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Abstract—1( i1s widely observed that joint spacing 1s proportional to bed thickness in sedimentary rocks The
ongin of this proportionahity 1s explored by observation ol joint spacing in the Monterey Formation ol Califormita
and by one dimensional numencal modelling based on Hobbs' theory ol jont spacing

Cohesive tocks of the Monterey Formation—including dolostone, porcelanite, sihiceous shale and chert—
show a nearly constant ratio of layer thickness o joinl spacing of about | 3 The frequency distibution ol the ratio
ol joint spacing to median spacing 1s log normal Relatively phable mudstones do not have regular joint sels but
are mechameally important because they lorm the boundanes 1o the jointed, cohesive strata

Hobbs’ model intuitively predicts a constant ratio of bed thickness 10 joinl spacing, however, a simulation
based on this model predicts a multimodal distnbution of joint spacing By adding the eHect ol 4 imiled number
ol flaws to the model, which weaken the bed at random siles along 1ts length, a simulated distnbution of joint
spacing 1s obtained that s similar to the observed log normal distnbution Thus, Hobbs' model, modihed 10
include the eHect of Raws, seems capable of predicting the obse rved stalistics of joint spacing as a tunction of layer

thickness in sedimentary strata

INTRODUCTION

JOINTs are planar tensile opening-mode fractures with
little or no displacement parallel to the fracture plane.
Joints in bedded sedimentary rock are generally perpen
dicular to bedding and occur with parallel fractures to
torm a joint set.

The distance between joints ot a given sel is relatively
constant within a single layer and 1s proportional to layer
thickness (Bogdonov 1947, Price 1966) Thus beds ol
different thickness of the same rock type will have
essentially the same ratio ot layer thickness (o joint
spacing, although very thick beds may depart from this
generalization (Ladeira & Price 1981). The value of the
thickness-spacing ratio can be influenced by rock type
and structural position (Harris ef al 1960, Narr 1991),
Huang & Angelier (1989) report that the proportionality
of layer thickness to joint spacing exists in both compres-
sional and extensional regimes.

The [requency distrbution ol joint spacing potentially
provides inlormation on the genesis and evolution of
joint sets, as discussed below. However, few data exist in
the literature. Huang & Angelier (1989) document a
skewed frequency distibution of spacing that they be-
heve 1s fitted best by a gamma distribution tunction,
which they note differs only shightly from a log normal
distnbution. In this paper we present data from the
Monterey Formation ot Cahformia that displays a
skewed spacing frequency distribution that is approxi
mately log-normal

Engineenng studies have examined joint spacing dis
tnbutions, but because they typically do not separate
genetically distincl joint sets their measurements con
tribute little 10 the scientific understanding ol joint

*Present addiess' Chevron Overseas Petroleum Inc, PO Box
S4d6, San Ramon, CA 94583 (046, U S A

development. The standard engineenng technique 1n
volves measuring the spacing between joints along a scan
line or burehole of arbitrary orientation In a widely
cited study, Priest & Hudson (1976) tound the frequency
distribution of the spacing ol ‘discontinuities’ n rock
follows a negative exponential form Therr disconti
nuities included not just joints but also laults, bedding
planes, tractures, fissures and microfissures They stated
explicitly that this negative exponential distribution
does not apply it there is predominance ol evenly spaced
discontinuities, which i1s the case ol interesl to us
Bridges (1975) emphasized the usefulness ol segregating
different fracture sets in scan hine surveys and lound that
individual sets show a log-normal spacing distnbution.
Vanous theoretical statistical models ol joint spacing
distmbutions exist 1n the engineering literature (e g
Dershowitz & Einstein 1988), these seek to describe
joint spacing distnbutions based on conceptual models
ot jounl systems These conceptual models contnbute
hittle at this stage to our knowledge of actual joint sets.

Several models have atlempted to assess the processes
and parameters important in delermining juint spacing,
(e.g. Price 1966, Hobbs 1967, Sowers 1972). In each of
these models the computed joint spacing depends on
thickness ol the jointed layer, on a contrast in physical
properties between the jointed layer and adjacent beds,
and on layer parallel extensional strain These models
are mainly heurisic—they have not been used to simu
late actual joint spacing distnbutions.

