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Absltacl--II is widely observed Ihal ioml spaong ms proporh.nal Io bed tl'uckness m sedlmenlarv ~pcks '13"it ~ 
ongm ~,1 Ihts proportionality is explored by observallon ~1 ioml spa~.ang m Ihe M~,nleee v Fi,rmallon ol (.'ahlomta 
and by one dm~enslonal numencal modelhng bused on Hobhs' Iheu~ ol IOml spat ing 

Coheswe rouks ol the Monlerey Furmaliun--includmg doloslune, portelamle, sthceous shale and cherl-- 
!,h, tw a nearly u'onslanl raliu ol la~/er thickness h~ Ioml spaong ol al~,ul I '~ The Irequem:y dtslnbul,,n ~,11he rallo 
~1 ioinl spacing lu median spacmg is log normal Relalivelv phabk" mudslones d .  nol have regular Ioml sels hul 
are mechanically impotlanl because Ihev h,rm Ihe boundanes IO Ihe ioinled, c~phestve slrala 

Hnhhs' model mlutlively ptedios a conslanl raltu ol bed Ihtckness Io luml spacmg, however, a stmulali, m 
based on Ihls model predlcls a mulhmodal dlslnbulion ol ioml spacing By add,ng Ihe eHecl ol a hmlled number 
ol flaws lu Ihe model, which weaken Ihe bed al raridnm sfes ahmg 1is lengfh, a slmulaled dlslnbuhun ol ioml 
spaong is oblamed Ihal is simdar Io Ihe observed log n.rmal dtslnbuI,Jn 'Thus. Hobbs' mt~lel, modlhed h~ 
include Ihe ettecl ol flaws, seems capable ol predi¢l,ng I he observed slaltsllt"s ~1 ioinl spacing as a runt lion ~1 lavel 
Ihtckness in sedLmentarv slrala 

INTRODLICTION 

JOINTS are planar tensile o p e n i n g - m o d e  Iraclures wflh 
little or no d~splacement parallel to the Iraclure plane. 
Joints in bedded sedimentary rock are general ly perpen 
dlcular h., hedding and occur with parallel fractures to 
Iorm a Ioint set. 

'The distance between ioints ot a given set is relatively 
conslanl within a single layer and is p ropor l tona l  to layer 
thickness (Bogdonov  1`447, Price 1'466) Thus  beds ol 
different thickness of the same rock type will have 
essentially the same ratio ol layer thickness to joint 
spacing, al though very thick beds may depar t  Irom this 
general izahon (Ladeira  & Price 1'481 ). The  value of Ihe 
thickness-spacing ratio can be influenced by rock type 
and structural position ( H a m s  el al 1'4('d.), Narr 1'4'41). 
Huang & Angelier  (1'489) reporl  thai the propor t ional i ty  
of layer thickness to ioinl spacing exists in holh compres ,  
sional and extensional reL..,nmes. 

'1"he frequency distr ibution ol ioint spacing potentially 
provides in lo rmahon  on the genesis and evolut ion of 
ioint sets, as discussed heh)w. Howeve r ,  few data exist in 
the literature. Huang  & Angel ier  (1~89) document  a 
skewed Irequency d l s t n b u h o n  of  spacing that they be. 
heve is filled best by a g a m m a  distr ibution function,  
which they note differs only slighlly from a h)g normal  
dis lnbut ion.  In this paper  we present data from the 
Monte rey  F o r m a h o n  ol Cahl 'omia  that displays a 
skewed spacmg f requency d t s tnbu t ion  that is approxi 
malely log.normal  

E n g m e e n n g  studies have examined  joint spacing dis 
t n b u h o n s ,  but because they typically do not separate 
genetically distinct iolnl sets their measuremen t s  con 
tribute little Io the scientific unders tanding  ol joint 

*Prt:senl addless' Chevron Overseas Pelrnleum Inc,  PC) B~,x 
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development.  'The standard engineenng technique in 
valves measu rmg  Ihe spacing, be tween joints ah)ng a scan 
line or boreho le  of  arbi t rary or ienta t ion In a widely 
cited study,  Priest & Hudson  (1976) h.,und the frequency 
distribution of  the spacing o1' 'disconlinuil tes '  m rock 
(allows a negative exponent ia l  Iorm Their dtsconll 
nutlles included not lUSt iomts but also laults, bedding 
planes, fractures,  fissures and mlcrofissures 'They stated 
explicitly thai this negative exponential  dislrihution 
does n,.it apply il there is p redominance  ol evenly spaced 
discontinuities,  which is the case ol interest to us 
Bridges (1'475) emphas ized  the usefulness ol segregating 
different fracture sets in scan line surveys and Iound that 
individual sets show a log-normal  spacing d l s lnbuhon .  
Vanuus  theoret ical  statistical models  ol ioml s p a o n g  
distributions exist in the engineer ing  literature (e g 
Dershowflz  & Einstein 1'488), these seek to describe 
joint spacing d i s tnbu l tons  based on c~mceptual models 
ol joinl systems These  conceptua l  models con tnbu le  
httle al this stage to our knowledge  of actual Ioint sets. 

