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TRIASSIC PROBLEMS 

Do no. 1; one from no's 2, 3 and 4 and one from 5, 6, 7, 8, 9, and 10. 

1. Ancestral Rockies: Sketch on a page-size map of the Western Interior 
an outline of the various elements of the Ancestral Rockies as they 
existed at the beginning of the Triassic Period, do the same for the 
end of the Period. Show on this same map the edge of Permo-Triassic 
red beds. Discuss evidence for and against the theory that western 
red-beds are genetically related to uplifts of the Ancestral Rockies 

2. Triassic Depositional Centers: Locate and briefly describe the two 
thickest Triassic sections of the Western Interior. Think of a 
.miogeosynclinal section and a eugeosynclinal section. Relate these 
sedimentary accumulations to tectonic influences.- in other words, 
under what conditions was space created to receive unusually large 
volumes of sediment. 

3. Sediment dispersal problem: Note that practically all Triassic 
formations east of the Wasatch Line represent sediment in transit 
westward. Where did it ultimately come to rest? Read Lupe 1979 
GSA abstract, p. 470, San Diego Meeting. Assume he is right, make 
a paleogeographical map showing the essential facts, include source 
area, transportation zone and depositional site. Think about how 
you are going to get sediment across the Great Basin. 

4. Sheet- and Channel-Sandjf.ones: a) Construct a tabular comparison of 
sedimentary features of the Shinarump, Moss Back, and Gartra. Include 
items such as clast lithology (be specific), fine components (matrix 
and cement), color, primary structures and any other features that 
you think important, b) Think about and comment on various ideas 
as to hov/ thin sheets or shallow channel accumulations of continental 
conglomerate might have formed. 

b9l 
5. Formations v Facies: Study U.S.G.S. Professional Paper^and Utah 

Geological and Mineral Survey Bull. 104. The former describes the 
Moenkopi in terms of formal stra.tigraphy the latter in terms of 
facies. ' Contrast and compare t.. ..• two approaches and comment on their 
reliability, usefulness, and information content. Be subjective, 
which method is most helpful to you? Is a combination of methods 
(both verbal and graphic) possible? 

6. Central Wasatch Section: Considering the historical development of 
formal stratigraphic nomenclature .for the central Wasatch near 
Salt Lake City express an opinion as to which combination of names you 
prefer. Explain and defend your opinions. Keep in mind priority in 
naming. 



7. Triassic of southern Arizona: Describe how Triassic rocks came to 
be discovered in southern Arizona. Describe these rocks and tell 
how they are significant paleogeographically. 

c/>^^ 

8- What happened to the^Middle Triassic: Middle Triassic is a recognized 
rock-stratigraphic unit that accompanies the Lower and Upper divisions 
almost everyv/here but in the Western Interior. Describe'and evaluate 
evidence that rocks of this age do exist in the Interior. Describe 
from both positive and negative evidence what you think was going on 
during this 10-million year interval. ' 

9. The Chinie Complex: Construct a chart showing the evolution of no
menclature for the Chinie Formation of southeastern Utah. Comment 
on the utility of the latest schemes - are they working? (See Stewart; 
'57, p. 446 and Doell ing, ?.;'/' /Oy .) Do you think that facies de
signations would serve better than formations. Mention by name some 
facies that might be designated, what environments might thus be 
designated? , '. ̂  ,. : '̂  

> • ' 1 

10. Permian-Tr iassic Boundary: Discuss the Permian-Triassic boundary 
problem as i t i s perceived in the Western I n t e r i o r . Where i s the 
boundary located in terms of formal l i t h o s t r a t i g r a p h y ; is i t apparent 
through fac ies changes, and are there systematic geographic patterns 
in the manner in which i t is expressed? Think o f both marine and 
non-marine s t ra t i g raphy . H in t : inves t iga te the f /os.V/ 'o/T'o; F- j r r^ o h-Jn 
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Generalizations 

JURASSIC STRATIGRAPHY Or WESTERN INTERIOR 

I Historical; 

a) One of the first-named periods - von Humboldt, 1795 

b) First system to be mongraphed on country wide scale - Arkell, 1933. 

c) First system to be monographed on world wide scale - Arkell, 1956. 

d) First tp bie covered by U. S. Geological Survey Paleotectonic Map Series 
(Miscellaneous Geologic Investigations Map 1-175), 1956. 

II Tectonics and Paleogeography: 

a) Radical changes in general tectonic patterns. Previous positives are now 
negative., and previous negative areas are now positive, Mesocordilleran 
High seems to be gradually rising at the site of the Rocky Mountain 
Paleozoic Geosyncline, increased sedimentation on Utah-Wyoming Shelf. 

b) Transcontinental Arch still weakly evident with last remnants of Ancestral 

Rockies finally buried in Late Jurassic. 

c) Accentuated downfolding along Wasatch Line 

d) Distant effects of disturbances on Pacific Border, Kiamathonia 

III Sedimentation • 

a) Dominance of aeolian sand deposits eaiOLy in period. 

b) Red beds in relation to Ancestral Rockies. 

c) Complex interfingering of continental and marine beds. 

d) Gypsum, salt and glauconite. 

e) Alluvial plains and pedimentary deposits - late in period. 

f) Volcanic contributions - ash beds, bentonites, tuffs 

IV Boundaries; 

a) See Triassic notes for lower boundary. 

b) Upper Jurassic-Cretaceous boundary is in continental beds. 

V Economic Geology 

a) Leading source of uranium in North America, at least until recently. 
b) Associated with the uranium are vanadium and copper 

c) Oil and gas in both marine and non-marine beds; Montana, Wyoming, Utah 

(various Book Cliffs fields) 

d) Salt and gypsum 

e) Cement rock, Utah-Idaho, Twin Creek Limestone 

\ f) Building stone locally, Navajo-Nugget sandstone 



Paleontology; 

a) Invertebrates 

1. Ammonites -- world wide guides, rather poor in United States, 
better in Mexico and Alaska. 

2. Other molluscs -- gastropods and pelecypods are varied and important 
in Western Interior. 

3. Microfossils are gaining in importance but not plentiful, non-marine 
types are more important than are marine. 

b) Plants 

1. Cycads 

2. Ferns 

3. Conifers - - uranium " t ree formations". 

4. Where are the angiosperms? 

5. Charophytes - - marine and non-marine a lgae . 

c) Vertebrates 

1. All classes now present, fish, amphibians, reptiles, birds and 
mammals 

2, Dinosaurs 

Scenic Areas; 

Zion Park and Monument 

Dixie Park 

Capital Reef National Park 

Glen Canyon - Lake Powell Recreation area 

Rainbow Natural Bridge 

Canyonlands National Park 

Arches National Park 

Dinosaur National Monument 

Cleveland-Lloyd Quarry 

Goblin and Cathedrial Valleys 

Hole in the Rock, Crossing of the Fathers. 



f / l s / \ J t > PALEGGEOG.RAPIIY OF THE JURAJSIC PERIOD 
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^ss?a 
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P o s f o l c r 

Shallow seas 

Deeper or mo 
permanent sea 

Eroding lands with 
diagramatic topography 

La,id-Laid deposits 

Volcanoes 
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Fig. 14 — GeneiTjIJiec) ponel cross section showing tho "Emery High" ofter Jurossic deposition. 

orogenic belt was elevntcd in western Ulali and soulJira.stern 
jN'cvaila. The tectonic instnliilily wliicli cnuscil this elongate 
rifl occurred mostly during llie Jura.<sic- Carinel-Arnpirn 
sedimentary cycle. TTic presence of s.alt and anhydrite 
wiihin a dominantly inarine .shale sequence indicaics lhat 
downwarping of lhe dcjircssed area exceeded the supply of 
available elastics. 

As shown in lhis j)aiiel cross section, the Entrada w-as 

nol significantly affected by the previous dejircssion. 

Some faults, including the ancient Ephrniiii fnult, have. 
n o t ' h a d any significant luovcincnl since .Middle Jurassic 
lime. Siruclural traps, fault lra)>9 and faries Irnps rnulil he 
prc-icrved hclow and williiii lhe Carii)<-l-.-\rii)>icn seiliiiieiils. 

Figures I.T. If), 17 and 18 .show the rcl.ition.-^hip i 
Jiirassii- i-v.ipnrile hasin lo the olrler forinaliims o 
Fnii-ry ii|ilift. Hie mirthwesl portion nf the uplift is c'i 
hy lliirli ex.iporitcs, which have provided an iiiipci 
fra! over pre..Jurassic sedimenlnry roclts. 

The C.arinel.earhonalcs are oil slaincd and havi 
pas .shows in some wells in lhe Snnpete-Scvier rifl 
Thii.-k oiilitie liineslone secjucnccs in the Carmel have 
lereil oil sl.niniiig and could he important objectives in 
areas. 

S r U l i C T U U E 
The pi-e.<i-nl .s|r\ir,tiiral rrlntimiship of lhe enslerii J< 

the sliiilv jiren is .shown by a schcm,ilic cros.s seelion 
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P,/le so zoic-Cenozoic Gtr-at ia;r.-iph.y 

Jur.nssic Topics 

Follow gene ra l i n s t r u c t i o n s fiiven for the T r i a s s i c . 
Do nunaber one, -one from 2 , 3 , and ^ , and one from the r e 
mainder. 

1, Describe the rel=? t ionship of ^Jurassic rocks to the An
c e s t r a l Rockies and evaluate the u p l i f t s as sediment so 
u rces for the pe r iod . Make a paleof^eocrraphic map on a scandard 
pae-e-si.ze map showing outcrops of the AR a t the end of the 
J u r a s s i c . Add to t h i s the d e p o s i t i o n a l edse- of the i»lorrison 
Formation with d i r e c t i o n a l arrows shov/int^ the probable 
source of t h^ t formation. 

