 4.5 .a.P 250 72 
SV474 407.007 6.0 F 78 86 3 1 
SV474 407.008 10 . 0 HL 314 2 
SV474 407 . 018 8.0 no 201 'J.7 
SV474 407 . 028 BD 226 75 
SV474 407.08A 10.0 AT 46 30 
SV474 408A.001 3.5 BZ 94 80 6 1 TAR 
SV474 408A.002 9.1 BZ 271 84 9 1 TAR 
SV474 408A.003 15.0 az 343 78 7 0 
SV474 408A.004 18.6 F 323 80 
SV474 408A.005 21.8 F 343 73 21 2 TAR 
SV474 408A.006 HL 138 6 
SV474 408A.018 o.o BD 207 20 
SV474 408A.028 25.0 BD 196 56 
~V474 408A.038 30.0 BD 221 16 
!jV474 4088.001 1.4 r 40 15 5 0 
SV474 4088.018 BD 212 27 
SV474 408C.001 3 . 3 r 347 69 TAR 
SV474 408C.018 6.0 BD 206 30 
SV474 409.001 27.0 HL 144 18 
SV474 410A . 001 4.3 r 1 85 8 2 TAR 
SV474 410A.002 13.5 r 314 76 5 2 TAR 
SV474 410A.003 HL 168 18 
SV474 410A.018 0.0 BD 211 26 
SV474 410A.028 6 . 0 BD 86 14 
SV474 410A.038 12 . 1 so 94 27 
SV474 410A.048 BD 161 17 
SV474 4108.001 4.0 HL 153 20 5 
SV474 4108.002 7 . 0 HL 145 20 4 
SV474 411A . 001 30.0 F 47 21 9 1 
SV474 4118.001 7.5 F 125 75 5 1 
SV474 4118.002 11.8 BZ 134 86 6 2 TAR 
SV474 4118.003 28 . 5 BZ 326 82 5 2 TAR 
SV474 4118.018 2 . 0 BD 164 15 
SV474 411C. 001 2 . 6 BZ 112 84 4 2 TAR 
SV474 411E.001 0.0 HL 147 18 
SV474 411F.004 1..8 HL 144 19 
SV474 41J.£.007 8.8 F 113 16 
SV474 411E.008 9.0 HL 110 2 
SV474 411E . 009 16.2 HL 318 11 
SV474 411E.01A 0.0 AT 237 14 
SV474 411E.018 3.0 BD 222 16 
SV474 411E.028 3.0 BD 75 67 
SV474 411E.03fl 8.0 80 54 63 
SV474 411E.048 9 . 2 80 144 10 
SV474 411E.058 1(;.9 BD 197 11 
SV474 41H!.06B 25.9 BD 221 24 
SV474 411E. 08A 9.0 AT 189 18 
SV474 411E.09A 16.2 AT 240 20 
SV474 411F.012 9 . 5 F 211 85 3 
SV474 411F.Ol3 11.3 F 26 67 3 
SV474 411F.014 11.7 F 195 16 9 
SV474 411F.015 25.0 F 282 69 4 TAR 
SV474 411F.016 29.4 HL 344 12 
SV474 411F .16A 29.4 AT 240 56 
SV474 411G.018 34 . 4 HL 326 11 
SV474 411G. 018 38.5 F 194 12 16 
SV474 411G.019 57 . 6 HL 334 28 
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SITE NNUM SPACE TYPE DDIR DIP TRC CEN MNLz 
SV474 411G.020 57.6 F 207 24 9 
SV474 411G.18A 34.4 AT 216 64 
SV474 411G.19A 57.6 AT 214 58 
SV474 412A . 001 0.0 HL 312 8 
SV474 412A.002 0.0 F 212 19 2 
SV474 412A.003 9.0 F 211 21 
SV474 412A . 004 21.0 F 212 22 
SV474 412A.005 35.0 f 214 25 
SV474 412A.01A 0.0 AT 214 58 
SV474 413.001 F 310 78 8 CLY ,SIL 
SV475 514A.001 o.o F 284 86 TAR,CARB 
SV475 514A.002 1.0 F 312 82 25 2 TAR,CARB 
SV475 514A.003 3.3 F 312 70 25 2 TAR,CARB 
SV475 514A.004 7.0 F 124 88 25 2 TAR, CARS 
SV475 514A.005 9.2 F 296 70 25 2 TAR,CARB 
SV475 514A.006 11.5 F 303 88 25 2 TAR,CARB 
SV475 514A.007 12.7 F 303 82 25 2 TAR,CARB 
SV475 514A.008 14.5 F 292 75 25 2 TAR, CARS 
SV475 514A.009 17.0 F 310 80 25 2 TAR, CARS 
SV475 514A.010 21.5 F 306 78 10 2 TAR, CARS 
SV475 514A.Oll 22.5 F 304 85 10 2 TAR, CARS 
SV475 514A.012 25.5 F 198 84 20 2 TAR, CARS 
SV475 514A.Ol3 27.3 F 313 88 20 2 TAR, CARS 
SV475 5148.001 3.5 8Z 336 75 10 2 TAR,CARB 
SV475 514B.OO:t 3.5 HL 132 
SV475 5148.018 3.5 80 191 19 
SV475 514C.001 22.0 8Z 322 82 9 2 CARS 
SV475 5140.001 15.0 HL 118 7 
SV475 514D.01A 15.0 AT 109 16 
SV475 515.001 42.0 8Z 316 83 25 2 TAR,CARB 
SV475 516.001 63.0 8Z 300 78 25 2 
SV475 516.002 63.0 HL 135 6 
SV475 517.001 91.0 BZ 112 84 25 2 CARB 
SV475 518.001 28.0 BZ 156 84 5 2 CARB 