Several models  have a t t empted  to assess the processes 
and parameters  amporlant  m determining ioint spacing 
(e.g. Price 1`41',~, H o h b s  1`4¢",7, Sowers 1'472). In each of 
these models  the c o m p u t e d  ioinl spacing depends  on 
thickness ol the iointed layer,  on a contrast in physical 
propert ies  be tween  the .iointed layer and adlacenl beds, 
and on layer parallel extensional  strain 'These models 
are mainly heu r i s t i c - - they  have not heen used IO simu 
late actual ioint spacing distnbutaons.  

We used H o b b s '  (1`407) model  to simulate the Iorm ol 
the icunl spacing dis t r ibut ion,  which we compare  with 
Ioint spacing data  from the Monterey  Format ion ol 
central Cal i lornia  We also use a modified form ol 
Hobbs '  model  that includes the effects at  flaws and find 
that the resultant  s imulated distr ibutions oi Ioint spacing 
are similar in form to those d e n v e d  Irom held data 

We measured  the spacing ol .joints in dolostone,  chert,  
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Labeled s=les shnw where i . ,n ls  were slud~ed ,n uule~op 

porcelanite and sihceous shale of Ihe Monterey F'orma 
lion We also exam=ned the mechamcal boundaries ol 
,Iomled layers tu understand betler the character of the 
mechamcal layenng We first discuss our field data and 
Ihen Hubbs' model and the elfecl ol flaws tm Iolnt 
spacing dlslnbul=on 

DATA ON JOINT SPACING AND MECHANICAL 
LAYERING 

Sll idi ,  area  

We sludied jomls of the Monterey Formation in well 
exposed b¢ach outcrops (F=g. l ) in the Sanla Mana basra 
and Sanla Ynez Mounla,ns ol lhe Transverse Ranges 
province (Dihblee 198'2) ol (_"ahfornla. The Monlerey 
Format=on =s an approx.mately 700 m th=ck sequence of 
mterbedded sihceous shale, chert, phosphat.c shale, 
mudslone and dolostone ol Miocene age It was de- 
pus.led =n relatively deep waler, sed=menl starved mar 
me basins, w=th lerrigenous influx restd¢led largely to 
pelagw and hemipelag=c malenal (Pisootlo & Garr,snn 
1981) Dmlom Iesls are the source nfMl ica (Bramlel l  
1940). 'The outcrops we stud=ed consist of interbcdded 
dolostone, cherl or =ts diagenet.c equwalenl,  and 
mudsltme/shale ol the upper calcareous sdiceous mem- 
ber and Iransi l .)nal member of the Monterey Formauon 
(Isaaes 1983).  

Upon bur,al the sdiceous slrata of Ihe Monterey 

F'~lrmalion underwenl IW(~ d~m,nanl ly lemperalurc 
c(mlrollt 'd diagen¢lic phase changes Ihal atl'ecled Ihcir 
mecharucal prt~pertws (Isaacs IqSla) The umorphLms 
~pal ol the original dialom lesls converls h~ opal C'T ul a 
temperature less lhan hl)"C', resullmg in lhe embrHlle 
menl ~I soll rocks such as diatonule as lhey Iranslorm 
inh) ~Jpal C"T' chert ( Pisclollo l qN] ) A sec~ md I ransHl~m 
Js reached heh~re ab~ul I I()"C m whlch opal C'T'c~mverls 
h~quartz h~ produce a r~ck ~I h~wer purosily and hlgher 
densdy The diagenel,cgrade4~l lhe sdlce~ms rocks m 
our sludv ranges from quarlz I t )opal( . "T '  + quarlz 
(transHi~mal). As sihca contenl decreases in s,hclclast,c 
rocks ol lhe Monlcrey F'c~rmallon, lhe assocmled rock 
name changes from cherl t~ porcelamle to sihce~ms 
shalelmud,~tone Io mudsh.me 