2 .Describe the 'J\'.r.7.':sic rocks .of western Nevada. Vi/hat, if 
any, phys ica l rel^t . i i jnships '['.:'' these have with the J u r a s s i c 
rocks of the I n t e r i o r (ease of the Virasatch Line)? On what 
evidence a r e Late Jurass ic rocks of the Pac i f i c margin c o r r e 
l a t e d with those of Utah and V^yominR;? 

5. Describe the Pre-Morrison J u r a s s i c rocks of the e-istern 
f l anks of the -Front Range and comp=irable s e c t i o n s a t t h i s 
longi tude in New Mexico. Comp=3re these by means of typ ica l 
s e c t i o n s wi th rocks of the same age in c e n t r a l Utah. Explain 
t h e d i f f e r e n c e s , ( z secfi*'^}, "-^e <*jf Mr-ti «,« ^<pti, ,^,,/ ^^.^ 

^.Descr ibe- the supposed c o r r e l a t i v e s of the Navajo Sandstone 
in southern Arizona, Nevada, .and C=il i fornia . What does the 
d i s t r i b u t i o n of these o u t l i e r s t e l l about the o r ig in and d i 
spe r sa l ' of the Navajo and e q u i v a l e n t s ? Show your f ind ings 
on a sketch map (standard raap used in t h i s c l a s s j . 

5. Study U.S .G.S . Prof. P^per 556 on the pet ro logy of the 
Morrison Format ion, Cora-men t on t h i s paper as if you were 
reviewing i t for profess ional c o l l e a g u e s . Look, for weak spo t s . 
Do you th ink t h i s i s or should be the l a s t word on the sub.ject ? 

6 . Explain in paleogeographic and sedi raento logica l terms the 
raesning of the "Great Sand P i l e " , 



- 2 -

7. Summarize in t abu la r form the evidence for a sub-aqueous 
o r i g i n v. a s u b - a e r i a l o r i g i n fo r the Navajo-^ugget Sandstone, 
Irist the evidence iri p a r a l l e l columns using headings s-uch as 
primary s t r u c t u r e s , paleontoloR;.y, paleos;eogr'-^ph.y, e t c . 
Mention au tho r s who advocate - par t icLi lar items of evidence. 

8. Show by a sequence of columnar sec t ions the evolu t ion of 
thought about the placement of the T r i a s s i c - J u r a s s i c bound
ary in the Colorado P la t eau . Use the format of the hand
out fo r the T r i a s s i r s ec t i on near Sa l t Lake Gi ty . 

9. Study U.S.G.S. Miscel laneous Geological I n v e s t i g a t i o n s 
Map 1-175, Pa leo tec ton ic Maps of the Ju ra s s i c Per iod . 
Comment on the manner in v/hich the System i s divided for 
purposes 'o f d e s c r i p t i o n and map prep 'arai ion. Can you 
suggest improvements.? Has anyth ing been added to know- • 
ledge of the J u r a s s i c of the un i t ed S t a t e s ' s i n c e t h i s 
f o l i o was published ? 7 '̂'̂  U /̂T/X^ -̂vy > -A / / ^ /n^ . 

10. Describe the Ju ra s s i c rocks of the Black H i l l s . 

W. L ^ S t o k e s , 1980 

\ I 



Genera. J a t i o n s 
f/lfl^' 

CRETACEOUS STRATIGRAPriY OF WESTERN INTERIOR 

I H i s t o r i c a l ; 

a) Formally named by J . J . d'Oraalius d ' H a l l o y , ( B e l g i a n ) , 1822. 

b) Widely exposed th roughout the United S t a t e s a long A t l a n t i c C o a s t , Gulf 
Coas t , Wes te rn I q t e r i o r and P a c i f i c C o a s t . The Western I n t e r i o r d e p o s i t s 
were made known c h i e f l y by e a r l y governmenta l s u r v e y s . 

I I T e c t o n i c s and Pa leogeography ; 

a) I n c r e a s i n g impor tance of Mesocord i . l l e ra l Highland as a source area for 
dra inage and sed imen t . This i s the dominat ing t e c t o n i c f e a t u r e of the 
Cre taceous of t h e W^'istern I n t e r i o r . Produced a prodiguous q u a n t i t y of 
s i l t y and sandy Pediments . F i n a l emergence of a l l of Nevada and the 
S i e r r a Nevada. P a c i f i c border was e s s e n t i a l l y a long the west f l anks of ^ ' 
the S i e r r a s . ,^l« 

AfP' 
^ > i 

b) Emergence t h e S e v i e r Orotgenic Bel t a long the e a s t margins of the ^ j ^ 1 
M e s o c o r d i l l e r a n Highland , immediately west of p r e s e n t Wasatch Lime. 

c) No c l e a r e v i d e n c e of T r a n s c o n t i n e n t a l Arph. 

d) F i n a l b u r i a l of A n c e s t r a l Rockies . 

e) Development of many bas in s in the r e g i o n . w h e r e Rockes w i l l a p p e a r . 

f) Offshoots of t h e Mexican geosync l ine ex tend i n t o Ar i zona . Ca lcareous f a c i e s . 

I l l Sed imenta t ion : 

a) Three raajor env i ronmen ta l phaaea: i ) e a t l y f l u v i a l phase , 11) middle marine phas 
and i l l ) f i n a l f luvia l -swamp phase . E v i d e n t l y a l l sediment came from the w e s t . 

b) Chief siadiment type i s s i l t s t o n e such as c o n s t i t u t e s the Mancos Sha le , 
Lewis S h a l e , P i e r r e Sha le , e t c . O r i g i n of t h i s type of sediment I s a major 
problem. 

c) Numerous wedges of sands tone r e p r e s e n t i n g d e l t a s wi th superpos6d of fshore 
b a r s are c h a r a c t e r i s t i c . These t h i c k e n and coa r sen westward. The i r 
i n t e r r e l a t i o n s h i p s c o n s t i t u t e the number 1 s t r a t i g r a p h i c problem. 

d) Coal beds a r e common in a s s o c i a t i o n wi th the s h i f t i n g s h o r e l i n e s . The coa l s 
over lap bu t a r e not cyc lo themlc except perhaps l o c a l l y . 

e ) - Carbonate r o c k s a r e r a r e except fa r from shore in Kansas-Nebraska-South Dakota . 

f) Coarse , v e r y t h i c k orogenic conglomera tes a long wes te rn edge of g e o s y n c l i n e . 
Source e a s i l y de t e rmined . 

g) Ben ton i t e s common, c h i e f l y as t h i n b e d s , many of which a r e u n d i s t u r b e d 
components of the sha l low-water d e p o s i t s . 



IV B o u n d a r i e s 

a) Jurassic-Cretaceous In continental beds 

b) Lower-Upper Is In both marine and non-marine beds. Diverse placement 
according to groups selected as guides. 

c) Cretaceous-Tertiary boundary Is a classic problem. 

V Economic Geology 

a) Coal Is the number 1 resource r present in all western states. 

b) Gas and oil abundant - especially In sand facies such as the Mesa Verde 
and the lower part of the marine section. 

c) Minor atnounts of uranium, bentdnlte, clay and building stone. 

d) Tar sands locally. Asphalt Ridge, .near .Vernal. 

VI Plaeontology 

a) Cephalopods are the chief guides- particularly seaphltes and baculltes. 
Pelecypods and gastropods locally plentiful but tiot generally good guides. 

b) Microfossils are locally abundant but spotty. 

c) Plants are diagnostic and plentiful In-association with coal, especially 
along western margins. Palynology finds valuable application here, 

d) Very rare are corals, echlrioderma, sponges, arthropods and brachicipods. 
Probably reflects the non-calcare'^'S silty bottom conditions, of the 
western seaways, T--' 

I 

e) All classes of vertebrates are represented with fish-and. reptiles abundant. 
Two extensive dinosaur-bearing Intervals, one near! the beginning (Albian-
Aptla'n) the other near the close (Maestrichtlart-Danlan). Primitive mammals 
are found in. latest Cretaceous. 

VII Scenic 

Cretaceous is mainly drab colored, . Probably "best knoWn for cliffed exposures 
such as Book Cliffs, and Straight Cliffs, Mesa Verde National Park has many 
archaeological sites In Cretaceous setting^. 

W. L. Stokes,. 
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BLACK 1 CBET SHALI 

I I I I I I B E N t O N l i e 

• • * . . . CHEBT 

— -— — COAL 

o o o o o GLAUCONITE 

• . f . t . T U I t l O I T I S 

n t r E R E N C C S 

eoOmi 

SUBMARINE CONTOUR • lOOOm 

I . M U I T . U S I 
H H I T . t l « l . . 
l O . L T . I l l l 

m i l . I l l l 
IIOVI. Illl 
lull. Ills 
C«DT, U S I 
coil*. S •[[SIDE 
(•iOOII, Illl 
OO.OVAI. Uil 

o u r r u L I ncTACt i i T . I IST 
l . l . t . t l l l . . 1170 
( • • • T 2 . I I I O 
( • I L S . U i l 
• » > • I l A I L O . . U i l 

RITIS I O i f t f l S . U I I 
n o m i i i i i s I D i l l . U S I 
IMIAT. U I I 
l a i l l . U l f 
m i l l I i i i s i o t . U S I 
JILCIIII. Uil 
IlaOLE. U S ] 
lOilsal. USI 
lOTILOMSII. U i ] 
"•all. UiS 
.*K||. U i l 
HILLS, 1117 

Aouarjir. U i l 
KUDCI I S N L P P A I D . U i l 

aoLAl 
OLSSO*. U S I 
PICE. U S I 
" l a l . USS 
Piiiisoa. IT ll. 
popiaoi. IIIO 
• IISIOE. U I I 
•IBI. list 
• ubcli, U i l 
SCOTT. U 7 B 
SIDIIS. u s s 
SIOTI. Uil 
STOtlaow. III! 
Sallau. H i t 
S.IIL riLIS 

SHELL OIL COMPANY 



STIATICIAPHIC SECTION 
N U U B I I 

I D C I O I THIUST BELT O l 
MICHIT f O l D f D STtATA 

^ S i l U Ol/TCIOPl 

^ OITTCIOPS BASEMENT ANO 
! ^ P t E - n i l l A I T INI IUSIVIS 

•W^^S i 

T H I C K N I S S I N l l f l 

e • IOOO 

•000-SOOO 

SHELL OIL COMPANY 
•v^itiiiuy 

R C F E R E N C E I 

0>I« SOUICES I ISTIO 01 UPS 
Df u a i i s I aao 1 1 . 

