
_________________________________________ O_C_E_A_N_O_L_O_G_'C_A __ A_C_T_A~._'9_6_'~. _N_O_S_P_~~----_ 

Geology of a subduction complex SubductÎon 
Yolla Bolly tcrr:lnc 

Francisean assemblage 
Nonhcrn CalifornÎ.'l 

o 

the In Franciscan assemblage Subduction 
Uni té du Yolla Bolly 

Série fr.lncÎscaÎne 
Californie du Nord 

of N orthern California 

AB STRACT 

RESU M É 

M. C. Blake Jr., A. S. Jayko. D. G. Howell 
US Geological Survcy. 345 Middlefie ld ROlld. Menlo Pa rk. Califo roÎa 94025. USA. 

The Yolla Boll y lerrane of the Francisean assemblage in Norlhern Carifornia Îs a typical 
subduc tion complex. having undergone penetratÎve deformal ion and metamorphism to the 
high-pressure - low te mperalure bJueschis t facies. Detailed mapping combined with sed ime n­
tological analysis has e nabled us 10 1) reconSlruct li probable paleosed imenlary enviro nment ; 
2) analyze the interaction dUTing and l'I f te r subduct ion betwee n deformation and metamor­
phism ; and 3) specula te on subsequent deformatio na l history incl uding tectonic accre tion 10 
North America. 
Rocks of Ihe Yolla Bolly te rrane consist of three Ihrust-bound li thologie units : a lower uni t of 
disrupled muds lo ne and thin-bedded sa ndstone (broken formation) containÎng scarce volcanic 
and radiolarian chert ho rizons, a middle unit predominanlly o f Ihic k-bedded 10 massive 
sandstone (melagraywacke) thal incl udes seve ral horizons of rad iolarian che ri , and an upper 
unit of mudslone and thin-bedded sands lone (broken fo rmation) with numerous inlrusive and 
el( trus ive volcanic rocks plus ra re radiolarian chert. Radiora r ians f ro m all three unilS a re of the 
same age (Tithonian to Valanginian) and togethe r wi th the sedimentological da ta. suggest tha l 
the rocks represent a contine nt-derivcd submarine fan, dcposi ted in a complcl( Iransform 
grabe n possibly similar to the present-day Gulf of Culifo rnia or bas ins of the Califo rnia 
cont inenta l borderland . 
Metagraywacke conta ining lawsonitc and a ragonite yic ld rad iometric ages of approl(Îmatel y 
110 m.y. a nd indicale thal these rocks were subd uctcd to depths of 20-30 km about 30 or 
40 m.y. a rter there were deposiled . Close ly fo llowing subduc tion, the roc ks were pro bably 
involved in li collis ion event tha l imbriCllted lmd tecto nicaJl y relUrned the subduclion comple l( 
to the surface. 

Ocelltlol. Ac/a, 1981. Proceedings 26'~ Inte rna tional Geological Congress, Geo logy of 
contine ntal margins symposium , Paris, J uly 7-17. 1980, 267-272. 

Géolog ie d ' un complexe de subduction da ns la série fra nciscaine du nord de 
la Califo rnie 
L'unité tectonique de Yolla Bolly de la série franciSC:line du nord de la Californie représente 
typiquement un complel(e de subduc tion ay.mt subi à la fois des déJormat ions internes et un 
métamorphisme haute pression-basse tempéra ture de Iype faciès blueschisl. La cartographie 
dél3illée. combinée avec l'analyse séd imentologique, nous" permis 1) de reco ns truire 
l'environnement paréosédimentai re probable; 2) d 'analyser penda nt e t après la subductio n les 
inte rrelat ions entre la tec tonique e l le métamorph isme ; 3) de fo rm uler des hypothèses sur 
l' histoire des déformations qui ont suivi, en y inc luant les phénomè nes d 'accrétion teclOniquc 
au continent nord-américain. 
La fo rmation de Yolla Boil Y est const ituée de tro is unités lithologiques limitées par des 
chevauchements: une unité infé rieure composée de vase li thifiée el de grès finement lités, 
J'ense mble é tant très dis loqué (bro ken fo rm:ltion) et contenant de ra res hor izons à cheri 
d 'origi ne volcanique ou à radio laires; une unité moyenne essentie llement constituée de grès 
en bancs épais ou même mass ifs (metagra ywacke). d.ms lesquels o n trouve plus ie urs horizons 
de chert à radio la ires; une unité supé rieure de vase lithif iée e t de grès finement lités (broken 
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formation) avec de nombreuses poussées voJclmiquel> cxtrusives et intrus ivel> et de ~ cherts à 
radiolaires. 
Les radiolaires des trois unités sont du même âge TilOnique à Valanginien. Cela suggère. si 
l'on prend en compte les données sédimentologiques. quïl s'agit de dépôts provenant d'un 
éventail sous-marin profond â matériaux d'origine continentale. L'ensemble aurait été dépol>é 
dans un graben complexe de type transformant. peut.étre s imilaire au Golfe de Californie ou 
,tUX bassins du .. continental borderl and ,. de Californie. 
Les metagraywackes contenant de la lawsonite et de I"aragonite donnent des âges radiométri· 
ques voisins de 110 millions d·années. et indiquent que ces roches ont été subd uctées à des 
profondeurs de 20 à 30 km. environ 30 à 40 millions d'années après leur dépôt. Peu de templ> 
après la subduction, a dû se produire un phénomène de collision qui a imbriqué les uns dans les 
autres les éléments du complexe de subduction ct les a tectonique ment ramenés à la surface. 