We used Hobbs’ (1967) model to simulate the form ol
the jmnt spacing distribution, which we compare with
joint spacing data from the Monterey Formation ol
central Califormia We also use a modified form ol
Hobbs’ model that includes the effects of flaws and find
that the resultant simulated distributions ol joint spacing
are similar in lorm to those denved irom field data

We measured the spacing of joints in dolostone , chert,
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Fig 1 Index map Major laulis (thick hines) and told axes (thin lines
with armows indicating antichne or synchne) are lrom Jennimgs (1977)
Labeled sites show where pnnis were studied in outcrop

porcelanite and siliceous shale of the Monterey Forma
tion We also examined the mechanical boundaries of
Jointed layers to understand better the character of the
mechanical layenng We first discuss our field data and
then Houbbs' model and the effect of flaws on joint
spacing distnbution

DATA ON JOINT SPACING AND MECHANICAL
LAYERING

Study area

We studied joints of the Monterey Formation in well
exposed beach outerops (Fig. 1) in the Santa Mana basin
and Santa Ynez Mountains of the Transverse Ranges
province (Dibblee 1982) of Cahforma. The Monterey
Formation 1s an approximately 700} m thick sequence of
interbedded siliceous shale, chert, phosphauc shale,
mudsione and dolostone of Miocene age It was de-
posiled in relatively deep water, sediment starved mar
ine basins, with terrigenous influx restricted largely to
pelagic and hemipelagic matenal (Pisciotto & Garnson
1981) Diatom (ests are the source of silica (Bramlett
1946). The outcrops we studied consist of interbedded
dolostone, chert or 1ts diagenetic equivalent, and
mudstone/shale ol the upper calcareous siliceous mem-
ber und transitional member of the Monterey Formation
(Isaacs 1983),

Upon bunial the siliceous strata of the Monterey

W Nagrr and J. SuppE

Formation underwent (wo dominantly temperature
controlled diagenetic phase changes that atfected their
mechamical properties (Isaacs [981a) The amorphous
opal of the origial diatom tests converts to opal CT ata
temperature less than 60°C, resulting in the embnittle
menl ol soft rocks such as diatomite as they transtorm
into opal CT chert (Pisciotto 1981) A second transition
1s reached betore about T10°C in which opal CT converts
to quartz to produce a rock of lower porosity and higher
density The diagenetic grade ol the siliceous rocks
our study ranges trom quartz (o opal CT + quarltz
(transitional). As silica content decreases in siliciclastic
rocks ot the Monterey Formation, the associated rock
name changes from chert to porcelanite to siliceous
shale/mudstone to mudstone

The outcrops we studied he n several structural
settings Jalama Beach and Point Arguello Boathouse
(Fig 1) are ona S dipping homocline, which Namson &
Davis (1988) interpret as the lorward dipping panel of a
crustal scale fault bend told Chertisin the quartz grade
of diagenesis at Point Arguello Boathouse (Griveltti
1982) and at Jalama Beach (based on the widespread
accurrence of black glassy chert with a somewhat grainy
surtace texture—Isaacs 1981b) The Honda Creek out
crop hes just south of a S dipping, left lateral obhgque
ship reverse tault (Dibblee 1950) and appears (0 be at
quartz diagenetic grade.

At Lions Head, basement rock of the Point Sal ophio
lite 1s thrust up approximately 1300 m on the north side
of the WNW trending Lions Head fault (Woodning &
Bramlette 1950). Our study site lies immediately south
of the taull where Monlerey Formation strata dip
steeply SSW Raocks are in the quantz stage of diagenesis
(Grivetti 1982, Dunham 1987).