'1-'he uulcr~ps we ,dud,ed he m sew:ral sl~uclural 
sellmgs Jalama Beach and Po,nl Atguel lo Boalhouse 
(F~g l )a reonaSd~ppmghomoc l ine ,wh~chNamson& 
Dav,s (Iq88) mlerprel as lhe forward d~pping panel ol a 
crustal scale faull bend fold Cherl ~s m lhequarlzgrade 
ol d~a.genes~s at Poml Arguel lo Boalhouse (Grwel l i  
Iq82) and al Jalama Beach (hased ~n lhe w~despread 
occurrence ~I' black glassy cherl wHh a somewhal grainy 
sur lacelexlure-- lsaacs It~81b) 'The Honda Creekoul  
crop he.,, lUSl s~lulh o l a  S d~ppmg, lefl laleral obl,que 
sllp reverse laull (D~hblee lU)~l)) and appears IO be al 
quartz dmgeneUc grade. 

AI L,.)ns Head, basemenl r~ck ol the Poml Sal oph,o 
hle ,s lhrusl up approx~malelv 13110 m on the norlh s~de 
~I lhe WNW trending LJons Head laull (Woodrmg & 
Bramlelle lqSO). Our sludy sile hes Hnmedmlely south 
of lhe fault where Mtmlerey F~)rmaUon slrala d~p 
sleeply SSW Rocks are in lhe quartz slage ul'd~agenes~s 
(Grivetl~ lq,~2, Dunham Iq87). 

Pur~sima Point is m lhe creslal region ol a broad, E 
Irendinganl~chnc Sil,ceousslrala here have been par 
trolly translormed from opaIC'"l-' h~ quartz (Grwel l ,  
Iq82, Dunham Iq87) 

In add~uon h~ lhe uutcrop sites, we exam,ned l('unts m 
cores from hmr wells from lhe Pc, nl Arguello oil field 
ollshore(l;'~* 2 I) PermeabdHyol theod field reservoir 
depends largely on lh~s subsurlace ioml syslem The 
results ol our sludy ol lh,s subsurface jOlnl  sys lem are 
presenled elsewhere (Narr Iqql ) 

Jc)t'rtl dtlllltde,~' ,Itld ,Sptit'lttg 

AI mosl oulcrops only one well developed ioml sel is 
presenl, and these lOmls are usually oriented normal to 
hwal fold axes (Narr lqql ) .  In lhe less common eases 
where mull iple lUml sels are present at individual out 
crops, lhe predommanl set is lypically m~rmal to lhe fold 
axis F igu re2 (a ) i sun~b l ,quev iewo ladJppmg laye ru f  
s,hcuous shale, w,lh the predom,nanl joinl .,,el s lnking 
pa ra l l e l l o l hed ipo lheddmg  InF,g 2(b) lhepredoml 
nanl loml sel isshghlly mchned Iothe d lpo l  bedding m a 
layer of doloshme 

We measured Ihe ,spaong of iomls m each malor rock 
type over a range ol layer Ih,cknesses We reler Io 
'layers' or 'mechan,cal layers' ralher than 'heds' Io 
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beh.mg Io a single set onenled ~rlhogonal h~ the axis q~l 
Ihe anhchne (and m Ihe present day stress direchon). 
F'urlhermore Ihe same disltnclton exisls between hard 
rocks which are IOmled and soil rocks which are non 
Iomled Wilhm single wells over hmlled depth ranges 
there =s essenltally no varialton m [raclure spacing index 
among the dd'ferenl brillle rock types Note Irom Ihls 
discussion thai traclure.spacing index provides a con 
vement and quanhlatwely consislenl scalar measure- 
ment Ior companson ol the jumled slate ol diverse 
outcrops, beds and rock types (see Narr Iq~l ). 

Joml sp¢r('tng dtstrtbutlon 

F'tgure 4(a) is a hnear histogram ol normahzed ioml 
spacing Ior ~Xdata sels m 33 layers, and Fig 4(b) tsa 
hislogram ol Ihe nalural Iogar=lhm ol normahzed p,nl  
spacing lot the same dala 'The symmelnc form ol Ihe h~g 
d=strihullon htslogram indicates thai Ihe normahzed 
punt spacings are described well by a h)g normal dislr= 
bul l~n 