SV475 519.001 43.0 F 107 85 
SV475 519.002 43.0 HL 220 18 
SV475 520.001 4.8 F 187 76 2 CLY,TAR 
SV475 520.002 7 . 6 F 168 80 20 2 CLY,TAR 
SV415 520.003 9.2 F 352 80 2 CARB,CLY 
SV47:: 520.004 10.2 8Z 132 85 30 2 
SV475 520.005 14.3 8Z 177 74 30 2 
SV475 520.018 9.5 BD 204 12 
SV475 521.001 18.0 BZ 330 84 7 2 CLY,TAR 
SV475 521.002 45.0 HL 142 8 
SV475 522.001 45.0 BZ 332 85 30 2 
SV475 522.018 45.0 BD 162 20 CARS 
SV475 523.001 75.0 F 337 76 40 2 
SV475 524.001 105.0 HL 324 27 
SV475 524.01A AT 59 7 
;v475 525.001 145.5 8Z 160 72 8 2 
SV475 525.018 145.5 80 253 14 
SV475 526.001 165.0 BZ 348 66 10 2 
SV475 527.001 78.0 BZ 172 85 CL,T 
SV475 !:1.28.001 87.0 BZ 171 86 CL,T 
SV475 529.001 135.0 BD 262 35 
SV475 530.001 7.5 BZ 166 88 25 2 
SV475 531.001 54.0 BZ 143 64 20 2 CAR& 
SV475 532.001 81.0 BZ 354 65 30 2 
SV475 533.001 150.0 HL 108 16 
SV475 533.018 138.0 BD 223 26 
SV475 534.001 15.0 F 147 75 6 2 
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SITE NNUM SPACE TYPE DDIR :.;rp TRC CEN M!ILz 
SV475 534 . 018 15.0 BD 216 26 
SV475 535.001 33.0 F 137 84 10 2 
SV475 536.001 42.0 BD 126 21 
SV475 536.002 43 . 0 HL 140 12 
SV475 536.02A 43.0 AT 215 84 
SV475 537.018 60.0 80 232 63 
SV475 539.001 9.0 F 334 50 30 2 CARS 
SV475 540.001 18 . 0 F 101 63 20 2 CAR8,SIL 
SV475 540.001 8.0 F 287 86 20 2 CAR8,SIL 
SV475 540.002 13.0 F 110 84 20 2 CAR8 , S I L 
SV475 540.018 0 . 0 80 211 56 
SV475 540.028 9.0 80 269 75 
SV475 541.001 6.0 F 315 60 25 2 CAR,S,T 
SV475 541.002 6 . 0 HL 145 8 
SV475 541.018 6.0 80 209 47 
SV475 542.001 15.0 F 332 56 25 2 
SV475 543.001 24.0 BZ 309 56 30 2 CAR , S,T 
SV475 544.001 29 . 0 F 302 86 25 2 CAR,S,T 
SV475 544.018 30.0 80 213 52 
SV475 545.001 36 . 0 8Z 321 76 25 2 CARS , 'lAR 
SV475 546.001 45 . 0 F 104 46 20 2 
SV475 546.018 45.0 80 209 46 
SV475 547.001 66.0 F 309 44 15 2 
SV475 547.002 F 314 86 
SV475 548.001 72.0 HL 146 31 
SV475 548.018 72.0 80 189 50 
SV475 549.001 90.0 F 290 89 20 2 CLY,SIL 
SV477 750.01 0.0 8Z 348 86 60 2 TAR 
SV477 750. 01b 9.0 80 44 36 
SV477 750.02 2.0 8Z 286 86 60 2 TAR 
SV477 750.02b 27 . 7 80 80 17 
SV477 750.03 11.8 F 86 61 60 2 TAR 
SV477 750.03b 33.0 80 204 29 
SV477 750.04 16.5 F 100 75 60 2 
SV477 750 . 04b 40.0 80 174 25 
SV477 750.05 30.5 HL 158 11 
SV477 750.05a 30.5 AT 240 88 
SV477 750.05b 78.3 80 208 56 
SV477 750.06 32 . 0 F 78 76 45 2 TAR 
SV477 750.06b 89.0 80 220 58 
SV477 750.07 37.3 BZ 245 88 60 2 CL,TR 
SV477 750.07b 92.0 BD 220 so 
SV477 750.08 36.9 8Z 255 89 60 2 CL,TR 
Sl/477 750.09 37 . 0 HL 139 10 
SV477 750.09a 37.0 AT 48 88 
SV477 750.10 40 . 8 HL 180 22 
SV477 750.11 5 'L8 BZ 250 86 35 2 CL, T ,SUL 
SV477 750.12 60.0 BZ 99 80 60 2 CLY,TAR 
SV477 750. 13 55.4 BZ 188 70 90 2 TAR 
SV477 750.14 73.0 F 2 12 56 90 2 TAR 
SV477 750. 15 59.5 F 214 78 90 2 
SV477 750.16 70.0 BZ 337 80 4 2 
SV477 750.17 86.5 F 72 78 90 2 CL ,TR 
SV477 751.01 122.0 HL 148 2 4 
SV477 752.01b 142.0 BD 236 50 
SV477 753.01b 24.0 BD 221 15 
SV477 755.001 17.5 F 185 87 8 2 CLY 
SV~77 755.002 32.8 ~ 110 7 1 8 2 CLY 
SV477 755.003 43.0 HL 0 12 
SV477 755.004 63.0 F 150 7 1 10 2 
SV477 755.005 75.0 F 180 88 12 2 
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SITE NNUH SPACE TYPE DOIR DIP TRC CEN HNLz 