Purisima Point 1s1n the crestal region ol a broad, E
trending antichne Siliceous strata here have been par
tally transtformed (rom opal CT to quartz (Grivett
1982, Dunham [9K7)

In addition (o the outcrop sites. we examined joints in
cores trom lour wells trom the Point Arguello oil field
oftshore (Fig 1) Permeabihity of the ol field reservoir
depends largely on this subsurlace joint system The
results of our study of this subsurtace juint system are
presented elsewhere (Narr 1991)

Juint athitudes and spacing

Al most oulcrops only one well developed joint set 1s
present, and these joints are usually oriented normal to
local fold axes (Narr 1991). In the less common cases
where multiple joint sets are present at individual out
crops, the predominant set 1s typically normal to the fold
axis Figure 2(a)1s an obhque view ol a dipping layer of
sihiceous shale, with the predominant joint set stnking
parallel to the dip of bedding In Fig 2(b) the predomi
nant joint set1s shghtly inchined to the dip ot bedding in a
layer of dolostone

We measured the spacing of joints in each major rock
lype over a range ol layer thicknesses We refer lo
‘lavers’ or ‘mechanical layers' rather than ‘beds’ to
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Joimnt spacing in sedimentary rocks

emphasize the tact that joints are confined to mechan
ially determined luyers, which may nevertheless con
tain sigmhcant bedding planes and sedimentary lamina
tons that are cross cut by the jornts That 1s to say, the
jointed mechanical layers may comprise more than one
stratigraphic bed In general, layers were selected for
measurement if they had at least 10 joints with spacings
that could be measured along a continuous line oriented
normal (o the mean attitude of the joint set  Each
meuasured joint passes through the entire mechanical
layer and exhibits a relatively great length parallel to
bedding. Our data consist of 38 sets ot [(-50 measure
ments 10 33 layers (two non parallel joint sets were
measured in five of the layers)

Dunham (1987) pointed wut that strata at these out-
crops are either ‘brittle’, meaning they sustain a well
developed joint system, or else are relatively sott and
have poorly developed joint systems. The ‘brittle’ rocks
are harder and more cohesive, they include chert, dolo-
stone, porcelanite and hard siliceous shale/mudstone.
The distinction between hard siliceous shale and porce
lanite 1s gradational and subjective, therelore we group
these two rock types together. It will become clear that
our results are not affected by this grouping  The sotter,
less cohesive rocks are principally mudstone and shale.
Despite a lithologic continuum among the siliceous
clastic rocks from chert through mudstone, the joimting
properties ol rock at this level of diagenesis show a
distinct binary division into jointed (bnttle or more
cohesive) and non jointed (soft or less cohesive) In solt
beds either no joints are present or the joints are so
widely spaced that rehable measurements of their
spacing cannot bhe oblained, even at these excellent
exposures. Figure 2(c) shows a well developed joint set
in a dolostone layer, overlying a relatively unjointed
mudsione bed

Joint density does not vary appreciably as a function
ol either lithology or location 1n hard beds of the Mon
terey Formation The independence of spacing on hitho
logy 1s shownin Fig 3(a), in which the median spacing ol
joints for each data set s plotted for each rock type as a
function ol layer thickness. The median 1s a better and
more stable estimator ol the center of these asymmetne
(log-normal) populations ol joint spacing than 1s the
arithmetic mean

We refer to the slope of the layer thickness-median
joint spacing regression hine as the fracture spacing
index, computed with median joint spacing as the de
pendent variable This definition 18 chosen so that
greater values ot the fracture-spacing index indicate
higher joint density. The fracture spacing index 1s a
lundamental quaniity for practical prediction ot key
properlies of fractured subsurtace reservoirs based on
borehole data, as shown elsewhere (Narr 1991)
Fracture spacing index for each rock type 1s shown in
Fig 3(a) The near coincidence ot the regression lines in
this figure shows that the fracture densities tor each rock
type are efiectively equal. The total data set shows little
deviation from a straight line trend with a fracture
spacing index of | 29
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Fig 3 (a) Median layer thickness and median joint spaaing al all

study sites, plotted by hthology Linear regression hnes through the

data are as follows Dolostone T = 1328 - O, ¥ = 092

Porcelanite and siliceous shale T = [ 228 = 1 (0, r* = 097 Cher

T=128+ 170, = )9 (b) Median layer thickness and median
jomnt spacing in all hthologies, plotted by study site

Figure ¥(b) shows the same data sorted by area.
Although our outcrops occupy structurally diverse set
lings, as discussed ubove, the fracture spacing index
shows no dependence on local structure or geographic
location along the coast (Fig 1) The two atypical data
points that fall to the nght of the regression line in Fig.
3(b) are from Purisima Point and are each for layers with
two well developed and approximately orthogonal joint
sets; data for the other joint set in the layers fall distinctly
within the mamin group of points. This suggests that
ditferent joint sets in a layer had different genetic histor
ies.