Me('hum('ul laver boundavw,~ 

'131e boundanes o1' the Iomled mechanical layers that 
have been i~bserved both m outcrop and m core (Narr 
Iqgl ) are nearly always either undelormed mudstone or 
surlaces ~d' mlerbed slip thai display sllekensldes The 
mechanical layer boundaries m outcrop are easily =denli 
bed as bedding parallel surlaces where lomls commonly 
lerminale. I='tgure 2(d) shows F:nnls lerminalmg al Ihe 
base ol Ihe layer of sdiceous shale agamsl a mechanical 
layer consisting of mudslone Identification ol meehan 
wal layer boundaries in core is discussed m Narr ( Iqql ). 
Conversely, it is observed that mudslone layers, irre 
spechve of Ihickness and mterbed shp surtaees, always 
act as mechanical layer boundaries. "T'able I summarizes 
the characler ed' the boundaries Io the .jointed layers tor 
which we measured ioml spacing, m outcrop Soft 
mudstone/shale and sheared layers compose 92% ol the 
layer boundaries. Sihceous shale is hard and cohesive 
relative to mudstone, bul =1 is sob relalwe to chert beds, 
all 3% of Ihe boundaries that are in siliceous shale occur 
where =1 hounds lOmled layers of chert 'The final 5% t~l' 
mechanical layer boundanes  eonslsl ol chert layers 
bounded by cherl layers, with no obvious change m rock 
IVpe al the boundary ol Ihe jomled layer We suspecl 
Ihal these surfaces may have expenenced inlerbed shp 
during the flexural shp Ioldmg Ihat is a common feature 
of chert beds 

'T'ahle I ']'he nalurc ol b'~ meehamcal  laver 
houndarles  ol iolnled layers ohserved in 

oulcrnps ol Ihe Mon le ley  F'ormaltnn 

The mean jOlnl spacing m single layers is conmslenlly 
grealer Ihan the median joint spacing, which indicates 
that Ihe spacing dlslribuUon is skewed Priest & Hudson 
(197~) pomled oul that their negative exponential  model 
Ior the distrihuhon o[ dtsconlmutltes tmphes Ihal Ihe 
mean and slandard devmlion should be equal In our 
data Ihe standard dewahon ol Ihe spacing is typically 
aboul () 56 limes the mean spacing, which concurs wllh 
Huang & Angeher 's  (IqS~) op=mon thai the negative 
exponenlml model is nol an appropriate descnphon ol 
Ioinl spacing dislribultons. 

Our measurements of joint spacing m any single layer 
are generally insulficienl IO describe a .joint spacing 
dislrlbullon with confidence Therelore  we normalized 
~)ur data by dwtdmg each measurement of joint spacing 
by Ihe medmn jumt spacing for its data set. Because the 
fracture-spacing indices Ior almosl all our data are 
closely similar, we have placed all of the normahzed 
joml spacings on a single joinl spacing distribution 
diagram (Fig 4) 

L,tlhology (."ounl Perccnl 

Sntl mudslune/shal~ ~N Nq 
Sheared layers 2 "4 
Sthceous shale 2 t 
C" h e rl ~ ", 

l lsual ly Ihe mechanical layer boundary =s a thin and 
discrete layer Even where a Ihtck, non jointed mud 
slone is adjacent I(~ a jomled bed, a thin, soller layer 
usually hes =mmedialely adjacent h., Ihe jOlnled bed 
Where mechamcal layer boundaries consml of discrete 
soil layers, Ihetr thicknesses range Irom ILl Io 15 era, 
wilh a median ol 3.(I cm (Fig. ¢,). 

MODELS OF JOINT SET DEVELOPMENT 

Hobbs' model 

In spite ol Ihe lacl thai iolnts are one of the mosl 
common mesoseopic slruetures at the Earlh's surface, 



Joint spacing in sc, dimenlarV rlwks 111,44 

'~== 1 

z [1.. .  II , 
0 10 

Monterey Dala t 
57 layer boundane;, 

= D 

20 30 40 
Thickness ot Mechanical Layer 

Boundaries (cm) 

Fil.', "~ 'T'hii. knes,., ol mechan ica l  laver houndane , . ,  

there have been low allempts to explain their spacing 
Rumberg ( Iq%) and Vt, ght (19hS) analyzed the spacing 
of fractures m a sldl layer encased in more pliant layers, 
bul their viscous analyses are more appropnate  for 
boudlns than Iclr most ltllnis Sowers (1~72) presented a 
model to explain jl.llnt spacing based on the idea thai 
stress concentrauons develop at penodlc instabilities 
Ihal Iorm at Ihe interlace belween layers having differ 
eat elaslic prciperttes Although Sowers related his 
model ll.i Ihe spacing ell ioinls, the computations he 
presenled show thai exlremely high layer parallel exten 
sional slralns are needed Io creale even very low I raciure 
densdv. If his model has any apphcabillty to natural 
fraelures =1 is probably Io brittle boudins encased m a 
vmcous malrix, nol ill IOmtS. Price (19h6) suggesled 
quahtaiwely thai spacing of Iclinis is controlled by strain 
interaction across fnctlonally coupled bed boundaries 