•ZOO 

S C A L E |:2SOOOOOO 

O 2 0 0 4 0 0 600mi 

SUBTklARINE C O N T O U R ' l O O O m 

120* 110* IOO* 



0* 

iO' 

^ r 

re^ ^ ^ 

0-
0* 

n/ 

)* 
n 

n 
trt' 

L E G E N D ' 

(OCE O I . I H I U S I BELT 
O l HICHIT fOIOED S I IATA 

^ OUICIOPS BASEMENT A N O 
* P I E - T I I T I A I r INTIUSIVES 

/ ^ f ^ OUICIOPS 

OutclOP SMOWM IS l A t c l l v U.PLi C I I I . C I ' 
o u i . IMAT (1 aukfSttlCMIfAM iHlUCfNOMAN-
IAN;«H SOiAt AIIAS WHf t I . o < . S A l l MOT 
Di r r f iENIUILO A l lOACE t O w f t c l f l A C I O U S 
COUID I I IWCIUDIO. 

• ICAUlt KXIWDA.T I t l w I l N UNITS . A N O M 
IMIS WIlMtN U . . I I C*|lACIOU3(At MIDCIM. 
OMAMIAMl l I B O t D C f S W I U I.OT AIWATS 
MAICH OUTCIO. . A I l t t N . 

SHELL OIL COMPANY 

R E T E R E N C E S 

CCOLOCIC MAP Of NO i lH AMraiCA. 
u l G l . t a i l . 

2 0 0 

SCALE l:2SOOOOCX> 

O 2 0 0 -aoo eoOmi 

SUBMARINE CONTOUR- lOOOm 



• J o p y ^ l >̂ <!StM q I 

>•? W ' ^ f V '^• 

N O T E 

CUaanCE SPOTtT. THICKNESS 
iCtllAIN; :(UCH OF INTIRVAl HAT It 

nissdc. • •:_ 

ALL 0,1, dCtUOED d KAHOUK d . ; 
ID AITEMPI 10 OiriDE ICTWfEN UNITS 
III. II, T. 

RUStOKWin CEOSTNCldt TiENdALWED 
TROH SPARSE DATA. 

SHUNACd PN. ElCEEOS 10.ODD': 
WtOELT DISIRdUIEO. POOXLT DATEO; 
•0 ATTE.IPT 10 ALLOCATE 10 HAP UNITS. • 

SUIOiriSIOl OF U.K, ROT POSSdLC; 
HAIinuH THICKNESS S.OOO*: PARTS OF 
EACLE PLAINS AID nODSE CHANNEL POR-
.*1ATI0aS AID U.K. SHALE DIVISION 
dClUOCO; SOME 8E0S RO DOUBT TQUNCCR , 
IHAN THIS INTERVAL. 

dCLUOCO: ACE P. LITTLE lEAR FH. 
UtCdTAd. 

fi. TMd TdEER or CREdCEOUS HAT BE 
PARTLT THIS ACC. 

<s. R. SinOI. SUTSUI. BtADT. ANO SOPHIE 
ROUNlAd POR:iAIIONS IR PART THIS 
ACE; NO AITEHPI to SUBOIVIOE. 

I. URII HAT IE WIOELT PRESENT, HASRED 
IT TOURC TOLCANICS, REAR ROStBUIt;, 
WHI1SET1 LST. SAIEO CEROHAREAR. 
TUaOHIAN BT FORA.IdlPdS. 

J. OUTCROP or FRARCISCAR SHOWN d BlACf 
AMOUaT TNIS ACE IS UNCtRIAIR, 

K. sont 790' RIO CORCLOHERATE iN SANTA 
MONICA MINS. IKOUCHT 10 BE TUAONlAN. 

L. DISddUIION UNCERTAIN UNDER 
TOICARICS. 

N. U.K. CIPOSURCS SCA1IERID: wESIERN 
BORDER QUISIIORABLE. 

R. ItPOSURES RARE; KUCN VOLCANIC COVER; 
RUOIST-Bf AIIRC LSI. CfldALLT LESS 
TNAB IOOO' THICK. 

0. EAST OF Mf i AaO NORlH OF CENTRAL 
CUAIEHAIA IHE O.K. IS ROT DIVISIBLE: 
HAP INCLUDES ALL ROCKS lURORtAR 
THRU lUESTRICNTlAI. 

P. CAURC PH. dCLUOES BEDS OLDER THAN 
MID-CINOHANCAI. 

0. JOIDES CORE HOLES FAILED TO 
INCOURTER ROCKS THIS AGE. 

1, 'CRETACEOUS' ROCKS d COSTA RICA 
AHD PAIAHA PROBABLT TOUNCER THAN 
TURONIAN; 'LASCHENT ROCKS,' DCLUDINC 
I:ETA.<*ORPHICS AND ICNEOUS GCRERALLI 
LERHEO NICOTA COHPLCL. HAT INCLUDE 
ROCKS IHIS ACC. 

S. HAPPdC d SO. ANERICA dCLUDES ALL 
OF CCNOHARIAR PLUS TUIONdl. 

T. DAtEIIA PH., PODRLV DEFdED. INCLUDES' 
dOO-3800 H. BLACK SHALE ARO LSI. 
d d U D E D IT ANDESITE DIKES; OLSSOR 
(MSI) DATES AS TURORIAR, VARIOUS 
OTHERS WOULD EIIERD P.ANCE BOTH OLDER 
AHD TOUNCER. 

J. OlSlldUTIOl ElAfiCERATCO IN JAMAICA. 
NISPANOLA. PUERTO IICO. ARO VIICIR 
ISIANDS. 

r. TOLCARIC SCOUCNCE POORLT DATCO. 

(. PROIABIT.THICKENS NORTHWCSTUAIfi. 

t. RAP INCLUOCS lASAL SARD (DAKOTA) AND 
PART OF MARCOS SHALE, 

L E G E N D 

W NUAABEI 

(A) Non 

STIATICIAPHIC SECTION 

EDGE OP THIUST BELT 0 1 
HICHLT POIDED STRATA 

^ S y ^ OUTCkOP o r FlANClSCAN 

^ ^ ^ ^ OUTCIOfS AASEMENT AND 
^ * ^ ^ 5 ^ MlE-TtBTIA»Y INTRUSIVES 

' T H I C K N E S S I N rCET 

IOOO-IOLOOO 

R E F E R E N C E S 

ASOUITH. MPO 
BAItCT. CT A L . . M64 
B O l d i PETSCH. MSA 
B0NE1. M b ! 
BOWd. M 6 I 
BROWN. M6B 
BRIANI, ET AL. 
CAOT, MSS 
CLARi. M I S 
COBBAN I REtSIOE. MS2 
30N0VAN. MSI 
GILL. ET A L . . MPO 
ORARTZ, I960 
HAIC. M & l 

.MALC t.VAN Dt CBAAFP. 
HUXPHRET i DIAZ, M S i 
IHLAT, M44 
IMLAT > RECSIOE. MSA 
KOMLOWSKI. MS] 
.-lAMEI. MBS 
>4AHER, M 6 3 

MIS 
M 6 0 

riLLS, ET AL,. 1 
.'(OUNTJOT. M69 
OLSON. MSI 
PACE, M66 
PACE I RtPERRdC 
PATHE, MSS 
PATHE. MBZ 
PETERSON, CT AL. 
POPdOl, ET Al.. 
REESIDE. MAA 
REEStDE. MSr 
RtNl. MSI 
ROBERTS. MIS 
SIOlCS. MSS 
ST01T. Mil 
ridSOR, MIZ 
WEHIER. MSf 
WtmiR A HAUN. M 6 0 
WILIIARS A BURK. MBA 
SHELL FILES 

Z O O 

SCALE 1 : 2 3 0 0 0 0 0 0 

O 2 0 0 4 0 0 eOOPTii 

M h 
SHELL OIL COMPANY 

SUBMARINE CONTOUR • lOOOm 

120* 110* 100' 90* 



LOWd PRdCC CREEK U D S I A I E E HAFPEO NdC 
TOP MAT IE SOHIWHAT l O t t l t d THAI 
TURORIAI. 

EIALIZCD PlOn SPARSE OATA. 

SMUHACd PH. , CIAT SAHDSTOIES, BLACK 
SHAlt AND SILTS d T I U O d IT TER1IART 
PIUIOHS: M l CITENO CAS1HAKD TO HOURTAIIS 
lORDlRINfi CULP or ALASKA. 

« ,A . UNDITlDCD; dCLUOES CACIC PLAIlS Alf i 
ffOOSC CMAIREL; MORSrCI PR. SHOVR 01 
TOUNCtl^fUP. 

V.C. U R D i n o c i . 

EASTWARD COCC OP CARDIO" SARDS SHOWN; 
SANDS ARE ONLT HIROR PAIT OP HIElVAL. 

UNIT HAT I I WIDCLI PRCSdl ; SPAtSC OATA 
SVCCCSr LtTROLOCr t U ( U l I P O R I l i . 

AMOVRl DP F I A I C J S C A I COBMAlElT TO TMIS 
UNIT URCCRTAd. 

UNIT CSSdTIALLT SHALC; LIRE (CREENHDII) 
AT lASE ARD SAND (COOtLL) AT TOP. 