In contrast to the relatively constant fracture spacing
index in outcrop, fracture spacing index in cores from
difterent wells from the Point Arguello oil field offshore
(Fig. 1), in which the rocks are at quartz diagenetic grade
and at the same stratigraphic level as most ol the out.
crops, ranges from 0.08 to 0 45 (Narr 1991) The sub
surtace joints are similar (o those in outcrop in that they
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belong 1o a single set onented orthogonal to the axis of
the antichne (and in the present day stress direction).
Furthermore the same dislinchion exists between hard
rocks which are jointed and sott rocks which are non
jointed  Within single wells over mited depth ranges
there 1s essentially no variation in fracture spacing index
among the different brittle rock types Note trom (his
discussion that tracture-spacing index provides a con
venient and quantitatively consistent scalar measure-
ment lor companson of the juinted state ol diverse
outcrops, beds and rock types (see Narr 1991).

Jomt spacing distribution

The mean jomt spacing in single layers 1s consistently
greater than the median joint spacing, which indicates
that the spacing distribution 1s skewed Priest & Hudson
(1976) pointed out that their negative exponential model
lor the distribution ol discontinuities implies that the
mean and standard deviation should be equal In our
data the standard deviahion ot the spacing 1s typically
about () 56 times the mean spacing, which concurs with
Huang & Angelier’s (1989) opinion that the negative
exponential model 1s not an appropriate description ol
joint spacing distnibutions.

Our measurements of joint spacing in any single layer
are generally insutficient o describe a juint spacing
distnbution with confidence Therelore we normalized
our data by dividing each measurement of joint spacing
by the median joint spacing [or its data set. Because the
fracture-spacing indices for almost all our data are
closely similar, we have placed all of the normahzed
joint spacings on a single joint spacing distribution
diagram (Fig 4)

W NaRrr and ). Suppre

Figure 4(a) 18 a hnear histogram of normahzed joint
spacing lor 38 data sets in 33 layers, und Fig d(b) 1s a
histogram ot the natural logarithm of normahized joint
spacing lor the same data The symmetric form of the log
distribution histogram indicates that the normahized
joint spacings are descrnibed well by a log normal distni
bution

Mecharmcal laver boundaries

The boundanes of the jointed mechanical layers that
have been observed both in outerop and in core (Narr
1991) are nearly always erther undeformed mudstone or
surtaces of interbed slip that display shckensides The
mechanical layer boundaries in outcrop are easily identi
hed as bedding parallel surfaces where joints commonly
terminate. Figure 2(d) shows joints terminating at the
base of the layer of siliceous shale against a mechanical
layer consisting of mudstone ldentification of mechan
ical layer boundaries in core is discussed in Narr (1991),
Conversely, it 1s observed thal mudstone layers, irre
spective of thickness and interbed shp surfaces, always
act as mechanical layer boundaries. Table 1 summarizes
the character of the boundaries to the jointed layers for
which we measured joint spacing in outcrop Soft
mudstone/shale and sheared layers compose 92% ol the
layer boundaries. Siliceous shale 1s hard and cohesive
relative (0 mudstone, but it 1s sott relative to chert beds,
all 3% of the boundaries that are 1n siliceous shale occur
where 1t bounds jointed layers of chert The final 5% of
mechanical layer boundanes consist ol chen layers
bounded by chert layers, with no obvious change in rock
type at the boundary ol the jointed layer We suspect
that these surfaces may have expenenced interbed shp
during the flexural shp tolding that 1s a common feature
of chert beds

Table | The nature of 65 mechamcul layer
boundanes of jointed layers observed In
outcrops ol the Monterey Formation

Lathology Count Percent
Sof mudstone/shale 58 89
Sheared layers 2 L]
Siliceous shale 2 }
Chent } )

Usually the mechanical layer boundary 1s a thin and
discrete layer Even where a thick, non jointed mud
slone is adjacent to a jointed bed, a thin, sotter layer
usually hes immediately adjacent (o the jointed bed
Where mechanical layer boundanes consist of discrete
sott layers, their thicknesses range trom 0.1 to 15 ¢m,
with a median ot 3.0 em (Fig. 5).