Hclbbs (Iq{17) presented a simple model to explain 
joint spacing in sedimenlary rocks as a consequence ill 
layer-parallel extension, based on the lacl thai a single 
iolnt confined to a layer only releases stress for a short 
distance along the layer normal Io the Ioini. The rest of 
the layer remains at a stress close to the [raclure stress 
Hobbs treated bedded strata as art interlayered elastic 
sequence, with welded layer boundaries and with dlll'er 
eat layers having dilferent elastic moduh. We used 
Hobbs'  model because it is based cm a reasonably simple 
bul, to first order,  physically reasonable view ot Ihe 
interaction between layers containing Iractures. Even 
Sowers (Iq72) remarked that Hobbs'  "explanation may 
account Ior I'raelure spacing in rocks if an inslablhlv 
cannol develop" 

Consider Hobbs'  model in terms ol a single 'lolnting ' 
layer between lower-modulus neighbor beds. Some 
initial ioints Iorm at weak points m the layer asa result ol 
a far-field exlens=l-inal strain. 'The stress relief thai 
accompanies ioinl formation is locally damped as a 
function ol the shear modulus, G,.,, of the lower modulus 
neighboring beds Hobbs assumed that layer parallel 
shear stress, r, in a neighboring bed decreases linearly 
away I'rom Ihe interlace with the Iolnled bed as 

where r d m shear stress at the layer interlace, T is 
thickness of the Iomtlng layer, and v is distance away 
[rom the layer interlace in the neighboring bed Tensile 
stress, o, along the cunierline ot the iolnled bed in 

creases m magmlude away Irom a iolnl m Ihe I direcli~ln 
(parallel Ill bedding) as' 

' I ' l l  +sinh(~./~/,f~' (2 i'G,i) 

where E' and/: i are Young's modulus and slraln, respecl 
ively, m the Iolnled bed. 'This equai,-in m derwed horn 
Hobbs' equations (t~) and (13) From Ihis we see Ihal Ihe 
magnilucle ol tensile slress decrease,,, mllre rapidly away 
Irom an existing, ll_llnt with decreasing, T and E', and 
increasing C;,, 

Tensile stress parallel Icl bedding, in the jointed becl 
increases in magnitude away [tom an existing iclint as a 
lunction cll extensional strain in the neighboring bed, l,,, 
(Hobbs '  equatllln 14). 

Cl.ish \ '['~l/ E 2 , -  I 
,, = E ' , ' . ' T  ' -  <,-,,* / G /  ( ') 

t ' TV  E'I 

where S is dislance between existing llllnts Hobbs 
showed that the maximum tensile stress occurs midway 
belween two existing, ioints, and thai the spacing, ol 
joints is proportional to 'T, E 'l l: and (_7,~ iJ',, 

Hobbs predicted thai iclinls can h.lrm at any site along 
a bed provided ii is nllt close to a pre exishng ioini, as 
illustrated by equation (2) Folh-iwing the hlrrnatiiln ol'a 
sufficient number cll io,nts at random sties in the bell, 
subsequent IOmtS develop midway between pre exmlmg 
ioinls as described by equalitln (3) F'tgure h(a) sh¢lws 
the physical situation envisaged by Hobbs A iointed 
layer lies between lower modulus beds, with llilnls 
forming the ends ol the layer, and this stratified package 
experiences a lar field extensional strum that increases 
with time (Fig. 0b) The lensile stress is zero across each 
ioint surlace; the stress is Iransmltted in the adlacent 
lower modulus beds. Figure b(c) shows the normal 
stress as a lunction ol distance along the cenlerline of Ihe 
iolnted bed. '1"he tensile stress is zero at the left mosl 
.iolnl (.l~ = 0), increases to a maxnmum at the mndpoinl 
between jonnts, then symmetncally returns to zero al the 
iolnl on the rnght snde When the magnnlude ol the tensile 
stress reaches the tensile strength, C0, of the layer a new 
iolnl forms midway between existing iolnts, and tensile 
stress goes to zero at thus point 'The stress distribution 
after formation of Ihe new iolnl at In us shown in Fig 
h(d). Continued extension leads to the Iormatnon ol new 
joints at the midpoints, .I,, between existing points, and 
the stress dislribution al Ihis stage us shown in Fig. h(e) 