Or;et/llQl. Acta. 1981. Actes 26< Congrès International de Géologie. colloque Géologie des 
marges·continentales. Paris. 7-17 juil. 1980, 267·272, 

INTRODUCTION 

The Franciscan rocks in Northern California fo rm three 
major nOrlhwesHrending belts. The coastal belt cons ists 
,llmost entirely of sheared sandstone. mudstone , and 
conglomerate (broken formation) generally interpreted as 
the younges t (laIe Crelaceous 10 Miocene) part of the 
Franciscan accret ionary prism (Hachman, 1978 ; Beulller et 
al .. 1980). 

The central belt consists largely of tectonie melange and 
broken formation and incl udes mos! of the high-grade 
blucschist, eclogite, and exotie limcstone knockers in Nor· 
thern Californ i;!. Paleomagnetic data sugges! that al least 
sorne of the (erranes within the central belt formed in 
southern latitudes and were subsequently accreted to North 
America by la rge-scule transcurrcnt plate motions (Alvarez 
et al .. 1980). 

The eastern bell consists largeJy of claslic sedimcnUlry 
rocks locally eontaining interbedded voJcanic rocks and 
radiolllrian cherI. Ail of these rocks h:we a faint to 
pronounced mctumorphic fabric and contain high ' pressure 
mineraIs such as lawsonite. a ragonite. and glaucophanc. 
The eastern belt con tains at leas t two distinctive tectono· 
Slrat igraphic units. the South Fork mounlain schist. and the 
Yolla Bolly terrane. The South Fork mountain schist was 
originally defined on the basis of melamorphic grade (Blake 
el {II .. 19(7) but subsequent work (Bishop. 1977 ; Worrall. 
1979; Blake el al .. in prep.) indicates thal the primary 
lithology is significant ly different from adjacent fo ssilife· 
fOUS Francisçan rocks. 
The purpose of this paper i~ 10 briefly describe the lithology. 
age, mctamorphism. and structure of the Yolla Boil Y rocb 
and to relaIe these characteristies to plate tectonie modeJs. 

YOLLA HOLL y TERRANE 

lithology and sedlmenlology 

The Yolla Boil Y terrane (Fig. 1) consisl~ of three lithologie 
units separated by thfUSt faultl>. The lower unit consÎSb 

!argely of disrupted mudstone and thin·bedded quartzo· 
feldspathÎc sandstone (broken formation ) bu! a lso contains 
coherent Ienses of medium· to thiek-bedded sandstone and 
conglomerate, plus minor voJcanic rocks and radiolarian 
cheri. The struc tural thiekness is on the orde, of 1.000 m. 

T he middle unil is made up predominantly of thick·bedded 
to massive quanzofeldspathic sa ndstonc th:lI includcs seve­
raI thick horizons. of thin·bedded radiolarian chert. 19neous 
rocks are rare and consist of small dia base-gabbro s ills, 
largely intrusive into the chert· rich pOftions of the un it. The 
th ickness of the uni t . as deduced from the structure sections 
is 1.000·2,000 m. 