MODELS OF JOINT SET DEVELOPMENT
Hobbs' model

In spite ol the tact that joints are one of the mosl
common mesoscopic structures at the Earth’s surface,
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there have been few altempts (o explain their spacing
Ramberg (1955) and Vuight (1965) analyzed the spacing,
of fractures in a sttt layer encased 1in more phant layers,
but their viscous analyses are more appropnate for
boudins than for most joints Sowers (1972) presented a
model to explain joint spacing based on the 1dea that
stress concentrations develop at penodic instabilities
that form at the interface between layers having difter
ent elastic properties  Although Sowers related his
model to the spacing of joints, the computations he
presented show that extremely high layer parallel exten
sional strains are needed o create even very low fracture
density. If his model has any applicability (o natural
fractures 1118 probably to brittle boudins encased in a
viscous malrix, nol to joints. Price (1966) suggested
qualitatively that spacing of joints 18 controlled by strain
interaction across fnctionally coupled bed boundaries

Hobbs (1967) presented a simple model to explain
joint spacing 1n sedimentary rocks as a consequence ol
layer-parallel extension, based on the tact that a single
joint confined to a luyer only releases stress for a short
distance along the layer normal (0 the joint. The rest of
the layer remains at a stress close (o the fraclure stress
Hobbs treated bedded strata as an interlayered elastic
sequence, with welded layer boundanes and with ditfer
ent layers having ditferent elastic moduli. We used
Hobbs’ model because it 1s based on a reasonably simple
but, to first order, physically reasonable view ot the
interaction between layers contaning Iractures. Even
Sowers (1972) remarked that Hobbs' “explanation may
account for fracture spacing in rocks if an nstability
cannol develop™

Consider Hobbs’ model in terms ol a single ‘jointing’
layer between lower-modulus neighbor beds. Some
initial joints form at weak points in the layer as a result ol
a far-field extensional strain. The stress relief that
accompanies joinl formation is locally damped as a
tunction of the shear modulus, G,,, of the lower modulus
neighborning beds Hobbs assumed that layer paraliel
shear stress, 7, 1n a neighboring bed decreases linearly
away [rom the intertace wath the jointed bed as

-T2
- fd ’
T

where 7,4 15 shear stress al the layer intertace, T 1s
thickness of the jointing layer, and v is distance away
from the layer intertace in the neighboring bed Tensile
stress, o, along the centerline of the jointed bed in

(1)
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creases i magnitude away lrom a jont in the s direction
(parallel to bedding) as

y I -
1 + sinh (%J(L")l - c«mh(;_ ,’”-‘—"})u‘. ()

o=ET E TVE.

where Eand ¢ are Young's modulus and strain, respect
ively, in the yminted bed. This equation 1s derived trom
Hobbs' equations (6) and (13) From this we see that the
magnitude ol tensile stress decreases more rupidly away
from an existing joint with decreasing T and E, und
increasing G,

Tensile stress parallel to bedding 1n the jointed bed
increases 1n magnitude away from an existing joimnt as a
tunction ot extenstonal struin in the neighboring bed, ¢,,,
(Hobbs’ equation 14).

)

G, s
cosh(— bn S )

Ty E 2 -1
o=Ee, T 1~ , (%

S |G
‘osh(2 [2n
coOs (T\/ E)

where S 1s distance between existing joints Hobbs
showed that the maximum tensile stress occurs midway
between two existing jonts, and that the spacing of
joints 1s proportional to T, EY and G