SV477 755 . 006 74.5 F 184 79 10 2 
SV477 755.018 7.0 80 35 20 
SV477 755.028 16.0 80 15 30 
SV477 755.038 36.5 80 30 20 
SV477 755.048 BO 52 10 
SV477 755.058 80.0 8D 100 42 
SV477 755.068 92.0 BD 55 25 
SV477 755.078 94.0 BD 44 18 
SV477 7558.007 106.5 F 153 79 10 2 
SV471 7558.008 109.0 F 142 82 2 2 
SV477 7558.009 129.0 F 127 72 10 2 
SV477 7558.010 119.5 p 316 81 5 2 
SV477 7558.011 142.5 F 315 80 7 2 
SV477 7558.012 159.0 8Z 10 85 40 2 TAR 
SV477 7558.013 137.1 F 296 86 4 1 
SV477 7558.014 140.5 HL 168 4 
SV477 7558.015 158.0 HL 170 10 
SV477 7558.016 189.0 8Z 168 60 6 2 TAR 
SV477 7558.017 195.0 8Z 355 88 6 2 TAR 
SV477 7558.018 8D 33 14 
SV477 7558.028 8D 110 20 
SV477 755C.018 209.0 F 174 81 4 2 TAR 
SV477 755C.019 220.0 F 177 86 6 2 
SV477 755C.018 80 115 10 
SV477 755C.020 229.0 F 350 55 7 2 TAR 
SV417 755C.021 244.0 8Z 342 70 20 2 CLY 
SV477 755C.022 246.5 8Z 0 85 20 2 
SV477 755C.023 254.8 8Z 14 81 20 2 
SV477 755C.024 292.0 8Z 340 82 20 1 TAR 
SV477 7550.018 352.0 BD 175 10 
SV477 7550.025 337.0 8Z 265 78 15 1 TAR 
SV477 7550.026 375 .o 8Z 270 50 2 2 
SV477 7550.027 360.0 Ht. 4 2 
SV477 7550.028 381.0 BZ 285 83 15 2 TAR 
Sl/477 755E.018 80 130 10 
SV477 755E . 029 400.0 F 337 84 15 2 TAR 
SV477 755E.028 BD 160 10 
SV477 755E.030 418.0 8~ 335 80 9 2 
SV477 755E.031 436.0 8Z 152 80 25 2 CLY 
Sl/477 755E.032 462.0 8Z 306 18 4 2 CLY 
Sl/477 755E.033 470.0 8Z 320 24 4 2 CLY 
Sl/478 854.001 12.0 BZ 245 eo TAR 
Sl/478 854.002 23.9 F 162 80 8 2 TAR 
Sl/478 854.003 24.7 HL 314 22 
Sl/478 854.004 25.5 HL 222 42 
Sl/478 854.005 91.5 BZ 334 62 8 2 CL,TR 
SV478 854.006 96.0 BZ 325 74 8 2 TAR 
Sl/478 854.007 96.0 BZ 142 85 8 2 
Sl/478 854.008 126.0 F 5 85 12 2 
Sl/478 854.009 145.0 8Z 255 50 25 2 
Sl/478 854.010 181.0 F 134 85 6 2 TAR 
Sl/478 854.011 186.0 F 170 84 5 2 TAR 
Sl/478 8S4.012 200.0 F 276 88 5 2 
Sl/478 854.013 205.0 F 165 68 15 2 
Sl/478 854.014 211.5 F 326 83 10 2 TAR 
511478 854.015 222.5 F 325 65 12 2 SAND 
Sl/478 854.016 237.3 F 310 82 15 2 SAND 
Sl/478 854.017 245.5 BZ 308 85 
Sl/478 854.018 261.8 BZ 316 as TAR 
Sl/478 854.019 277.S F 192 so 10 2 
Sl/478 854.018 12.0 BO 245 so 
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SITE NNUM srACE TYPE DDIR DIP TRC CEN MNLz 
SV478 854.020 282.0 BZ 350 83 25 2 TAR 
SV478 854.021 292.0 BZ 317 54 12 2 
SV478 854.022 302.0 BZ 185 64 15 2 TAR 
SV478 854.023 318.0 F 302 62 20 2 CLY 
SV478 854.024 365 . ~ BZ 168 82 2 2 CLY 
SV478 854 . 025 378 . 0 BZ 324 86 2 
SV478 854.026 381.5 BZ 344 85 3 2 TAR 
SV478 854.027 429 . 5 F 153 65 12 2 
SV478 854.028 450 . 0 F 338 87 12 2 
SV478 854.029 472.0 F 15 2 
SV478 854.028 23 . 5 BD 237 40 
SV478 854.030 482 . 0 BZ 8 2 
SV478 854 . 031 498.0 BZ 293 80 30 2 TAR 
SV478 854.032 480.0 BZ 4 75 CL,TR 
SV478 854.033 500.0 F 11 81 20 1 
SV478 854 . 034 523.0 F 353 56 30 2 
SV478 854.035 542.0 F 36 55 TAR 
SV478 854 . 038 23.5 BD 42 88 
SV478 854.048 39.0 BD 250 25 
SV478 854.058 90 . 0 BD 241 22 
SV478 854.068 140.0 BD 233 21 
SV478 854.078 BD 230 17 
SV478 854.088 BD 354 15 
SV47 G 854.098 BD 190 16 
SV478 854.108 BD 56 25 
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APPEl't'DIX C. Dl'lermining Fradurt' Set.~ amd Orit'nlation Bias 