PLAIfOIK CAIIOHATES WITN RDDISIS C I T E I D 
TO PACiriC COAST. 

O.K. ONDITIOCa ON TUCATAI PLATrOIR; 
lOCKS or INIS I N l d V A l KIAE OPEN HARIlE 
THA* lA ICE l? tVAPOarrn taPERVAL OP 
A L I d l . 

JDIBCS t o n s FAIL TO CSTAILISR PRESENCC 
or ROCK or T H I S ACE. CN I P O I I L L E D , ANS 
• ID IO I SAHPLt, d l l R T A l MHFIE TRET 
COULD IE t I P C t T I D . S H A I I N | 1 N PllACIC 
FAVHA lUGf i tSTd AS PRM'AIC L D K O L O C T . 

CUT Of « t i r / s a WORPVAAS <AN>Aida Rpc i l 
RCSI LOCALLT ON VOtCAIICS AR&/OR P [ *M|A I . 

CUARI PH. lUPPCP N d C ; HOJILT HACK 
Pi lAKIC SMALI AID LIMfSTORC. 

SOOTH AMdlCAN HAPPlRfi IRCLUOES ALL OT 
CINOHARIAN ANO TUAOIIAJR. 

ASQUITH, MPO 
• AILCT, CT A L . , MIA 
BOIIN A PCrSCN, M S I 
lORET. I f l l 
BOWd. M i l 
BROWN. M i l 
• RTANT. CT A L . , M i l 
LAOT, MSS 
CLARK, M I t 
COHAN I lECSlDC. MSZ 
DOaOTAN, M I I 
C I L l . ET A t . , IfPO 
(RA iTZ . M IO 
HALC. I f I T 
MALI A TAR DE CRAAFF. M l * 
HUMPNRIT I O l i r . M S I 
t n i A f . M*A 
INtAT I I tESIDC. MSA 
KOTTLOWSKl. M U 
HAHER. M S I 

RILLS. CT A L . . M i l 
HOUITJOT. M I I 
OLSON. M S I 
PACE. M I I 
r * u A REPfiadC, 
PATIE. MSS 
PATIC. M i l 
PCTdSON, CT A L . . 
POFENOE. CT A L . . 
REESIOt. MAA 
REEtdE , MSP 
t d Z . M i l 
R0IIR1S. M I S 
SIOiES. MSS 
S10TT. M i l 
V IN IOI . M I I 
w i d t R . M S f 
WllRER A MAUN. 1910 
WILLIAMS I l U i R . M I I 
SHELL PILCS 

2 0 0 

S C A L E | : 2 3 0 0 0 0 0 0 

O 2 0 0 4 0 0 6 0 0 m i 

S U B M A R I N E "CONTOUR • lOOOm 



)• 

0* 

/ . 

N O T E S 

OCCRAlENCt L d l T E O i THICKNESS 
l a C I I I A d M T L f S S T H A I IOOO F C I T . 

A I L i . K . d C l W D I I d KARCUK P H . 
( P A i r i T D R O a d a ^ C A H P A N I A N ) : RO 
^ I I I R P T TO I d l b l I I T H I I N U N I T S 

d - » . 

C . « P P r R P O f T I O R OP OCOS H A P P C I ( I f , 
P R d C C C K . ) P I O A A I L T l E P I E S C H S 
• • I I 1 . 

• . ccRdAEiztt r ton SPAISC OATA. 

[ . S H U H A C d P R . H C I E D S t o . 0 0 0 PCCT, 
C D I E I S WIDE A R I A 0 1 S H E L F . SANAK 
A I D l O D d R d l A I O S . A I D d M O u a l A d S 
• O R D I R d C CULP o r ALASKA (VALOEZ 
AND T A I U T A T ) ! RO A T T C R P I TO AHOCATC 
TO M P O I I T S . 

r . S U A P d l S I D l OP O . K . HOT P O S S I I L C l 
M P INCLUDES PANTS OF CACLE P I A I H , 
IWOSC CHANNEL AND MOISTEN FOAMATIDNS 
AND O . K . SMAIE O I T I S I O R ; NAT INCLUDE 
I t O S OlOER A I D TOUNCER THAR MAP U R i T . 

C . D I S T R d n n O R R N C I R T A I i . 

i . K O O I A l E I L t C P H . OF FORI U A I O AREA; 
I C S S TMAR I O O O * l DATED C A I L T 
S A R I O R I A I . 

I . s i P T o i , s o T s o r . i C A o r . A R O S O P M E C 
n O U N T A l l P O t H A T I O N S PROAAILT C O N T A M 
lOCKS d i l A C I ; 1 0 A T I E H P I TO SUB-
D l t l D I . 

J . M l I E W I D C L I PHCSENT d C C I T I A l 
ORECON AND W A S M d C T D I UROCR T O U I f i C I 
T O L C A N I C S . 

C . FRANCISCAN OUTCROP SHOWN 1 1 I L A C K ; 
A M O D I I ACC C e U d A L C I T TO T H I S URIT 
I S U N C l R T A d . 

I . ROCKS T H I S ACC HAT I C HORE WIDELY 
PRESERT. t S P I C I A L L T 1 1 V E I T U R A . SARTA 
• A R I A H A , ARC S A I L U I S OBISPO C O U l T l C S 

R. LOWEB REHBER OF P l l l l t fCAHMOl 
r i l R U S I R E O U S M i l . ) d C L U D C O N f l C . 

• . M P d C l U B E S P A I T o r MARCOS S W A L I . 
SANDI AND S H A I C T U R I T S tEPCNRCO TO 
MESATCRDC ARO A SAHOT U N I T V I T R 
f O L C A N l C S ( H c R A I ) . 

0 . S . K . SPARSCLT E I P O S C O ; W E S T C H 
• O R D E I I S Q U t S T I O R A t l t , 

P. THICK C L A S T I C S E C T I O N ( R t l C A L A ) 
CRAOES EASTWARD TO I d t S T O l E 
{CSCAHELA AND T I L A I T O N C O ) . 

9 . CAST OP 1 1 * 4 R E R I D I A I A I D NORTH OP 
CENTRAL CUATEHAIA THE U . K . I S ROT 
• I T I S d l E W I T H PRESENT C O I d O L ; 
M P INCLUDES A l t ROCKS FROM 
TVROaiAR THRU MAE S I I I C M T I A I . 

NCLUOCS ALL M P P d C I N MORDUIAS 
POST-TURORIAR O . K . 

- f A s i M E A T a e c a s ' i R C i u o d i H C T A -
HORPHICS ARO ICNEOUS C l R I R A L L T 
CALLED - N I C O T A COHPLCB* HAT I I C L U D C 
ROCKS TMIS A C C . 

DABCIBA P H . M T I C P A I T l T T H I S A C C l 
TO THE NORTH C A R R E ! U P L I F T HAS BCOS 
U I T H C O R d C I A R f A U M . 

JOIDCS CORC HOLE f S CNCOUNTCRCD 
OCCP WATCR S C D I H E I T FROM T H I S U R l T l 
d I C R T A L O R I L L C D B U I URSAHPLCD 11 % 1 \ 
A I S C I T d CORE ROLC I * A l O P I O I A B L T 
A B S C I I d 0 1 . 

T . SOWAICC C M A R I t l . A O I C » - W A T C I SCAVAT 
ACIOSS • O R T M I I I P L O I I O A ES DATED I T 
P O A A N l l l F d S AS f A I L T S A R T O I I A R . 

M . O P H I O L I T E I I L T OCCURS NORTH OP 
CORDILLERA C U T R A L s M T INCLUDE ROCKS 
THIS ACC. 

I . NOCRS T N I S A S I H I S S I R C OR VERT T H t l 
1 1 JOIOES CORE HOLES SHOWN; ALSO I I 
CORE TAKER DR I d H U O A I f S C . 

L E G E N D 

© 

^f^ 
.^^v*. 

STIATICIAPHIC SECTION 
NUMBEI 

(DC! OP IHIUSI BELT O l 
HiCHLT POtDED SIIATA 

tElO UNI 

Ol/TCIOf OP PIANCISCAN 

OUICIOPS BASEMENT ANO 
Pt(- I ( I I IAKT CNIII/S'VCS 

CKNESS IN PUT 

0-IOCO 

lOOO-IOlOOO 

UII 

ISOUITH. 1170 
lAllIT. ET Al.. Uil 
• OLIa S PIISCB. USI 
lOaCT. Uil 
lOHIl. U i l 
• •oaa. Uil 
l«»A.I. CT AL. 
CAOT. Ill] 
C l i a i . UIS 
coma I BLCstot. 
oo.ovAa. m l 
IILL, ri AL.. U 7 0 
tlAall. USO 
"ILL. Uil 
ailE I laa of caAtrr. 
auMPNill I O U I . U S I 
laiAi. UII 
IHLAT I aiLSIOI. USI 
aOTIlOaSKI. Ill] 
AAalt, UIS 
HAMfl. Uil 

Kills. ET «l.. Uil 
noualJOT. U i l 
oisoa. u s i 
PACE, Uii 
PACf i iiPraaUG, 
PATIC. USS 
PAiai, Ilir 
pfrcasoa, tl «i., liis 
POPlaot. IT ll.. IIIO 
• I ISIOI. U I I 
• l lSIOt. USI 
• I«7. U I I 
•oaiais. I l l s 
STOICS. USS 
STOII. I l l ) 
l lasoa. H i t 
m i m i . USI 
WEInta I MAUI. IIIO 
VILIMHS I l u l l , U i l 
SHELL PUIS 

SCALE l : 2 5 0 0 0 0 0 0 

600mi 
SHELL OIL COMPANY 

" \ ^ w i ^ 

SUBMARINE CONTOUR • IOOO, 



>0' 

50* 

f^4accou^s. 

iivqc^qvy/4< 
S^ 'OWv 'q ' 

® 

L E G E N D 

I D C I o r THIUST BELT 
0 > H ICHIT lOLDEO S I I A T A 

0* 

oSSSMiSSSv O U I C I O P S BASEMENT A N O 
J ^ P S » \ - > P I E - I E I I I A I T I N I I U S I V E S 

O COIE HOLE 

M A J O I C O N S T I I U I N I S 

I I M I S T O N I 

A C I * C U T SHALI 

)• 

0* 

SANDSTONE 1 S I I ISTONE 

M I N O I C O N S T I T U I N T S 

• • • • o CLAUCONITE 

I I • I • BENTONITE 

. . . . . . OOIOMIT I 

• I I M E S I O N I . 