Haobbs predicted that joints can torm at any site along
a bed provided 1t 15 not close to a pre existing joint, as
illustrated by equation (2) Following the formation of a
sufficient number ol joints at random siles in the bed,
subsequent joints develop midway between pre existing
joints as described by equation (3) Figure 6(a) shows
the physical situation envisaged by Hobbs A jointed
layer hes between lower modulus beds, with joints
forming the ends ot the layer, and this stratified package
expenences a far field extensional strain that increases
with ime (Fig. 6b) The tenstle stress 1s zero across each
joint surlace; the stress 1s transmitted 1n the adjacent
lower modulus beds. Figure 6(c) shows the normal
stress as a tunction of distance along the centerline ol the
jointed bed. The (ensile stress s zero at the left most
joint (x = ), increases L0 a maximum at the midpoinl
between juints, then symmetncally returns (o zero at the
joint on the nightside When the magnitude of the tensile
stress reaches the tensile strength, G, of the layer a new
joint forms midway between existing joints, and tensile
stress goes to zero at this point The stress distnbution
after formation of the new joint at J; 1s shown in Fig
6(d). Conuinued extension leads (o the tormation of new
joints at the midpoints, J,, between existing points, and
the stress distribution at this stage 1s shown 1n Fig. 6(¢)

We tested Hobbs' model of joint spacing in a simu
lation by placing some imtial joints al random locations
along a layer. We simulated a joint system by success
vely breaking each longest jwint bounded segment mid
way between existing joints The spacing distnbution
generated by this model 15 charactenstically mult
peaked (Fig. 7) In contrast, the observed joint spacing
distnbution 1In the Monlerey Formation 15 single
peaked, although skewed 1n the same sense (compare
Figs. 4 und 7).
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Addinon of flaws to Hobbs' model

A significant aspect of fracture formation that Hobbs
did not addressis the effect of laws, which are presentn
all bnttle matenals and which torm a centerpiece of the
science of tracture mechanics (Atkinson 1987). Gnffith
(1921, 1924) demonstrated that even microscopic cracks
magnity stress in a material, effectively reducing its
strength. Microcracks may magnify stress, but they are
so pervasive 1n rock that they likely determine its eHec
tive tensile strength, and hence do not have any ettect on
the Joint spacing distribution. Joints commonly nucleate
from macroscopic Raws such as fossils, concretions and
bedding plane irregulanties (Engelder 1987, Pollard &
Aydin 1988, Kulander ef al 1991) These Mmacroscopic
Aaws may be widely vanable in size and widely spaced,
in the Monterey Formation they may include fish scales
and bones They will magnify stress more than micro-
cracks because the stress magnihcation increases by the

square of the flaw or crack length (Jaeger & Cook 1979,
p 3i8)

We made a simple modification of our Hobbs' model
stmulation by adding flaws (hat reduce the strength ot
the jointing layer (Fig 8) Flaws are placed at random
locations on the x axis along the centerline ol the bed—
in elfect we are making a very simple one dimensional
model of the ettect of Aaws. Furthermore the Haws are
made (o reduce the tensile strength of the layer by
randomly varying amounts. In Fig. 8(a) the lines labeled
t,, 1, , [, represent locations and relative sizes of the
Aaws. Figure 8(b) gives the tensile strength of the jomnted
bed along the « direction, for example the strength of
the bed at law 158 C,, whereas the strength away from
the Alaws 1s Cy and the strength at the joints, Jg, 18 zero
We still use the stress distnibution along the centerline
predicted by Hobbs (equation 3), assuming that the
flaws do not perturb the stress field to the same order as
the joints. Joints are allowed (o form wherever the
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lensile stress magnitude equals the local rock strength
Although the tensile stress magnilude reaches its maxi
mum value midway between existing joints, the next
Joint to form is commonly at a flaw, as in Fig #(c). Most
new joints will not be at the midpoint between pre
existing joints

The joint spacing disttibution of Fig 9 was produced
using the law modified Hobbs® madel This distribution
compures well in form with the actual distnbution ol
Jjoint spacing 1n the Monlerey Formaton (Fig. 4) In
particular it 1s more nearly single peaked than the model
without flaws (Fig. 7) and shows a distdbution closer to
log-normal. The elastic properties used Lo generate this
model are typical values tor a chert or dolostone layer
between weak mudstone (Kulhawy 1975, Lama &
Vutukure 1978). The results shown 1n Fig. 9 are trom a
stmulation ot 500 joints in a layer whose original length
o thickness ratio1s SO0 1, to produce a simulated mean
tracture-spacing index ol 1 ). One hundred flaws were
assigned to random sites in this simulation, and therr
effect on tensile strength varies randomly from 0 1 Gy to
C.