As a standard pro~edure for analyzing fra~turl! orientation data. th~ p..1lt:s ''' frat.:tur•! plan\'S 

were plotted on lower hemisphere equal area diagrams. To dct.:rminc:: if ther.: art: any 

similarities between sites, each station or site was pluttl!d s.:parately. A ~orrespond.:nt.:.: of 

general groupings or clusters of points between sites and/or stations are seen in the !!qual area 

plots shown in Figures C.l through C.3 (all figures and tahles presc!ntoo at end of app.:ndix). 

for the small-scale data. Often equal area plots are contouroo to dl!tine ~on~entration of 

poles. Even though the general pattern of ~on~entration of points in most of these plut'i is 

evident, and with the understanding that contouring is sensitive to the method and area over 

which data points are counted, contour plots are presented for each site in Figures C .4 

through C.6, for completeness of presentation. The contouring of the plots were done hy th.: 

program Quickplot (van Everdingen et al., 1992) using a one percent area counting cin:l.:. 

Further explanation of the contouring method can he found in the ahove reference. 

In all plots it is observed th:.t the point.<; are wncentrated near the perimeter of the circle and 

grouped in two or three sets of bipolar clusters. Even though this visual asst.-ssmcnt of 

groupings is fairly obvious in this suite of stereoplots, it is still subjective, so a more objective 

method, CLUSTRAN (Gillen, 1987), wa<; employed tn help determine the joint sct'i . 

The computer program called CLUSTRAN uses a clustering algorithm posoo hy Wishart 

(1968) and advanced by Shanley and Mahtah (1976). Clusters are chosen hased on 

minimizing an ·objective function" that is ha~ed on an angular cluster radius supplied hy th~ 
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user, usually several angles need and should he tried before a minimum is ohtained. The 

angular cluster radius determines how close, in euclidian distance, the poles should be, to be 

included in the same cluster. Fur a full explanation of how clusters are determined see Gillen 

(1987). After CLUSTRAN determines the sets, the individual sets can be extracted out and 

the cluster of points can be compared to spherical distributions such as, the Fisher, Bingham, 

and the Dimroth-Watson types. If the cluster contains more than 40 points, goodness-of-fit 

tests can be run. Since the clusters, as determined by CLUSTRAN, were slightly modified, 

none vi the statistical results from the program are presented. Even though most of the 

capabilities of CLUSTRAN were not fully used, the program was useful in making a "first 

pass· analysis of the data set and in extracting and separating the orientation data related to 

the joints in each set. 

With this data set the clusters determined by CLUSTRAN were "fine tuned" by examining the 

fidd scanline maps and the field notes (Appendices A and B) to ascertain cross-cutting 

relati<mships between joints and the r~lationship of joints to bedding. From this process it 

was determined that there are two sets at all the Government Point sites, at Jalarna Beach sites 

I through 4 and at Lompoc Landing, with three sets at Jalarna Beach sites 5 and 6. In a 

general sense set I are the poles c:.1stered in the NE and SW quadrants and clusters in the 

NW and SE quadranL~ are called set 2, at each site. The third set of clustered poles shown on 

the sterooplots for Jalama Beach sites 5 and 6 are grouped just west of the nonh direction. 

The Lompoc Landing data show 2 "conjugate" sets, separated by about 55°. with one set of 

~1les clustered primarily in the NW -tuadrant and the other set in the SW quadrant. Lions 

Head had one dipole cluster of points with mean orientation WNW. 



On~l! the sets were I!Stahlishoo, thl! sampling or nrientatiun hias wa." invcstigatl'd f,,Jh,wing th~ 

te~hnique propostXI by Prii!St (1985). This te~hni4uc: was ~arril.'d out on the G,,wrnmc:nt 

Point, Jalama Beach, and Lompoc Landing data. The orientation hi:t.'i W:t.'> not ~hcdL'\1 at th;: 

other site, Lions Head, located in the: Onshore: Santa Maria domain hc~ausc of the small 

amount of data. It is recognized that since only 'me scanlinc: along a small vertical diff wa." 

used at the Lions Head site, orientation bias could be high. But, since thl.l poles on the 

stereoplot for ihe Lions Head data are tightly dustereJ and dctine only one set. it wa.'i 

determined that no advantage would he gained by correcting for the nrientation hia."' for this 

one set at this site. 