. . . . . . I V A P O I I T I S 

- SANDSTONE A S I I I S t O N I 

IED S H A l l 

BLACK 1 C B I r S H A l l 

• • • • • • VOICANICS 

• • • • • • CHEBT 

/ . . . . . . CONCLOMEBATIS 

_ _ C O A l 

N O T E S 

A. LAaCUI PR. SPAIS I I I POSI-CCaOIUalAR 
RO ATTInPI TO S U I O I I I D t . 

B. soai ippci p i iac i c i i i i PK. P I O I I I L I 
lEPILSI I IS CDIIIRUOUS OCPOSITIOI IRTO 
OVIaiTlaC ONIT. 

C. ao A l i i a p i TO D l i l D I O . I . : saoaa * • ( 
PAIIS 01 O t l l P L I I a S . ROOSl CHAalEL 
AID nOISTIl PK. 

1. italiALiiti laoa SPAasi DATA. 

E. SNUKACII PH.. CIAT SAIDSTOaCS. ILICI 
SMALI AlO SllISTOaCS IITIUDCO II lEITlAIT 
PLOTOaS. AAT [IIIRO TO ROURTAlaS lOIOIIIRS 
6ULF or AlASKA. 

P. PPPII ClllACIOUS ORDITIOCD. 

B. OUT M T II PICSCRT la ClaiaAL OBICOa lao 
aASMIaCTOIl SPAISE DATA SUCCCST IITNOLOST 
sialLAi TO CAiiioailA. 

B. laouai or riiaciscAi IOOITAIEII I D THIS 
aalT IS oacillAla. 

I . r o l l RATS LfHLSTOIl HIOCLT PICSCKT AI 
USE alDI IAIA CNAK. 

I . AUSII I LIKE ABO CHILI C E a l l A l l T CIAOES 
IISIBVAIO TO SNALC, 

I . BOCIS or TRIS v a n m s i i i COAISE C I A I I C O 
ALOal CIBTIAL ATLARIIC COASI; CDaiElATIOIS 
80BTHVABD A l l QUISIIOBAILE. 

PCLICIC SHALES IR CR-IS. IR I I ITAL ROT 
SARPltl I I CK . I7 . niSSIRC IR C N - l i ARD 
C R - I I . 

M . IBOir lDIO oa TUCAIAa; LITR. SMOUS 
.-ARPtfl LlaLSIDBL AID lOUI IAL I ITS : AluaDART 

. - I I A P O I I I I SUCttSIS I t l l l l C I C O COaOIIIOaSl 
i L c i i i i i sai ir a l i e n 01 SHiLr.RAieii 
i l i r HAT 11 BLSTaicllai PAcrei. 

a. CAST or i i i i i s a HOBDUIAS CAH.AalAa aocis 
BIST LOCAllT oa TOLCAalcS Aao/OB PCBHIAa. 

• . I I HOBMIAS RAP SNOVS ALL SICIIOR PAOR 
COBIACIAB la tU aAlSTBlCHTIAa { l A L L l OC 
ABCILII I P . I : PACICS SUCCtSI OVCSTIOaAILI 
C O I I I I I I I O a S . 

P. IIIHOLOCT lASID 01 SPAISI OAT>. I I CAiHAR 
R f l i r i COBIACIAB rAUBAS OCCUR IR SHALE. 
CRIBI ABtf L l a t SIQUtaCE. 

I 

ASOIIITK, U I I 
l A l l l T . EI A l . . U i l 
• O l l l I PETSCH. U S I 
lOaCT. U i l 
l O H i a . U l f 
l a o K i . I l i a 
I ITART, I I « l . , I l i f 
CAOT. Ills 
CLABI. U K 
coiiaa I ICCSIDE. U I I 
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Mesozo i c - C e n o z . ) i c G L r i L i f r raph.y 

Cretaceous AssKnment: Follow previous instructions. 
Do number 1, nuraber 2 gnd one of the followinf^ four. 

1. As you study the Cretnceous system you will find 
that the constituent formations in the Western Interior . 
are being correlated ina nuraber of ways: a) by absolute . 
dating.(kauffman), b) by fossil zones (Knuffman, Cobban 
and Peeside, Red Book), c )by./relation to the world 
standardV(C obban and Peeside) d.) by relation to. the'•r.ef er
ence section of the Western Interior (Cobban and Peeside, 
Ped Book), e) by -reference to desin;nBted cycldthemic 
sequences (Kauffraan). Evidently the magnetostratigraphic 
raethod is not yet applicable. 

Consider two veil-known western formations, the 
Aspen Shale and Mesaverde Group, devise a chart showing 
how these two formations are classified according to 
the five methods mentioned above. I.ara hoping for something 
that will give a comparison. V/hich method or combination 
of methods is best for construecing a paleogeographic 
map? Think of what is practical raore than what is potential, 

2. Copy or trace the map in the Red Book showing coal 
fields of the Rocky Mountains (look under Coal). Give 
the explanation and naraes of the coal fields. Now, from 
the references add to your i l lustrat ion the reserves 
estiraated for the various f ields. 

5. Comment on the correln t ions of Cretaceous roc-ks of the 
Vifestern Interior n̂d those of a) Texas, and b) California. 
Use charts cr diagrams if appropriate. Think of the actual 
means b.y which correlations h^ve been "and .are being made.-

4. Follow instructions of # 5 with regard to correlations 
with northern Mexico and southern Arizona, /̂ a-trrrs corr-r/f/e 
S f / u ) 6 ' t ' r t y ^ t f _ Z ' n - f r r ' O r - a ^ d y ^ p K / r O - A r-/2.0 y^tZ.. 

5. Comment on the influence of the Idaho Batholith on 
western Cretaceous stratigraphy. Think of space relations, 
source raaterial of various kinds, time relations and 
anything else that occurs to you. You will have to do 
some library work here. 

5, Comment on the "space problem" of deriving the known 
volume of Cretaceous sed-î raent from the indicated available 

• l"ehd sreas. ">.-v,.'' 

Wm. L. S t o k e s , 1980 
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Summary of Cenozoic - Western Interior U.S. 

W.L. Stokes, 1973 

*•• • Paleocene: (5-7 million years) 

Time of basin formation and concomitant deposition in the ROCJCNJi^ouptains. The 
Rocky Mountain ( or Laramide) Orogeny which commenced in the L-QtcUv tw£^TOC continued 
very actively into the Paleocene. Most basin margins show angular unconfomiity between 
Cretaceous and Eocene rocks. 

Great volumes of clastic sediment produced from uplifts were deposited chiefly in 
nearby basins. Except in the northern Great Plains little sediment left the mountains. 
The Cannonball Formation records last of the interior seas. 

Lake beds locally. Flagstaff Lake, Central Utah, was largest. „ 

Much lignite in Montana-Wyoming-North Dakota, carbonaceous material almost every
where in Paleocene indicates heavy organic production. Climate generally humid, sub
tropical . . 

Not much igneous material except in Montana. 
•J 

Great Basin was high and undergoing strong erosion. Very little Paleocene has been 
identified here. 

Limited record in Pacific Northwest. Pacific Ocean extended eastv/ard into area of 
present Cascades, not much igneous material. 

Climate tropical to sub-tropical with,appropriate animal and plant life, 

.Eocene: (22 million years) 

Decline in active diastrophism but rapid erosion of prei/iously created uplifts 
continued. This was the declining stage of the Rocky Mountain Orogeny. . Little material 
left the area to build deposits outside the intermountain basins. 

Sediments include: great conglomerate deposits (Wasatch): "red beds" and gray-
banded, fine fluvial elastics in many basins; lacustrine deposits of mixed lithology 
with marlstone and oil shale as notable components. Green River Lake System is 
important in Wyoming-Colorado-Utah. Routes of external drainage unknown, water 
generally fresh but occasionally saline. 

Great Basin remained higher than surroundings but begins to.collapse late in epoch. 

Sierra Nevada was relatively low with through-flowing drainage. 

Pacific Northwest begins to show volcanic action but is generally low with coal 
forests along coast. 

Increasing volcanic .action in Yellowstone area, (Absaroka field, N.W. Wyo.) 

Interior generally at low elevation. Green River lakes thought to.be 1000'± of 
sea level. Vegetation generally sub-tropical, crocodiles^ turtles and many primitive 
mammals. 

http://to.be


OligbCene: (11 million years) 

Deformatipn declines in itnportance but volcanic action reaches a maximum. Basins 
are mostly filled and the sediment cover rises to cover low uplifts and all but the higher 
parts of the mpijpr ranges. Higher erosional surfaces, now exhumed, record the height of
the general fi^l. . ... -' \ 

Sediments generaily contain much volcanic debris and are of light color.because.of 
the ash and tuff and also from considerable calcareous material. 

Notable volcanic centers-were in the Yellowstone area of Wyoming and the San Juan 
f̂ igUntain̂ " of Colorado. Greatest eruptions and volcanic effects were in the Great Basin 
where immense outpourings accompanied a general subsidence. In southern'Utah-Nevada 
ignimbrites wereproduced on a large scale. Colorado Plateau "laccoliths" emplaeed. 
There was also'an increase of volcanism in the Pacific Northwesti 

Stream systems began to be integrated with production of the present-river systems. 
Superposed drainage patterns which characterize the Rockies have been let down from 
chiefly Oligocene surfaces. 