We tested Hobbs'  model of Ioinl spacing in a slmu 
latlon by placing some inninal iomls al random Icieatlons 
along a layer. We simulated a ioinl system by success 
ively breaking each longest Ioinl bl-iunded segment mid 
way between existing Ionnts 'The spacing distribution 
generated by this model is churaetensiically multi 
peaked (Fig. '7) In contrast,  the observed joint spacing 
dnstnbuilon nn the Monterey Formatnon is single 
peaked, although skewed in the same sense (compare 
Fngs. 4 and 7). 
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Ic~ hprmul.m ~1 a new pqnl, and (d) lUSl aftel, Iormahon ol ioinl JI (e) Subsequenl  ioml,s, J : ,  Iorm midwav belween extslmg 

p) in ls  

Add#ton o[ /taws to Hobbs' model 

A significant aspect of fracture formation that Hobbs 
did not address is the eHecl ol flaws, which are presenl in 
all brnllle materials and which Iorm a centerpiece ol the 
science ol Iraclure mechanncs (Alkinson 1~87). Gnfti lh 
( Iq21, It124) demonst ra ted  Ihat even microscopic cracks 
magnlty, stress in a material,  effeclively reducing hiS 
strength. Microcracks may magnn~ stress, bul they are 
so pervasive nn n~ck that they likely determnne its eH'ec 
live lensnle strength, and hence do hal have any ellecl on 
the Ionnl spacing distribution. Joints commonly  nucleate 
h a m  macroscopnc flaws such as h~ss,ls, concrel,ons and 
bedding plane ir tegulanties (Engelder  It~87, Pollard & 
Aydin Iq88, Kulander el al Iqgl)  'These macroscopic 
flaws may be widely variable m size and widely spaced, 
m the Monterey Format,. 'm they may include fish scales 
and bones 'They will magnify stress more th~'m micro- 
cracks because the slress magmhcat lon increases by Ihe 

square of the flaw or crack length (Jaeger & Cook itV7~, 
p 338) 

We made a simple modtficalion ol our Hobb:,' model 
simulal,on by adding flaws that reduce the strength at 
Ihe iomling layer (F'lg 8) Flaws are placed al random 
locations on the ~ axis along the cenlerhne o1' Ihe b e d - -  
in ellecl we are making a very s,mple one d,mens,onal 
model of the el-leer ol flaws. Furlhermore the flaws are 
made to reduce the tensile slrength ol Ihe layer by 
randomly varying amounts.  In Fig. Y,(a)the lines labeled 
f~, f: , f,, represent Iocalions and relative sizes of the 
flaws. Figure 8(b) gives Ihe lensile strength ol the iomled 
bed along the t direction, Ior example Ihe strenglh ol 
Ihe bed at flaw I~ is CI,, whereas the slrenglh away from 
the flaws is C0and the slrength at Ihe luints, J0, is zero 
We still use the stress distribution along the cenlerline 
predlcled by Hobbs (equation ~,), assuming Ihal Ihe 
flaws do not perturb the stress field to Ihe same order as 
the joints. Joints are allowed to form wherever the 
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lenslle stress magnllude equals the local rock strength 
Although the tensile stress magnilude reaches ~ts maxi 
mum value m~dway between ex,stmg iolnls, the nexl 
.iolnl to h:)rm is commonly at a flaw, as in Fig 8(c). Most 
new iolnls will not be at the midpoint between pre 
existing loinls 

The io,nt spacmg distribution of Fig t) was produced 
using the flaw modified Hobbs' model This dtstrlbut,.)n 
compares well m form with the actual d,stnbulion el 
p)int spaemg m the Monlerey Fo rma t ,m  (Fig. 4) In 
parlicular ii is more nearly stogie peaked than the model 
wilhout flaws (Fig. 7) and ,~hows a distribution closer to 
log-normal 'The elaslic pr~)pert,es used to generale this 
model are typical values h.)r a cherl or doh:)stone layer 
between weak mudstone (Kulhawy 10'75, Lama & 
Vutukure 1978). The results shown in Fig. c) are Ir()m a 
s=mulahon el 5(111 iomts m a layer whose origmal length 
h:) thickness ratio is 5(1tl 1, to produce a simulated mean 
Iracture-spaemg index el I (J. One hundred flaws were 
assigned to random sites in this slmulalton, and their 
effect on tensile slrength varies randomly I r~)m (I I Ct~ to 
CI,. 