With Priest's method each discontinuity is weighttXI according to the angle(o) between the 

sampling line and the normal to the discontinuity plane. The weight fa1.1or(W) equals 

1/cosine 6, where cos 6 can be wrinen as cos(~. - a,)cos(R. - 6,) + sinB.sinR,. with a •• n •. a,. 

6., as the trend and plunge for the discontinuity normal and the sampling line. respectively. 

Thus all weight factors will be grea.er than I and a discontinuity that is at a small angle to the 

sampling line will have a large weig:at factor. After W is calculated for each discontinuity the 

weight factors are summed(N,.) for each set, then each weight factor is normaliz~(w) by 

multiplying by the set sample size(N) and dividing by the total weighted sample sizc(N.,). so 

w = W*N/N..,. This is done so the normaliud weighted sample size will be equal to the 

original sample size without changing the relati\·e weighting of each discontinuity, and as 

pointed out by Priest( 1985) the s:m1ple size is important in estimating the precision of the 

data. To determine if there is any sampling bias, weight~ and non-weighted direction 

cosines are calculated for the discvntinuities in each set, the weighted and non-weighted 
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resultant-; are found and from which the mean trend and plunge can be calculated. The 

weighted mean direction and the non-weighted mean direction can be compared to determine 

the relative sampling bias . Priest also used Fisher's constant(K)(Mardia. 1972. p.228; Priest, 

1985 p.46), where K = N-1/N-R (R is the magnitude of the mean resultant), as a measure of 

the degree of clustering of poles in each set. In doing this, it is assumed that the data can be 

represented by the Fisher distribution, that the mean orientation is represented by the resultant 

of the direction cosines, and that normalized weighted data can be used in Fisher's method of 

analysis. If it is found that the data fits the Fisher distribution, then confidence circles can he 

made around the mean orientation and the mean orientations can be compared between sites. 

A simple program in QuickBasic was wrinen using the algorithms from Priest (1985) with the 

results for tiovernment Point, Jalarna Beach and Lompoc Landing areas presented in Table 

C . I. As mentioned earlier, in this data set the poles plot near the perimeter of the diagram, 

and thus discontinuities in the same set can have poles 180° apart (bipolar), and since the 

Priest's algorithms were meant to be used on vector data, the algorithms were modified to 

treat the data from the same set as axes. thus it is possible for a normal to have a negative dip 

(plot on the upper hemisphere). 

As seen in Table C. l, for these data there was no appreciable sampling bias, since for each 

set the weighted and non-weighted mean directions, are within each others 95% zone of 

confidence. The mean direction was calculated from the resultant vector of the mean 

direction cosines, and the number given as the zone of confidence is the cone angle, centered 

on the mean vector. with which there is a 95% confidence that the true mean orientation lies 
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within the d~crihoo locus. Thi1' prohahility is usually hest where the sample si1e is great~r 

than 30. Fisher's constant (K) is a measure of the degree of dustl!ring in a givl!n set, a lar~c 

value indicates the data are dusterc!:d around the mean. with a smaller value the data would h..

more dispersed. It was estimatc!:d using the unbiased estimator (K = N-:!/N-R) givl!n hy 

Mardia (1972), where N is the sample sizl! and R is the magnitude of the r~.;ultant vectllL If 

the data are concentrated on the mean vector. R has a large value. and has a small value if the 

data are more uniformly distributed . The spherical variance (Var in the tahk) was cakulatc!ll 

from , N-R/N, from Mardia (1972). As the tahle shows, for almost all of the sets from the 

different sites, Rand K are relatively large and the spherical variance is low, indicating the 

poles for each set are tightly clustered around the mean direction. The values for the zunc of 

confidence indicate, for sites with a large sample size, there is a 95% prohahility the true 

mean orientation will lie within a cone angle of less than 8 degrees of the given mean 

direction. With this zone of confidence angle, mean directions for each set can be compared 

between different sites. But first. it should he demonstrated that the distribution of the 

observed orientation data are represented reasonably well by the Fisher distribution. Also. the 

structural position of the sites being compared should be similar. 

To visually evaluate how well the data match the Fisher distribution, graphs (figure C.7) of 

the observed data versus the theoretical values wl!re plotted following Priest's(l985) method, 

and lower hemisphere stereoplots were made of the poles centered around the mean 

orientation direction, which was rotated to the center of the diagram (figure C. 7). The 

graphs plot the proportion [P( < theta)J of fracture normals that are less than the solid angle 

theta away from the mean on the ordinate against the angle JthetaJ on the abscissa, for the 
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ohscrvl:d and thoorctical values . These graphs were mainly used to compare how closely the 

observl:d data match the th~re~h:al curve of the Fisher d!stributien. As can be seen in Figure 