The upper unit is composed predomina tel y of mudstone and 
thin·bedded quarlzofeldspathic sandstone but indudes very 
abundant intrusive and extrusive bodies of basait and quartz 
keratoph yre. Lcnses of radiolarian cheri are less common 
than in the other unils. The s tructural thickness is about 
1.000 m. 

Smooth. water-worn exposures display an abundanee of 
primary sedimentary s tructures in ail three unit.s. The 
observed structures ure common constituents of f1ysch, and 
in parlicular. turbidites and associated mass·flow deposits. 
Many beds can be related 10 Ihe Bouma sequence. and small 
scale crossbedding (ripple·drifted s illstone) are ubiquitou s. 
Sa ndstones commonly ha ve normal grading and sorne 
pebbly beds are inversely graded, The principal cJasl in the 
coarser·gmincd beds are inlra-bas inal muJ rip-up 
fragme nts. though extrabasinal felsic vokanics ;Ind grani. 
lics a re included . Flame structures, dewatering pillars and 
s lurry bedding are seen wilhin mos t sa ndstone beds. but 
surprisingly. dish s tructures ha ve nOI been observed ; !oad 
structures. flutes and grooves are displayed on the basa! 
surfaces of some beds. 
The classification of Iithofacies for redeposited, mass flow 
sediments by MUlli and Lucc hi (1972). and Lucchi (1975), is 
a convenient mcans of describing the sedimentary rocks of 
Ihe Yonu Bolly terra ne. Examples of ail seve n li lhofacies (A 
to G)t can be round in this terrane though abundance of 
each is highly ""riable . 

• Facies A; con~Jomerale. pebbly sandstone und coar~ ... sandSlone. thieo.: to ma~~j"e bedding. Jenlicular bcds with CUI and (il! ~tructures. 
nonl:fudeo.! and graded. Bouma Ta or Tac: ~equence~ ; facies B ; pebbl~' ~und~lonc. coarsc· 10 medium·gruined ~and~lOne. bcds 0.4 10 2.0 rn 
thick. bcd~ ohen amalgamaled. pelitic panings oflen pre~ent. bruad erosional concave lower ~ur(ace. diffuse laminatiOIl. sole marks. ~eneral1y 
nongraded. racie~ C : fine· 10 coarse·grained sand.tone. beds 0.2 10 1.5 m Ihick mud§wne or sil l'lOne illlcrbeds. g ... nerally even llnd paralld 
bedding . urfaces. sole marks. Bouma Tllbcde 10 Tae sequences, J;faded ; (llcies D ; Ihinner and finer grllined than facic' C, sequences. bed. 
latcrally persistent. The.e strata in Ihe past have been c"lIed "dislal" lurbidilCS ; facie s E : H:ry fine· 10 coarse·grained sandstone. ffilltJSlune 
interbeds. bed. J 10 20 cm Ihiek. lenlicular be<.lding. parallel \);l.es pnd wavy IOp. of beds J to 20 cm thic); . lemicular bc:dding. par"lIel bases and 
wa\'y IOpS of beds, general1}' nonl:f"dded. Boum3 Tee or Tde ; fade. F: ch:wlie slump depOsih. pebbJy mu<.htone. ail relransponed depO,ih : 
facies G : hemipelagk pelite . ma~sive bcdding. 
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The lowes t s lra' Îgraphic unit is characterized by ripple 
drirled sUlSlo ne (fac ies E) in association with thin-bedded 
turbidites (faCÎes D ) and minor amount of massive mud­
stone (faCÎes G). In the lower parI o f IhÎs unit is a 100 to 
200 m 'hick interval of sands to ne (facies 8 and C) with 
inlerbeds o f conglomerale (facies A), Ihinner bedded lurbi­
dites (facies D and E) as weil as pebbly mudSlone and s lump 
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fol ded slrata (facies F). Within this sandstone inlervai thcre 
a re a l Jeas! four Ihinning- and rining-upward mcgasequen· 
ces. each 30 to 50 m Ihick. Examples o f these facie s a re 
shown in Figure 2. 
The above association o f lithofacies speCll les an environ­
ment of principall y lranq uil. (.Ii1ute turbidite deposilion 
(overbank 7) with episodes of much higher energy turbidile 
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Examp/u 0/ cohue,., s"u/a /rl) lII /h" 
Yolta 8 0lly /t ' rafle. IUlural t Ofl" 1 : A. 
Iitho/aclts B. "ulllposit" (ama/Ramaleu) 
b"ds 0/ Ihid hldded rUllds /one ; 8 . 
lithu/aôts 1) and E Ihifl bedded /urbidi­
l U ; C, II/ho/ade, ; li, ripp/t drifttd 
sUflds/l)n t (8oulllu Ide und let IUr­
hidius) . 
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deposition (feeder channels). The conglomerate in basal 
parts of the inferred channelized sequences Is coarser 
grained than any other conglomerale in the VoHli Bolly 
terra ne. The preponderance of mudstone eut by channels 
fiJled wilh coarse materÎal sugges ts cilher an inner fan or 
slope with feeder channels as a depo:.itional setting. It is 
probable that the lower unit is the most proximlll of the 
three stratigraphie sequences 10 be discussed. 