The simulated joint spacing in Fig. Y 15 similar in
general form o the actual spacing ol yoints n the
Monterey Formation (Fig. 4), however it 15 nol clear
whether 1t is better descnbed as a hinear or a log normal
distibution  The ratio of the standard deviation of
normalized joint spacing to mean joint spacing measured
atouterops 18 0.56. In the model simulation of Fig 9 the
ratio 1s (.39 This similanty between the field data and
the results of a simple one dimensional simulation
suggests that Hobbs' stress distnbution, in the presence
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Fig 8 (a) The Hobbs' model of joint formation with flaws randomly

located at 1y, f,, , I, (b) Tensile stress vs distance 1n the jonted

layer The amount thal a flaw reduces the tensile strength of the

jointed layer is represenied by the law length, so the strength al Aaw [,
15 C,, e1e Subsequent points lorm (¢) at J, and (d) at ),

ol macroscopic flaws that weaken a jointed layer, may be
a plausible model of joint spacing in sedimentary strata

Although Hobbs' model with flaws reasonably de
scnbes the lorm of the relationship between layer thick
ness and joint spacing, the model 1s not 1n accord with
several important field observations. Two conditions
that must be met tormally for Hobby’ stress distnibution
o apply are, hrst, that thickness of the jointed bed 1s less
than or equal to the the thickness of the lower modulus
neighboring bed, and second, that no slip occurs at the
interface. Itis clear from the field data that the strata we
studied violate these assumptions The mechanical layer
boundanes are very thin relative (o jointed layer thick
ness, and ship has taken place along these weak layers in
some places (this s particularly clear in core ot the Point
Arguello oil field).

These assumplions atfect the lorm of the stress distri
bution 1n the jointed layer. The exact form of the stress
distnbution 18 not as important as the general trend
predicted by Hobbs; tensile stress 1s relieved 1n the
region where a new joint forms and tensile stress magni
tude increases as a tunction ol distance from the joint.
We tested the law moditied Hobbs’ model with vanous
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Fig 9 Typical joint spacing distribution predicied by flaw modihed

Hobhbs' (1967) model (a) Linear scale and (b) natural log scale The

imtial modet contained 110 randomly placed faws that weakened (he

layer to as hittle as 10% ol its uniractured tensile strength Other model

patameters E = 66,200 MPa, G, = 280 MPa, ¢, = 5 () MPa, starting
thickness (o spacing ratio = 1,500

values of Young’s modulus of the jointed layer and shear
modulus ol the neighboring beds. This changes the
lorm ol the stress distribution, but the predicted joint
spacing distribution 1s essentially the same as that of
Fig. 9.

Changing the coupling between layers from no ship to,
lorinstance, a tnctivnally-coupled interface will change
the stress—distance function, but qualitatively the stress
tunction will have (he same basic character of increasing
o 1its maximum magnitude midway between existing
joints This 15 the basis of the qualitative model of joint
spacing proposed by Price (1966).

A further consideration 1s the limitation ot the model
to the one-dimensional compultation of joint spacing
along a hine. A one dimensional model may approxi-
mately describe the formation ol the first formed joint
selin a sequence of strata, and so it may be appropriate
for comparison with data from the sites in the Monlterey
Formation we studied, where one jomt set clearly predo-
minates But subsequent joint sets will be affected by a
mechanical Interaction with pre-existing joint sets as
well as by layer boundanes