C. 7. the observed values follow the theoretical curve reasonably well . This observation holds 

for the example graphs as well as for all sets at all sites where the sample size was greater 

than 2S. But to compare if l.'le normals are circularly distributed around the mean direction as 

the Fisher distribution is. stereoplots like the examples in the lower portion of Figure C. 7 

were usoo. Set I at station PI is reasonably uniformly dispersed around the mean (the center 

of the net) hut normals of set 2 are more elongate in distribution. These types of graphs and 

plots give a good general "feel" for the distribution of the orientation data, but for a more 

statistical evaluation, Chi-squared tests were also performed following Mardia's ( 1972) 

method on a few of the sites. It quickly became apparent that the data only marginally pass 

the Chi-square test and would be highly sensitive to the degree interval at which observed and 

thoorctical values were compared. A few possible reasons for not matching the Fisher 

distribution are that the Chi-square test is ~asoo on estimated parameters and is not very 

robust . Also the Fisher distribution has vectors randomly dispersed about the nean, these 

data have a wide range of azimuths hut a fairly tight range of dips (as can be seen in Figures 

C.I to C.6, and C. 7), thus would not he evenly distributed about the mean. These data may 

he better represented by another statistical distribution such as the Bingham distribution. The 

Bingham distribution applies to moment-{)f-inertia analysis and is flexible in describing a data 

set according to the relationship of its two parameters, one for shape, the other for 

wncentration, but it is mathematically cumbersome to use and further analysis was not 

attempted. 
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In the strkt sense. to ~ompare the mean llril!ntatilm.'i from site to site it shl1uld he pwvcn that 

the samples at ea~h site come from populations that have a similar Jistrihutilm. Fwn thou~h 

the only attempt was the statisti~ally in~ondusive ~omparison to the Fisher Jistrihutitm, it will 

still be assumed that since the data were colle~too from similar lithologies anJ mughly thl.' 

same tectonic history, the overall population distribution is the same from site to site. Hut 111 

compare the mean orientations of each set hetw~, the different sit..:s the stru~tural Jitler~·ncl.'s 

need to be corrected. For the small-scale d:~ta this is discusst!tl in Chapter 3. 

It should be noted that it is hard to say that the."e data represent<; an adequate sample of the 

sites. It is obvious that, if present, the horizontal Jis~ontinuities would have been under

sampled. Ne direct proof can be offered. hut from field observations and what is presenll"J in 

the literature, there is no small-scale horizontal joint set in the Monterey Formation at these 

study sites. At most sites, however, numerous bedding planes ''"!re observed to he open to 

fluid tlow, and could be considered a discontinuity set. 

Lower hemisphere equal area stereoplots for the large-scale data are presented in Figures C. 8 

and C.9, with the contour plots in Figures C.IO and C. II . As seen on the diagrams there is 

some small clustering of points, but variability in the amount of dip is much greater than that 

shown for the small-scale fractures and also there is a wide range of azimuths. Since these 

large-scale fractures are related to the folding and could not conveniently he grouped hy 

outcrops which were in similar structural position. the data n~ed to he normalized. To 

normalize or standardize the orientations of the large-scale fractures the bedding in which the 

feature was located was rotated to a common strike then to a horizontal position. This 
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rotation was done using the sh:retJgram where the poii!S to the fracture planes are rotated 

ahout the vertical axis until the bedding strike coincides with the N-S uirection and then 

rotated "up" to the horizontal by the amount of bedding dip. During the mapping phase, 

several bedding dip azimuths and dips were r~orded for the bedding near ea~h feat-.~re. Great 

care was taken that in the rotation process the bedding anitude used was not ar. artifa~t of the 

large-scale feature, but are representative of the general bedding trend of the nearby 

surrounding area. Once all the data were rotated, they were combined into two data tiles, one 

for the two sites in the northern section of this study area and one for the 4 sites in the 

southern region. Figure C. I 2 shows the bedding-rotated, large-scale data, for the sites in the 

Santa Barbara structural domain (the southern region) and Figure C. 13 is for the sites in the 

Onshore Santa Maria domain (the northern region). As with the small-scale data, 

CLUSTRAN was used as a first pass analysis of the orientation data. Even after rotating the 

data there is a fairly wide variability to the azimuthal dir~1ions, but in CLUSTRAN the data 

are ~he~ked for overall randomness and the distribution of poli!S was found to differ at the 5% 

level from the Poisson distribution. Statistically the data were found to be clustered in six 

groups with strong overlaps in azimuth for the southern region and two widely dispersed, 

overlapping groups in the northern region. After a visual assessment was done using these 

sll!rcoplotli, CQmbined with the ohservl!d field relationships, three sets were determined fo.- the 

southern sites and possibly three st:ts for the northern data. For the southern region one set is 

dispersal about the bedding strike direction, another set scanered about the bedding dip 

dirc~tion, and the third is horizontal. Due to the large variability in orientations for the 

fractures in the northern region and the relatively small sample size, it is difficult to 

confidently detine the discontinuity sets. However, from observed field relationships, three 
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sets wen~ ~hosen . One set represented hy ::!9 fra~turl.'s, strikes paralkl with the hl'\IJing J1p 

Jire~tion, another set (N= 10) strikes approximatdy 55° tu the right of the tirst sl.'t's strikl.', 

and two fractures form the third Sl.'t that strikes paralld with hl'dding strike. Furthl.'r analysis 

of the latge-s~ale orientation data is dis~ussoo in Chaptl'r 3. 
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fi~ure C.l. Lower hemisphere equal area plots of poles to fracture planes at Government Point, 
stations Cl. PI, and P2. 