The middle unit is pr incipally massive bundles of composi­
ted (amalgamated) thkk-bedded turbidites. fluxolurbidites 
or grain·flow deposits (facie s B and C), with Ihin inlervals 
of thin-bedded turbidites (facies D or E). No verti c~t l 
asymetric cycles of bedding thickncsses are evident. 
Because of the abundance of sandstone and the absence of 
inter vals of bedding with pronounced ductility contraS/s. 
Ihis is the most coherent of the three lilhologie sequences. 
Recause of this coherency we have been able to map lenses 
of ribbon chert for up 10 20 km along s lrike . Most chen 
units are 201050 m thick and a common sequence involves 
sandstone passing upward inlo s iliceous shale (1 10 5 m 
Ihick) which grades into pure chert. Sandslone usuaHy 
overlies the cherI. orten with li Ihin (50 cm) basal breccia of 
chert and mudstone. 

Within the conleXI of a submarine fan moder. the above 
li thofacies association indicates a middle or supra-fan 
seni ng, though the occurrences of interbedded chert is 
enigmatic. Chert occurs in allthree of the slnt tigmphic units 
but sta nds out in the middle unit becau~e of its slruct ural 
competency. The accumulations of cherI must represent 
periods of diminished 10 nonexÎstent clllStic deposition. Il is 
possible tha! the chert beds correspond 10 ll re;tS between 
places of active deposition in a supra-fan sening. analogous 
to mud blankets between depositional lobe,> : or alternati­
ve!y, cherI depos ition may have occurred more uniformly 
ovcr Ihe cnlÎre fan durÎng Înlerv>lls of high ~Iands of ~ea 
level. an event Ihal lraps detrital material in inner she lf. 
esluarÎnc or bay sen ings. 

The highest lithologic unÎI is prineipally ripple-drifted s il! ­
stone (facie s E) and thin·bcdded lurbidiles (facies 0 and E). 
Near the top of thi~ unil are several thinning upward cydes 
of graywacke (facies fi and 0 giving way to D and E). which 
provide evidence o f sorne channelized turbidite deposÎlion. 
The channel fill is finer grained th'ln the analogous detritus 
in the !owesl s tratigraphie unit. However, the principal 
[eature that distinguishes rhi~ un il from the lower unit is the 
abundance of greenstone bodies in the upper unit. Many of 
the greenstone blocks are essentialty knockers in li shcared 
matrix of facies E s illstone: however. numerous intrus ive 
contacts suggest a voJcanic episode possibly related to the 
depositional environment of this upper unit. The Jithofacies 
associations do not rigidly constra in thc depositional envi­
ronment of th is unit; II middle to outcr r"n (ringc settÎng is 
po,>sible as i~ a sJope ,>ening. In ei ther case, the intrusive 
vo1canic rocks are puzzling. 

To summarize. the sed imenlOlogic data offer Sorne cons· 
tminls for the depos itionaJ environment of strata in the 
Yoll a Bolly terrane. Ail the dastÎC slratll in volve mlls:.-flow 
proccsscs. Depos ition probably occurred in a deep-marine 
setting. LÎthofacics associat ions ~ugges t submarine fan 
styles of depositions though there arc nOI enough dala to 
specify fan Geometries or basin configuration:.. A rellsona­
bic depositional environment for the Yolla Boil Y s tr"ta 
would be restricted submarine fans wilhin a rcgion of 
crus tal eXlens ion. The nalure of the lithofacies associations 
can be imagined as basin trough (middle unit) and basin 
margin facies (Iower and upper units). The intrusion of 
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volcanics is a lso consis tent with such a regime (Crowell. 
1976; Lonsdale, Lawver, 1980). The cherts arc more 
problematical. but they do not pose a limiting constrain!. 