Sierra Nevada low enough to be crossed by streams-flowing westward out of the 
Great Basin. 

Building of extensive light-colored deposits on the plains area of South Dakota-
Nebraska generally known as the White River Formation. Extensive fauna of mammals 
that may be the most complete of any in existence comes from the badlands of this 
formation in South Dakota and Wyoming. 

John Day beds of Oregon.have lithology and fgtuna like the White River, 

Florrisant Beds, isolated iri basin ih Precambrian, has important fauna and flora. 

Midcfehe; (12 million years) 

General uplift of western U.S. and possibly of the entire continent. (Shown by 
climatic change, by more hardy plant and animal life^ by incision of streams, and 
rejUvination ofmouhtains and by great volume of sediments deposited in Gulf Coast 
Geosynclinc). Uplift may have been 2 to 5 thousand feet. Epeirogeny, not orogeny. • 

Erosion moved much of the Oligocene material and cut deeply into the older rocks. 
Miocene deposits are of limited extent in the Rocky Mountains proper-but there are 
remnants of fair size in the Wyoming-Utah-Colorado corner (Browns Park Formation) and 
in southwestern Montana (Bozeman). Pedimentary deposits such as Bishop conglomerate 
may be this age. 

Great Basin was subsiding and breaking up by normal faults which outline the 
present horsts and grabens. There may be,great voluiiiesof Miocene in the depressions 
but outcrops are rather limited. Light color of Great Basih Miocene is characteristic. 
Drainage was westward across the Sierra until'^late in Miocene; climate was relatively 
humid with extensive hardwood forests. ooi<LovsCt$ ckcc<̂ -~̂  /5«(-F ̂ nk/s- (nro^f^ 

Pacific Northwest af'fected by immense volcanic outpouring (the Columbia River 
basalts up to 12,000' thick and covering 200,000 square miles). Cascade range begins 
uplift late in epoch; this may be the locality of the last batholith to be emplaeed 
in the U.S. 



• - - 3 -

. - _ r-
Extensive erosion in Colorado Plateau but routes of rivers is a major problem --did 

• ' the Colorado River exist? 

Deposition on the interior plains east of the Rocky Mountains was chiefly in the 
central region -- Nebraska has best section. Much of the filling of the Rio Grande 
Trench is of this age. ^ 

Climates cooling and drying, disappearance of warm-loving fauna, savanna vegetationj, 
spread of grass. 

Pliocenes (13-15 million years) 

A relatively quiet period tectonically and with only moderate volcanic activity. 

Sedimentation at a low ebb with relatively little material produced or retained 
in the Rocky Mountains. Gravel surfaces are notable. 

Climate both dry and cool The low precipitation may explain the retarded erosion, 
lack of lakes and small volume of sediment. 

Deposits on the plains are usually grouped under one designation, the Ogalalla 
Formation. Its distribution is chiefly in the High Plains — Nebraska, Kansas and 
northwest TexaSi This is a mixed fluvial-lacustrine-aeolian deposit, average 200 
feet thick. Rio Grande Trench continues to be filled. 

Erosion slows In the Colorado Plateau -- problem of age of the Colorado River-
System, In general the river systems of the Rockies are becoming more integrated but 
those of the Great Basin are breaking up and no longer cross the Sierra. ' Ponding in 
the Great Basin, Columbia Plateau and Snake River Plains aided by lava dams. 

In the Pacific Northwest extensive lava flows continue to build; older surfaces 
. and topography submerged, Cascade Range grows both by uplift and formation of large 
cones. 

Decline of warm-loving fauna and flora continues. This may be the driest of the 
Tertiary epochs. "Autumn of the Cenozoic", 

A difficult epoch to interpret because of scarcity of deposits and fewness of 
good fossils. 
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GE'OLpGIC HISTORY OF SITE OF UIKTA BASIN, UTAH 

Jplin C. Osmond, Consulting Geologist, Salt Lake City, Utah 

The Uinta basin in northeastern Utah Includes an area of ,9,3G0 square miles. 
The differential vertical movements which created the basin and its rim began in 
Paleocene or Eocene time, during the deposition of the Wasatch Formation. The 
synclinal axis of the basin trends easterly and Is slightly convex northward. The 
basin Is asymmetric with a broad gentle-dipping south flank and a north flank which 
is up to 10 miles wide with beds near vertical and locally overthrust. 

• The configuration of the Uinta basin is controlled in oart by pre-existing 
structures and geologic trends, but much of the present rim is the result of Tertiary 
tectonics. 

The dorainant tectonic factor in the development of the basin is the rise of the ., 
Uinta Mountains block and the simultaneous subsidence of the synclinal axis of the 
basin. This major flexure in the crust probably conforms to the edge of the late 
Precambrian trough in which the rocks of the Uinta Mountains block were deposited. 
This belt of Precambrian rocks was essentially dormant until ,Eocene vhen it began to 
rise from depths of about 16-,000 feet below s.ea level to elevations of 7,000 to 
13,000 feet above sea level. 

During lower Paleozoic the Uinta basin area was on a stable criist jiist east of 
the Cordilleran geosyncline. In the Pennsylvanian Period the Uncompahgre uplift 
formed, a mountain range part of which now underlies the southeastern part of the 
present basin. This major tectonic feature had a northwest trend, and several 
small folds or faults with similar trends developed in the .eastern part- of the basin. 
These structures were gradually masked by Mesozoic sediments.' Slight Tertiary 
upwarping and differential compaction allow some of these structures to be reflected 
as folds plunging into the eastern part of the Uinta basin. 

In Cretaceous time the-5locky Mountain geosyncline occupied the region and . 
reGeived clastic sediments from the Cordilleran geanticline in w e s t e m Utah. In 
Late Cretaceous time easterly directed compressive forces resulted in folding and 
over thrusting-at the western edge of the Uinta basin area and possibly also caused 
slight arching-of the eastern edge. 

During Tertiary time western Korth America was elevated above sea level. 
Concurrent with this epeirogeny the mountain ranges and basins of. the Rocky Mountain 
Region were develpped by differential uplift. To the west of the'Rockies the Basin 
and Range province was also elevated, and tilted fault-block mountains and valleys 
were created. This difference between the Rockies and the Basin and Range province^ 
reflects the difference iri the Paleozoic between the stable block and the geosyncline. 

The Uinta basin-was outlined in Tertiary time by the central part not being 
elevated as high as. its rim., The northern sector pf the rim was the most active in 
pushing upward. The eastern and southern sectors of the rim were formed by the stable 
elements supported by the, Douglas creek arch and part of the Uncompahgre block. The 
southwestern sector of the.riin was formed by the San Rafael swell, a Tertiary anti
cline formed by subsidence of adjacent areas and probably localized by an tipper 
Paleozoic positive trend. . 

The western sector of the .rim of the Uinta basin was created by the, interplay 
of tilting .of • fault .̂"*"̂ .̂-'̂  ."^-OV^t^?g.-^ag^-faVn --hiaj-^iJf- fiP.-t-.kn...'P.fl-TQfign4r~ gfe'SsyiiclTihe aild 
• noirth-.trending"..faulis./that.-djgyeitee"<i'*(^ Kesozolc'troughs--'which, in turn were -.'- ' 
:superliQpi>sedf.<W--Xhe mar.^fti'of thi ̂ " e ^ ' ' ," 

The structure of the Uinta basin is the result of regional uplift of a hetero
geneous area of the crust which incorporated both the sturdy and the weak, or weakened, 
prpducts of prior deformations. The absence of intrusive Igneous rocks is striking. 



STRUCTURAL AND STRATIGRAPHIC DEVELOPMENT, WASHAKIE AND SAND WASH BASINS, 
WYOMING AND COLORADO 

Howard R. Eitzma, Consulting Geologist, Denver, Colorado 

The Washakie and Sand Wash basins, southeast segments of the over-all Green 
River basin, are located iti central-southern Wyoming and northwestern Colorado. 
The two basins are bounded by and contain structural elements of varying age. 
These are: Rock Springs uplift and Wamsutter â -ch (Late Eocene-Oligocene) to west 
and north. Sierra Madre and Park Range uplifts (Late Cretaceous-Paleocene) to east, 
and the White River, Axial and Uinta Mountain uplift (Paleocene-Eocene) from south
east through southwest. The basins are separated by a low arch and fault zone of 
late Tertiary age, which parallels the Wyoming-Colorado boundary. 

The present obvious structural trends are the composite of many less obvious 
structural episodes of Late Cretaceous-Paleocene, early Late Cretaceous, Early 
Cretaceous, Permian- Pennsylvanian and early Paleozoic time. Structural elements 
related to these older orogenic episodes are now mostly concealed beneath younger 
sediments and basin downwarping. Evidence for manv strrurtural ep-'.ioHes, particularly 
those of the early Paleozoic, have been all biit effaced by erosion'related to younger 
orogeny. Maximun structural activity offured from latest Cretaceous through Mid-
Eocene time. 

The f"ll sedimentary column (Eocene and older) in the Sand Wash basin exceeds 
32,000 feet apportioned approximately as follows: > 

pre-Pennsylvanian 37o 
P.ennsylvanian-Early Cretaceous 157o 
Late Cretaceous 467o 
Paleocene-Eocene 367o 

The maximum sedimentary column in the Washakie basin may exceed 36,000 feet in 
the central and northern parts of the basin. Several thousands of feet of late 
Tertiary sediments and igneous extrusives occur in limited areas of both basins. 