218 



i 

{ 

,_ 
I 

r-

' . .. . , 
'"" ;;:":: 

'· 

, ... 

,, 

... .... . ' 
":. ·~".' ! . . ,.. ~ 

~· '·:<-' .. 
• • • 

"'·· 

.· 

figure C.l (con't). Lower hemisphere equal area plot<; of poles to fracture planes at 
Government Point, stations C2, P4, and PS. 
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figure C .2. Lower hemisphere equal area plots of poles to fracture planes at Jalarna Beach. sites 
I, 2. and 3. 
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Beach, sites 4, 5, and 6 . 
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Figure C.J . Lower hemisphere equal area plots of poles to fracture planes at Lompoc Landing 
and Lions Head. 
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Figure C..4. Contoured lower hemisphere equal area plots of poles to fra~:ture planes at 
Government Point, stations C 1, ..> 1 , and P2 . 
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Table c.l. Statistics of or ientat io•1 d&ta presented a a normals on 
atereoneta in Figures C.1 through C.3. Table continued on next page. 

Mean orientation Zone of 
Site Station SET N K Trend Plunge R Var conf. . 
-------------------------------------------------------------------------
CP1 C1 1 20 11.6 40.0 18.2 18.4 0.078 

1w 13.3 44.2 14.6 16.6 0.068 
2 161 16.1 309.4 6.8 151.1 0.061 
2w 13.7 310.3 7.1 149.4 0.072 

CP1 Pl 1 31 13.2 35.1 8.5 28.7 0.073 
1w 10.7 42.1 7.3 28.3 0.088 
2 154 42.8 307.9 7.7 150.4 0.023 
2w 40.2 307.7 7.8 150.2 0.025 

CP1 P2 1 23 13.6 42.6 6 . 6 21.5 0.067 
1w 16.1 39.1 5.7 21.7 0.057 
2 83 45.3 313.4 2.8 81.2 0.022 
2w 44.7 315.4 2.6 81.2 0.022 

CP2 C2 1 5 7.9 30.5 20.4 4.6 0.076 
1w 8.7 30.3 18 . 1 4.7 0.069 
2 131 11.1 120.6 7.3 123.5 0 . 058 
2w 16.5 120.9 7.3 123.2 0.060 

CP3 P4,P5 1 2 0.0 26.0 21.5 2.0 0.001 
1w 0.0 25.1 20.4 2.0 0.001 
2 113 20.7 309.3 1.4 107.6 0.047 
2w 19.2 125.3 0.8 107.2 0.051 

lw = weighted data. 
R • magnitude of the mean resultant of the direction cosines. 
K • Fisher's constant, degree of concentration. 
Var • spherical variance (N-R/N). 

9.6 
8.9 
2.8 
3.1 

7.4 
8.1 
1.8 
1.8 

8.2 
7.5 
2.3 
2.3 

23.3 
22.1 

3.1 
3.1 

3.0 
3.1 

*Zone of confidence: (arccoa(l + (ln{1-0.95})/K*R)J, .95 probability true 
mean orientation 1iea inside a locus centered on mean. 
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Table C.l (coo't). Statistics of orientation data presented as normals on 
stereonets in Figures C.1 through C.3. 

Mean orientation 
Site Station SET N K 

JB1 1 

JB2 1 

JB3 1 

JB4 1 

JB5 1 

JB6 1 

LL 1 

1 
1w 
2 
2w 

1 
1w 
2 
2w 

1 
1w 
2 
2w 

1 
1w 
2 
2w 

1 
1w 
2 
2w 
3 
3w 

1 
1w 
2 
2w 
3 
3w 

1 
1w 
2 
2w 

lw • weighted data. 