One parameter thal does affect the form ot the joint
spacing distribution is the number of flaws relative to the
number of joints that are generated. As the number of
available Alaws approaches and exceeds the final number
of joints in these simulated systems, where the ultimate
thickness to spacing rauio is unity, the shape of the joint
spacing distnbution becomes multimodal, as lor
example in Fig. 10 The form of this distnbution, simu-
lated by allowing the number of Aaws to equal twice the
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Fig 10 Joint spacing distribntion predicied by Haw modihed Hobbs'

model The number ol flaws s relanvely large  One thousand

randomly placed flaws weakened the layer 1o as hittle as 10% of ity

uniractured (ensile strength Other model paramelers £ = 66,200

MPa, G, = 280 MPa, ;) = 50 MPa, starting thickness (o spacing
ratio = | S0

ultimate number of joints, 1s rather symmetrical The
peaked shape is suggestive ol the ideahized Hobbs’
model simulations of Fig. 7. Perhaps the efiect of a large
number of Aaws 1s 1o reduce the overall sirength of the
layer and so to allow joints to develop much as they
would 1l no flaws were present. The simulated distn-
butions that look most like the observed joint spacing
distributions are obtained when the final joint count 1s
about 4-5 times greater than the number of initial Aaws

In summary, we have shown that it 1s possible (o
reasonably model the torm of the observed joint spacing
distribution by a simple one dimensional simulation ol
the effect ol macroscopic Alaws 1n the jointed layer.
Joints are of course a three dimensional phenomenon,
more complex than our simple one-dimenstonal simu
lation, nevertheless we suggest that modest numbers ol
macroscopic flaws may be the essence of the observed
form of the joint spacing statistics.

DISCUSSION

Voight & St Pierre (1974), Haxby & Turcolte (1976),
Narr & Curnie (1982) and Engelder (1985) modeled the
evolution ot stress in sedimentary strata duning a cycle of
bunal, diagenesis, tectonism, uplift and erosional
unloading, and they concluded that strata are most likely
o expenence horizontal extensional strain durning uphft,
unroofing and cooling of the basinal sequence. Narr
(1991) shows that the density of joints in strata ot the
Monterey Formation n the deep subsurface (2100-
2400 m depth) ot the Point Arguello onl field varies
(fracture spacing index of ().08-).45) with location, but
at outcrops the joint density is relatively constant and
higher (tracture spacing index ot 1.3) over a large area
The diageneuc grade of the siliciclastic rocks we studied
at outcrop indicate they reached a temperature of aboul
100“C, which requires thal they were once buried to a
depth of about 2.5-3.0 km.

We envisage a joint set beginning to form at depth in
strata at the Monterey Formation While still burnied the
juint density 1s sensitive (o vanations in tectonic strain
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between ditlerent siructural positions Here the pro
cesses ol Hobbs' model operate and the joint density 1s
closely related (o extensional strain parallel to bedding
Asstrata are uphfied and extensional strain continues to
increase, a condition is reached where it becomes easier
o accomplish this stretching by opening exisuing joints
together with shiding along mechanical layer boundanes
than by creating new joints At this stage the strata are
saturated with joints. The strata thal we examined in
outcrop, which all show about equal lracture density
(fracture spacing index - 1.3) have perhaps reached this
saturation level After saturation s reached 1t1s fruitless
tocompare fracture density among ditlerent locations or
rock types because subtle ditterences in [racture density
will disappear as less strained strata continued to torm
joints while more densely jointed rocks strain by open
ing of exisuing joints and sliding on mechanical layer
boundanes

CONCLUSIONS

AL coastal exposures in central Cahlornia relatively
hard, cohesive rocks of the Monterey Formation show a
constant ratio of layer thickness to joint spacing of about
1.3 This rauo s called the fracture spacing mdex. 111s
approximately the same in outerop among difterent rock
types and in different structural locations over a substan
tial region (Fig. 1), whereas it 1s much less—0,08—0.45—
in the subsurtace of the Point Arguello oil field where
the rocks have not undergone uplift and cooling. The
frequency distribution of the joint spacing data s log
normal. Relatively soft, non cohesive mudstones do not
have regular joint sety

Hobbs’ (1967) model ol the controls on joint spacing,
which 1s based on the idea that joints confined to a layer
release stress in the layer close to the jont, qualitatively
predicts a constant ratio ol layer thickness (0 joint
spacing 1n an interstratified sequence of rocks with
different elastic properties However, a simulation
based on this model gives a mulimodal spacing fre
quency distnbution The addition of macroscopic flaws,
which weaken the jointed bed at rundom sites along its
length, results in a simulated frequency distnibution thal
is similar 1n lorm to the observed log-normal distn
bution
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