Precambrian structural trends are imperfectly known in the bounding Uinta, 
Park Range and Sierra Madire uplifts, but have had obvious, important influence 
on subsequent structural trends and movements to the present. 
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' OQUIRRH AND PHOSPHORIA BASINS IN NORTHWESTERN UTAH, NORTHEASTERN NEVADA, 
AND SOUTHERN IDAHO 

R. J. Roberts, E. W. Tooker, H.X, Morris, M.D, Crittenden, and R.K, Hose, U.a, 
Geological Survey, Menlo Park, California and T.M. Cheney, Palo Alto, California 

The Oquirrh and Phosphoria basins in northwestern Utah, northeastern Nevada, and 
southern Idaho are downwarped segments of the Cordilleran geosyncline superposed on 
a complex structural pattern of Precarabrian and early and middle Paleozoic age. 

The Oquirrh basin contains Pennsylvanian and Early Permian sedimentary rocks as 
much as 26.,000 feet thick; the area of maximum sedimentation was in westcentral Utah. 
Three principle units are recognized; a lower unit of, cyclically bedded bioclastic 
limestone and sandy limestone, a .middle unit of interbedded limestone and quartzite, 
and an upper unit of quartzite. The lower and middle units were mogtly deposited 
in an offshore shallow water environment; the upper unit in offshore moderately 
deep water,;, these grade laterally both eastward and westward into shallow nearshore 
faciest 

. -The Middle Permian Phosphoria basin Iwas partly coextensive with the Oquirrh 
basin, but the area of maximum sedimehtfttiDn. was in northeastern Nevada and southern 
Idaho, where-locally 3,,500 feet of shale, cherty shale, chert, dolomite, and line-
stone accunulated. This facies was deposited in an offshore deepwater envlronsenC, 
favoring forraation of thick sponge-sptcule chert and cherty shale units; these grade 
southward and eastward into carbonates and shales that were deposited in shallow 
nearshore environments. 

In Cretaceous time the Paleozoic and early Mesozoic rocks of northeaatern Nevada 
and westerii Utah moved eastward On great thrust plates that extended from southern 
Utah into Idaho. Movement took place on the Willard-Charleston-Nebo thrust belt 
in the Wasatch,Mountains, Westward continuations of these thrusts crop out In. 
northwestern'Utah and eastern Nevada. Imbricate thrusts and tear faults within 
the upper plate have resulted in coniplex distribution of late Paleozoic facies. 



GEOLOGIC HISTORY OF WIND RIVER BASIN, CENTRAL WYOMING 

William R. Keefer, U.S. Geological Survey, Denver, Colorado 

Tbe Wind River basin was part of the stable shelf region that lay east of the 
Cordilleran geosyncline during Paleozoic and much of Mesozoic time. Rocks repre
senting all systeras except possibly the Silurian were deposited across the area 
during repeated transgression and regression of the epicontinental seas. Most 
formations are thicker and more complete in the westem part of the basin than in 
the eastern part, and some units disappear eastward owing to trunc^-tion or non-
deposition. Depositional environments, generally marine, were often influenced 
locally by slight fluctuations in sea level or by tectonic movements. The latter 
were liraited to broad upwarping and downwarping along trends which with few except
ions, show little direct relation.to structural trends developed later during 
Laramide deformation. 

Near the close of the Jurassic, highlands began to form in the geosynclinal 
area west of Wyoming, and the major sites of deposition shifted eastward. During 
Late Cretaceous time the seaways lay in eastern Wyoming, and a thick sequence of 
alternating transgressive, regressive, and nonmarine deposits accumulated across 
the Wind River basin area. The latest raarine invasion (represented by the Lewis 
Shale) covered only the eastern part of the basin. 

Laramide deformation began in latest Cretaceous time wtth downwarping of the 
basin trough av>̂  broad doming of parts of the peripheral areas. The intensity of 
movement increased through the Paleocene, and culminated in earliest Eocene time 
in high mountains that were uplifted along reverse faults. A complete record of 
orogenic events is preserved in the more than 20,000 feet of fluviatile, paludal, 
and lacustrine strata that accumulated in the areas of greatest subsidence during 
this period. 

Basin subsidence -and mountain uplift had virtually ceased by the end of Early 
Eocene time. Clastic debris eroded from the mountains, augmented by volcanic debris, 
continued to fill the basin during the later stages of Tertiary time. Near the end 
of the period the entire region was elevated several thousand feet above its 
previous level, and the present cycle of erosion was Initiated. Normal faulting, 
perhaps concomitant with regional uplift, locally modified the older structural 
features. 
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u STRATIGRAPHY AND TECTONIC FEATURES OF PARADOX BASIN, FOUR CORNERS AREA 

H.R. Ohlen and L. B. Mc Intyre, Shell Oil Company, Farmington, New Mexico 

The Paradox is a northwest-southeast elongate structural and sedimentary basin, 
bounded on the east and northeast by the San Juan Mountains and the Uncompahgre-
Plateau of Colorado, on the south by the Defiance Plateau of Arizona and New Mexico, 
and on the west by the San Rafael swell of Utah. Approximately 20,000 feet of sedi-. 
ments are preserved within the Permo-Pennsylvanian basin. Surface exposures are mostly 
sediments of the Mesozoic System, -represented by a few thousand feet of elastics. 
The La Plata, Carrizo, Abajo, and La Sal Mountains are Tertiary intrusives within the 
Paradox basin. 

The thin early Paleozoic sediments transgressed easterly onto the northeast-
southwest trending transTintinental arch with the Cambrian sandstones separated, 
from the'Devonian-Mississippian shelf carbonates by an Ordo-Siluriari hiatus. Exposdre 
of the Mississippian carbonates resulted in a karst-llke re'golith, the Molas 
Formation of Atokan and/or earliest Pennsylvanian age. Tectonic influence then gave 
a northwest-southeast structural grain to the Paradox basin, in which Pennsylvanian 
cyclic or rhythmic shelf carbonates, sapropelic " brafck shale" dolomites, evaporites 
and arkose-redbeds were deposited. Approximately 2,000 feet of shelf carbonates were 
depo&ited On edges of the basin where highlands wer£.. npt:;pr-«sent.' Ev.aporites wei:e . 
deposited.in the center and distal northwest end'of the basin and reach a present 
thickness of 10,000+ feet as the result of salt flowage in the cores of the intrusive 
salt anticline. The many thin sapropelic dolomites are widespread throughout the 
basin and are the "timemarkers" used for correlation. Clastics shed from the 
Uncompahgre and San Luis uplifts resulted in several thousand feet of arkose and 
redbeds ("Pennsylvanian" Cutler Formation) being deposited on the northeast and east 
flanks of the basin. These highlands persisted through Permian time and similar 
clastic deposition ("Permian Cutler Formation") continued, depositirtg a thick wedge 
of arkose near the Uncompahgre front, which thins to the southwest to 2,000 feet of 
continental redbeds and eolian and marginal marine sandstones of the Cedar Mesa, Organ 
Rock, and De Chelly Formations. 

Approximately 3,000 Feet of Jurassic-Triassic continental shales and eolian sand
stones were depsoited over Permo-Pennsylvanian basin and highlands. These sediments 
are expsoed over the western two-thirds of the Paradox basin. Upper Cretaceous inarine 
clastics, exposed at the eastern edge of the basin, are equivalent to a continental 
facies in western Utah. 

The primary structural grain of the Paradox basin is a northwest-southeast lineatio 
parflleling the Uncompahgre uplift of Permo-Pennsylvanian time. This alignment is 
illustrated best by the several salt anticlines. Laramide tectonic both rejuvenated 
the older trend and developed new structural lineations such as the north-south 
striking Monument upwarp. Regional uplift, coupled with the development of peripheral 
Tertiary basins has placed the Permo-Pennsylvanian Paradox basin in a high structural 
and topographic position incised by deep superimposed drainage. 



TECTONIG DEVELOPMENT OF IDAHO-WYOMING .THRUST 

Frank C. Armstrong and Steven S'. Oriel, U.S. Geological Survey, Federal Center, 
Denver, Colorado 

Three stages are evident in the tectonic'development of southeastern Idaho and 
westem Wyoming. First, the changing patterns of tectonic elements during .deposition; 
second, development of northward-trending folds and thrust faults; and third, devel
opment of block faults that produced, horst ranges and graben valleys. 

During Paleozoic time about 50,000 feet of marine sediments, mostly limestone 
and dolomite, were deposited in a miogepsyncltne and about 6,000 feet of mixed marine 
sediraents were deposited on the shelf to the east. Detritus came from both east and 
west recurrently from Cambrian time on. Starting in Mississippian time, the belt 
between shelf and miogeosyncline, where thickness increase markedly, shifted progres
sively eastward, 

Dur ing Mesozoic t ime ab put 3 5 ̂  ,0- J. ':' e e t o t mE-C iri e an d c'oYit inent a 1 sed imen t s wer e 
deposited in the western part of che,-region and abo-at 15,000 in the .eastern, terres
trial deposits becoming' increasingly domirm^it. Western positive areas became the 
chief source of detritus. The belt of aiaĵ clmua] thickening and' the site of maximum 
deposition shifted progressively eastwa-rd; maxiqrjm thickaess of succeeding geologic 
systems are not superposed. In Late Triassic a belt to the west rose and the mlo-
geosynclirie started to break up. As Mesozoic time progressed the western high spread 
eastward, until bv the end of the Jurassic the miogeosyncline gave way to intracra-
tpni'c geosynclinal basins that received thick deposits, particularly in Cretaceous • 
time. Cenozoic sedimentary rocks a.re products- of orogeny in this region. 