14 J2.1 
31.1 

33 12.0 
13.9 

10 5.0 
3.7 

9 12.4 
7.7 

9 7. 7 
7.7 

29 11. 5 
5.1 

21 5.3 
7.5 

57 6.0 
4.5 

12 12.8 
22.6 

134 22.2 
18.3 

24 24.7 
23.2 

6 107.6 
112.2 

47 75.7 
73.8 

39 18.3 
17.7 

38 23.7 
17.0 

42 21.3 
21.4 

Trend 

235.4 
235.6 
320.6 
142.5 

267.0 
261.1 
334.9 
353.5 

254.1 
254.6 
326.3 
340 . 6 

255.9 
247.9 
331.6 
337.4 

38.8 
48 . 6 

291.5 
288.6 
149.1 
149.2 

243.4 
242.5 
285.0 
284.7 
175.9 
179.9 

299.5 
304.2 
244.1 
246.9 

Zone of 
Plunge 

18.1 
18.5 
0.2 
3.0 

14.8 
!3.1 
9.3 
4.7 

22.1 
22.0 
16.9 
12 . 4 

14.0 
4.5 
7.7 
3.9 

7.2 
6.0 
7.0 
6.0 
2.9 
3.2 

14.4 
14.7 
1.3 
1.1 

21.9 
22.8 

3.6 
1.2 
2.5 
2.6 

R 

13.6 
13.6 
30.4 
30.8 

8.4 
7.8 
8.4 
8.1 

7.9 
7.7 

26.6 
23.7 

17.4 
18.5 
47.8 
44.8 

11.2 
11.6 

128.0 
126.8 
23.1 
23.1 

6.0 
6.0 

46.4 
46.4 
37.0 
36.9 

36.5 
35.9 
40.1 
40.1 

Var 

0.027 
0.028 
0.078 
0.068 

0.160 
0.217 
0 . 063 
0.101 

0.344 
0.358 
0.081 
0.184 

0.170 
0.121 
0.161 
0.215 

0.065 
0.037 
0.044 
0.054 
0.037 
0 . 040 

0.006 
0.006 
O.OlJ 
0.013 
0.052 
0.054 

0 . 040 
0.056 
0.045 
0.044 

R • magnitude of the mean resultant of the d i rection cosines. 
K • Fisher's constant, degree of concentration. 
Var • spherical variance (N-R/N). 

conf. · 

6.7 
6.7 
7.4 
6.S 

21.8 
26.4 
13.7 
17.8 

32.6 
33 . 6 

8 . 0 
12 . 8 

14.6 
12.0 
8.3 
9.9 

11.7 
8.7 
2 . 6 
2.9 
5.9 
6 . 1 

5.5 
5.4 
2.4 
2.4 
5.4 
5.5 

4.8 
5.7 
4.8 
4.8 

*Zone of confidence: (arccos(l + (ln{l-0.95})/K*R)], .95 probability true 
mean orientation lies inside a locus centered on mean. 
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Figure C.7. Examples of graphs and stereoplots used to visually evaluate the fit of the 
orientation data for each set to the theoretical Fisher probability distribution. S~>.e text for further 
discussion. 
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figure C.7 (con't). Examples of stereoplot'i used to vi;.,ually evaluate tlle fit of tlle orientation 
data for each set to tlle theoretical Fisher probability distribution. s~ text for further dis~.:ussion. 
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fi~ure C.8. Lower hemisphere equal area plots of poles to fracture planes for the large-scale 
fra.:tures mapped along the coast southeast of Rocky Point, SV474 and SV475 are the numbers of 
the photo map base, and for railroad cuts near Rocky Point (SV477) and Point Arquello (SV478). 
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figure C.9. Lower hemisphere ~.!qual area plots of poles to fracture planes fi1r large-scale tracturcs 
mapped near Lompoc Landing (~V497) and Purisma Point (NV501). 

233 



Mit x . va 1 ua r;otJn ted: 
16.0 tim1111uniform 

at 204/20 

Max. value counted: 
13.3 times uniform 

at 306/94 

!·· / 
/ 

j 

Contours: 
1 5 10 15 

/ '· .. ...... , ___ .... / 
''r ! .· 

I I 
."-- : : 

f.- ... ,. ............... ~ 
[:.-/ \ I 
1 ~ 

\-

Contours: 
1 5 . 0 

_...-· -~ .. ::: .:>-~...___ SV47 4 

· . ·...___/ 

' -..;' 
/ 

N • Jl 

Pole• to Plan .. 

SV47 S I 
. · - - · _ _J 

N • 50 

Pole• to Plan .. 

Figure C.IO. Contoured lower hemisphere equal area plots of J>Qles to fracture planes for the 
large-scale fractures mapped along the coao;t southea~t of Rocky Point, SV474 and SV475 are the 
numbers of the photo map base. Contour~ are percent of poles in one percent area. 
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Figure C.lO (con't). Contoured lower hemisphere equal area plots {Jf poles to fracture planes li1r 
the large-scale fractures mapped along the railroad cut'\ near Rocky Point (SV477) and Point 
Arquello (SV478). Contours are percent of poles in one percent area. 
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figure C. II. Contoured lower hemisphere equal area plots of poles to fracture planes for large
s~ale fractures mapped near Lompoc Landing (NV497) and Purisma Point (NV501). Contour 
interval is percent of one percent area. 

236 



Max. v&lue counted: 
6.13 times uniform 

&t 201/90 

' )_ 

\ 
\ .. 

I 
I 

[ 
\ 
\ 

\ 

~ 

.~-

Contours: 
2 4 6 

• 'I •• ... 
( 

· . 

( _) 

SV . HRT 

~·.\ 
v • ·l ·\ 

., '' \\ ., 

H ·~.\ 
• t 

I 
~ 

N • 1!. !) 

Pol•• tn Plan•• 

_) 

( 

t 

I 
I 

N • 1~~ 

Pr)l •• to Pl•n•• 

Figure C.J2. Lower hemisphere equal area stereoplots of poles to plane.-; for all large scalt: 
features mapped in the Santa Barbara Channel structural domain. Poles have been rotated so 
bedding strikes ilorth-south and is horizontal . Contour interval is percent of poles per one percent 
area. 
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Figure C.l3. Lower hemisphe!'e equal area stereoplots of poles to planes for all large-scale 
fractures mapped in the Onshore Santa Maria structural domain. Poles have been rotated so 
hedding strikes north-south and i!' horizontal. Contour interval is percent of poles per one percent 
area. 

238 