'The simulated joint spacing in F;'ig. t.) IS similar in 
general form to the actual spacmg el ioints m the 
Monterey Formation (Fig. 4), however it is not clear 
whether it is belier described as a linear or a log normal 
d,stnbution 'T'he ralio el the standard devmtlon el 
normahzed iomt spacing to mean IOmt spae,ng measured 
at outcrops is ().5("). In the model simulation el F:;'tg (..) the 
ratio is (J.))t.) "this similarity between the field data and 
the results of a simple one dimensional simulation 
suggests Ihat Hobbs'  stress d)stnbul,.)n, in the presence 
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Fig, N (a ) 'The  H()bbs' model ()1 j(.)inl Iormalion w,lh flaws randomly 
Iocaled al It, I:, , I,, (b) "l"enMle stress v.,, dtManc¢' m Ihe Iomled 
layer The amount Ihal a flaw reduces Ihe lens,le .,,Irenglh el Ihe 
p)ir, led laver is represenled by Ihe flaw length, so Ihe !il rength al flaw I i 

In ('~11' ell Suhsequenl paint'., Ir)rm It') al J, and (d) al .l,, 

ol macrosct)p,e flaws thai weaken a jomled layer, may be 
a plausible model of ]omt spacmg in sedimentary strata 

Although Hobbs'  model w,th flaws reasonably de 
scribes the Iorm of the relationship between laver thick 
ness and Ioint spaong,  the model ts n(~t in accord with 
several tmporlanl field observations. Two conditions 
that must be met tormally lot Hobbs'  stress distribution 
to) apply are, hrst, that thickness el ' the iomted bed is less 
than or equal to the the thickness el the lower modulus 
ne=ghboring bed, and second, that no slip occurs at the 
mterface. It ,s clear from the field data thai the strata we 
studied v,olate these assumpt,ons "rhu mechamcal layer 
boundaries are very thin relalwe to jo,nted layer thick 
heSS, and sl,p has taken place along these weak layers m 
some places (this is part,cularly clear in co)re el the Pc)mr 
Arguelh') od field). 

These assumptions affect the h:)rm of the stress distri 
button in the iomted layer. The exact form of the stress 
distnbution ,s not as important as the general trend 
predicted by Hobbs; tensde stress is relieved ,n the 
region where a new iomt forms and tensde stress magnl 
lude mcreases as a tuner,on t)l distance In.)m the ioint. 
We tested the flaw modified Hobbs'  model wllh various 
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palamelevs E = ~,2(K) MPa, (.;. = 280 MPa, (-~ = % It MPa, ,~larlmg 

II'Hekness ll~ spacing lallo = I.'~IXI 

values o1' Young's modulus ol Ihe jointed layer and shear 
modulus ol the neighboring beds. 'This changes the 
Iorm ol the slress dtslnbulton, but Ihe predicted IOinl 
spacing dislnbulion is essentially the same as that of 
Fig. tL 

Changing the cuuphng between layers Irom no slip to, 
lot mslance, a Inctttmally-coupled interlace will change 
the slress--dtslance lunclton, but qualitatively the stress 
lunclion will have Ihe same baste character of increasing 
to its maximum magmlude midway between existing 
iomls This is Ihe basis ol Ihe quahlative model ol Ioinl 
spacing proposed by Pnce (IqO0). 

A further considerahon ts the hmltalion ol the model 
to the one-dlmensicmal compulahon of ioinl spacing 
along a hne. A one d.menslonal model may approxi- 
mately describe the formation ol the first formed joint 
set in a sequence of strata, and so it may be appropriate 
for comparison with data from the s=les m the Monterey 
F'ormallon we studied, where one joint set clearly predo- 
minates But subsequent ioinl sets will be affected by a 
mechamcal mlerachon with pre-existing ioml sets as 
well as by layer boundaries 

One parameter thai does affect Ihe form ol the joint 
spacing dlslribution is the number of flaws relative to the 
number 17t' iomls thai are generated. As the number o[ 
available flaws approaches and exceeds the final number 
of joints in Ihese simulated systems, where the ullimale 
thickness to spacing ratio is unity, the shape of the joint 
spacing dtstnbulion becomes multimodal, as Ior 
example In Fig. I() 'The form of this dis lnbuhon,  simu- 
lated by allowing the number of flaws to equal twice the 
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ullimale number ol .iomls, is rather symmetrical The 
peaked shape is suggestive ol Ihe tdeahzed Hobbs' 
model simulations ol Fig. 7. Perhaps the eflecl of a large 
number of flaws is to reduce the overall strength of the 
layer and so to allow iolnts to develop much as they 
would =1 no flaws were present. The simulated disln- 
buttons that look most like the observed iolnt spacing 
distributions are obtained when Ihe final ioinl count is 
about 4--5 limes greater than Ihe number of mtlial flaws 

In summary, we have shown that tl ts possible 113 
reasonably model the Iorm ol Ihe observed ioinl spacing 
distribul,,m by a simple one dimensional simulation ol 
Ihe effect ol macroscopic flaws in the jointed layer. 
Jolnls are of course a three dimensional phenomenon, 
more complex than our simple one.dimens,:mal simu 
lalion, nevertheless wc' suggest that modesl numbers ol 
macroscopic flaws may be Ihe essence ol the observed 
form of the Ioinl spacing slallsllcs. 