Ag' 

Radiolaria from allthree subunit s are s imiJar. if not identi­
cal. and suggest a late Jurassic (Tithonian) age (B. Murc hey . 
writt. comm., 1980). Megafossils were found only in the 
lowest structural unit and include BI/chia okeruis (upper 
Tit honian) and Budlra pacilica (Valanginian) (Blake. 1965). 
Rb .. -Sr, and 4QAr/'9Ar measurements on metagraywacke 
from the Volla Bolly Terrane give metamorphic ages of 
about 110m.y. (Lanphere et al., 1978). 

Slrud ure 

At leasl three period s of folding hllve been recognized . The 
eariiesi is characte rizcd by west- northwest-trending isocli­
nal fold s (F I) and associatcd axial-plane clellvage (SI). 
\Vithin the coherent sa nds tone. Ihis cJeavage defines a 
texturaI zonal ion that ranges from non~foliated graywac ke 
(texturai zone 1) Ihrough foliated semischist (texlural 
lQne 2) to foliated sc his t with well-developed quartz segre­
gat ion (texturai zone 3) (Blake and o thers, 1%7). 8riule 
breakage of sands tone beds in the broken format ions along 
the limbs of fold s p!lrallel to Ihe tectonic fol iat ion (SI) is 
manifested by sheared phacoids or boudins, and sma ll sca le 
tec tonic struclures are folded around the Fl hinges, but 
seemingly nol around FI hinges. From these observations 
we infer that the deformational fabric see n in the broken 
formation (Fig. 3). and the texturai zonation in metagmy' 
wacke. formed s imultaneously during FI. 

A second set of folds (F:) trend north-northeasi and have a 
moderately well-developed axial plane ~chis tosity (SI)' 
These fold s are s trongly asymmctric wilh vergence 10 the 
east-southeast. 

The third set ( F}) are open, northwest-trendi ng. and 10c~.lIy 
overturned wilh vergence from northea~t 10 southwest. 
They are not accompanicd by axial plane cJelivage or 
schistosi ty. 

T he thrust faults shown on the geologic map (Fig. 1) (lrc 
based on juxtaposition of textur.\1 grade and lithologie 
facies. T hey appear to have been folded by FI and dearly 
predatc F, . 

Metamorph lslll 

ln addition to the previously describcd texturai zomllion lIlI 
of the rocks contain high-pressure minerais indicative of the 
bl ueschi st facie s. Wilh,n metagrllywacke. lawsonite, phen· 
gite. lInd chlorite have grown parlillei to SI' particularly in 
the higher texturaI grades. The greenstonc:. contain, in 
addition , gillucophane and pumpellyite. LimÎteo. oxygen 
isotope dala (Taylor. Colemltn. 19(8) suggest tha! these 
rocks forrned at temperatures of about lOO-300 °C. The 
wÎdespread presence of aragonite indicates th ~l t pressure:. 
were on the order of 4-6 kilobars . correspondÎng to a depth 
of 15-20 km. 
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Figure 3 
EXII/np/es in Ihe s /(/).'I's 01 del·t!opmenl al bmkell lo rmatian or mtlflng .. : A . sUll/ll/y strt lched tlrill bedded 
'I/rl,;diles; 8 . Ihi" bedded II/ roidi/cs strnched and bro~ tll by nOnflal {(II/IlS; C. bol/din.\ und phllcoids al 
SlIndS/UIIU in Il ml/d (Tt par/ 01 u II/ roidi/t) mUlrix, btdding s/ill disccrnible ; D. /fl/ully disrupttd btdding. 
blacks 01 sands/ont' in a homO~lI il.t'd ml/d matrix. 

CONC LUS IONS 

Keeping in mind Ihe mllny uncertainties. we suggesl the 
folJowing plate tcc tonic history. During la teS! Jurassic to 
ellrliest C rctllceous time (140 m.y. b.p.), Ihe çI;ls lic sedi· 
ments were deposited in a restrie ted basin Ihat was also the 
s ile of de posilion of radiolarian chen. Slind stonc pc trogra· 
phy and the abund;mce of s ubmarine bimooal voicanic 
rock s sUl:i8ests a conlÎnenllll marg in undergoing rifting . 
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