DISCUSSION 

Volghl & SI Pierre (1~'74), Haxby & Turcolle (107h), 
Narr & Curne (It.182) and Engelder (1085) modeled the 
evolution at stress m sedimentary slrata dunng a cycle of 
burial, diagenesis, lectonism, uplift and erosional 
unloading, and they concluded thai strata are most likely 
to experience horizontal extensional strata dunng uplift, 
unroofing and cooling of the basinal sequence. Narr 
(1991) shows thai the density of .iomls in strata at the 
Monterey Formation In the deep subsurtace (21fXl- 
241")(I m depth) ol the Point Arguello oil field varies 
(Iraclure spacing index of ().US.--AI.45) with location, but 
at outcrops the .IOml density is relatively constant and 
higher (Iraclure spacing index ol 1.3) over a large area 
'The diagenet.c grade ol the slhclclasllc rocks we studied 
at outcrop indicate they reached a lemperalure of about 
IIKJ~'C, which requires thai they were once buried Io a 
depth ol about 2.5-3.11 km. 

We envisage a .iomt set be&nnning to form at depth in 
slrata at the Monterey Formahon While still buried the 
lUinl density is sensitive to variations m tectonic strata 



J~,lnl spacing nn sednmenlarv r~wks I IH7 

between dnllerent slruclural p~,sHions Here the pr(, 
cesses ol H,.,bhs' m~,del ~,perate and the lOlnl densnly ns 
closely related to extensll,nal strum parallel Io heddmg 
As st rala ate uplnl'led and extensl,',nal sl ram c,.,nl roues to 
nncrease, a c(,ndntnon is reached where it becomes easner 
I,., aco,mplish thus strelching by ,_,pennng existing IOlnlS 
together wnlh slndnngah,ng mechanical laver boundanes  
than by creatnng new IOmls At thnsstage the slrala are 
saturated wnlh IOmls. "['he strata thal we examined nn 
ouh.'rup, whwh all show about equal Iraclure density 
(fracture spaclng index "~ 1.3) have perhaps reached lhns 
salurahon level Alter saluratnon is reached nt us Irunlless 
h., compare haclure densfly among dillerenl Iocatnons or 
rock types because suhlle dnllerences in Iraelure density 
will disappear as less stranned strala continued to h,rm 
Ionnts whnle more densely lunnted r,,cks strain by open 
nng of exlsling iomts and slidnng on mechanncal laver 
boundanes 

CONCLUSIONS 

At o,aslal exposures nn central Calnlornla relatively 
hard, cohesive rocks ot Ihe Monterey Formatnon show a 
constant ratio ol layer thnckness to, ionnt spacung ol aboul 
1.3 Thns rat=o ns called the fracture spacing tndet. It is 
appr,,xnmately the same m outcrop among dnl'terent rock 
types and =n dnfl'erenl structural Iocatnons over a substan 
tnal region (Fng. I ), whereas =1 us much less-4L(18-(l .45-- 
in the subsurlace ,,f the Point Arguello onl field where 
the rocks have not undergone uplift and coohng.  The 
frequency dnstdbutnon of the iolnt spacing data IS h.,g 
normal. Relatnvely st,It, non cuhesnve mudstones do not 
have regular joint sets 

Hobbs' (194-,7) model ol the controls on IOlnt spaenng, 
whnch us based on Ihe idea that iomts confined to a layer 
release stress in the layer close to the ionnt, qualnlalively 
predicts a constant rat=o ol layer thickness to ionnt 
spacing =n an interstratified sequence ol rocks with 
dnfferent elastic properhes However, a simulation 
based on thns model gwes a multnmodal spacing fre 
quency dnstnbuhon The addillon of macroscopic flaws, 
whnch weaken the ionnled bed at random sites ah.,ng =ts 
length, results =n a snmulated frequency distnbutncm Ihal 
is simnlar m Iorm to the observed log-normal distrl 
buhc'm 
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