The second stage which overlapped the first, produced folds overturned to the 
east and thrust fault's dipping gently west in a zone, convex to the east, 200 miles 
long and 60 miles wide. Stratigraphic throw on many larger faTj.ltp is about 20., 000 
feet; horizontal displacement is at least 10 to 15 miles. Lack of metamorphism and 
mylonite along the faults is striking. From west to east, the thrust faults cut 

progressively younger beds, have progressively younger rocks in their iiDper plates, 
and are estimated to be successively yotinger. Thrusting started in the west in latest 
Jurassic and ended in the east perhaps as late as Early Eocene time; ditritus shed 
from emergent upper plates is preserved in coarse terrestrial strata of corresponding 
ages. • 

West of the thrust belt Is a northwestward-trending area underlain mostly by 
lower Paleozoic, rocks and flanked oh east and west by upper Paleozoic and Mesozoic 
rocks-. Scattered pieces of eastward-dipping, thrust faults have been reported west 
of the older rocks. This ceritral area of old rocks has been interpreted as (1) part 
of a large continuous thrust sheet moved scores of miles from the west, or (2) ari 
uplifted segment of the earth's crust from,.which thrust sheets "to the east and west 
were derived. Both interpretations have defects;* relative thrust agns are difficult 
to explain, under the .first; a large positive gravity anomaly, expectable under the 
second is apparently absent. 

Block faulting, the third stage of tectonic development, started in Eocene time. 
Faulting has continued to the Recent, as indicated by broken alluvial fans, displaced 
basalt flows less than 27,000 years old, and earthquakes. North-trending and east-
trending fault sets are recognized. Old east-trending steep faults in the Bear 
River Range may be tear faults genetically related to thrusting. Movement along mariy 
faults has been recurrent. Patches of coarse Tertiary gravel on the flanks arid 
crests of ranges, for which there is np provenance with presemt topography, may 
record reversed vertical movement along some north-trending faults. Present 
topographic relief of basins and ranges is tectonic. 



GEOLOGIC HISTORY OF RCCKY MOUNTAIN REGION 

John D, Haiin and Harry C. Kent, Department of Geology, Golorado School of 
Mine's, Golden, Colorado 

In late Precambrian tirae, sedimentary rocks were deposited In a developing 
geosyncline in. the Cordilleran region. Eastward extensions of this geosynclinal 
sea occupied parts of the Rocky Mountain Region. Following gentle deformation and 
erosion the,sea spread eastward during Cambrian and Ordovician Periods, 

Discontinuous Ordivician,, Silurian, and Early Devonian rocks Indicate short 
intervals of marine invasion interrupted by periods of erosion. A major inva.̂ ion 
of the sea over the craton is recorded by the onlap of Devonian and Mississippian 
carbonates- and Devonian evaporites which rest on rocks ranging in age from Precain-

brian to. Early Devonian. 

The pattern of widespread sh .allow seas of the Mississippian Period was interrup-
• ted in the Psnnsylvartisri and Permian Periods by significant tectonic activity 
(Ancestral Rockies). Portions of the uplifts remained positive until Triassic or 
Jurassic Periods and supplied, coarse elastics to adjacent areas within late Paleozoic 
basins. At greater distances-from.land areas, sandstones, redbeds, evaporites, and 
carbonates acGumyiated, 

Marine Triassic sediments were deposited in southeastem Idaho and adjacent areas, 
Triassic and Early Jurassic continental deposits accumualted throughout much of the 
region. 

, .A series of Jurassic'marine invasions from the Arctic .initiated another major 
sequence of events. The bPreal sea moved southward into the northwestern and western 
parts of the region in Middle 'Jurassic and successive transgressions reached as far 
southeast as northern Colorado by Late Jurassic. After withdrawal of the Jurassic 
sea, the pattern of overlap was continued by deposltibn of nonmarine Jurassic and 
Cretaceous sediments. 

In the Early Cretaceous a sea again inveded from the north and in late Early 
Cretaceous joined a southern sea forraing a seaway which persisted during the remain
der of the Period. During Early Cretaceous, clasic sediments were derived from the 
craton to the east and from the Cordilleran region to the westi In Late Cretaceous, 
the western source area predominated. 

The present tectonic framework was initiated during the Late Cretaceous land early 
Tertiary with the development of uplifts and. intermohtane basins (Laramide Orogeny) 
accompanied by the emplacement of the Idaho batholith and associated intrusions. 
Extensive thrust faulting occurred in the western pert of the region. Lacustrine and 
fluviatile sediments, derived from surrounding uplifts, were deposited within-the 
intermontane basins. 

Volcanic activity was moderately imiportant to the west during the Cretaceous 
Period, but igneous intrusion and volcanic activity became widespread throughout 
the Eockies in the Tertiary. 

The present drainage system was largely developed as the intermontane basins 
filled. Subsequent stream erosion, accompanied by Pleistocene glaciation and 
regional uplift, resulted in the shaping of tbe present topography. 
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GENERALIZED HISTORY OF SEDIMENTATION AND STRUCTURAL DEVELOPMENTS OF 
BIG HORN BASIN 

Leonard E._ Thomas, Marathon Oil Company, Casper, Wyoraing 

' The Big Horn basin of northwest Wyoming- is primarily a Laramide structural 
basin. The area has been a portion of larger sedimentary basins throughout most 
of geologic history. 

The basin is located on the eastern shelf of the Cordilleran geosyncline, east 
of the hinge line separating the shelf frora the former deep parts of the syncline. 

Local structural deformation on.the sites of several Laramide anticlines in the 
basin is suggested by slight thinning noticeable in strata of Ordivician age. Local 
structural influence upon the present-day basin, however, is not evident until at 
least as late as the beginning of Upper, Cretaceous. 

During the pre-Laramide eras, periods of regional movements indicate a "sea-saw" 
action with repeated northerly tilting, deposition, emergence and erosion which resul
ted in truncation of the Ordivician, Devonian and Mississippian sediraents frora north 
to south, .There is a complete absence of Silurian se.diments. 

During Pennsylvanian,, Permian and Triassic, the area of the present-day basin 
underwent southerly tilting, deposition, erosion and truncation that resulted in the 
formations thinning frora s.outh tp, north, 

Jurassic and Lower Cretaceous formations show an increase in thickness from 
south to north. They also show the development of a low-relief structural arch that 
appears to be the burled, northwest-plunging nose of the Casper arch and Laramide 
Range in south and central Wyoming. 

By the beginning of Upper Cretaceous time the embryo of a structural basin may 
have been present which affected some of the basal sands bf the Froritier Formatiori. 

Later transgressions and regressioris of the Upper Cretaceous seas continued 
until the Laramide Orogeny came into strong evidence at the beginning of Fort Union 
time. The period of intense movement continued into Eocene with thrust faulting 
followed by ,deposition and partial erosion of volcanoes on the western margin of 
the basin. 

This movement resulted in peripheral mountain building, pronounced unconformities 
at the margins of the basin, the development of conglomerates in the Tertiory beds, 
and the development of the intense anticlinal folds preserved today. 
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DENVER BASIN 

C, A. Martin, Continental Oil Company, Durapgo, Colorado 

The Denver Basin is one of the largest structural basins in the Rocky Mountain 
area and extends across portions of Colorado, Nebraska, and Wyoming. The basin is 
typically asymmetrical with its axis paralleling and close to the Front Range. The 
deepest portion of the basin lies near Denver, where more than 12,500 feet of sed
iments are present. 

Recently discovered outcrops suggest that during pre-Pennsylvanian time, the 
Denver basin was a normal marine shelf receiving sediments from early Paleozoic seas. 
Post depositional uplift along Siouxia exposed f:his area to deep erosion removing 
nearly all the early sediments. 

In Early Pennsylvanian time, transgressive seas entered the Denver basin area 
from the Anadarko basin, depositing a predominantly clastic terrane. Near the end 
of the Atoka, the first major pulses of the Ancestral Rockies occurred. This uplift 
reached maximum proportions during the Des Moines. Clastic material eroded from the 
uplifted mountains was deposited contemporaneously with marine sediments deposited 
in the expanding seaway. This expansion reached its maximum during the Missourian 
arid was followed by a slight Virgil regression. Continued Permian regression left 
a full suite of environments-and facies ranging from normal marine through anevapor-
itic sequence to terrestrial deposits. Late Permian and Triassic sediments indicate 
the Ancestral Rockies were weakly positive and supplied sediments to a shallow hyper
saline sea.. Non-depositional conditions persisted from Upper Triassic through Lower 
Jurassic, and into Mid-Jurassic time. During Middle and Upper Jurassic time, trans
gressive seas fluctuated across the basin from the northwest. As these seas regressed 
at the close of the Jurassic, a broad inland flood plain developed. 

Early Cretaceous seas inundated the area from the north and south reworking earlier 
sediments and obscuring the Jurassic-Cretaceous boundary. Initial basin-forming 
movements occured at this time. Fluviatile material from exposed areas to the east 
ahd northeast developed a complex deltaic pattern as it interfingered with marine 
sediments bas Inward. Deltaic deposits also extended into the areav<£r«<|>UvB.-̂ /3̂ thwe8t 
merging with sediments from the east. Another cycle of transgression and regression 
developed similar depositional patterns. It is within these two Early Cretaceous 
sedimentary cycles that significant: reserves of oil and gas have been discovered. In 
the Upper Cretaceous, a major transgression joined the northern and southern seas into 
a large seaway crossing the downwarping basin, and lapping against the uplifted 
Front Range. This Laramide tectonic activity reached its peak during the Eocene 
with the basin acquiring its present configuration.' 



GEOLOGICAL HISTORY OF CENTRAL AND SOUTH-CENTRAL MONTANA 

' E. Earl Norwood, Continental Oil Company, Billings, Montana 

Central Montaria has had a complex structural and sedimentary history, espec
ially the area of today's. Central Montana uplift. 

Precarabrian and Cambrian'subsidence allowed deposition of 1300 + feet of 
clastics in an east-west trending trough roughly coincident with tihe present-day 
uplift. 

Pre-Deyonian uplift and erosion ..followed, stable, deposit ional conditions _dur ing,, 
Ordovician time. Ordovician has. been eroded from the western one-half of the study 
area. Silurian is absent from the entire study area> 

- -Central Montana uplift area remained high during Lower, Middle and part of 
Upper Devonian time. Upper Devonian rocks lap onto'the uplift and uppermost Devonian 
finally.-covered the area, Pre-Mississippian uplift removed these carbonates and 
shales.- corapletely from a large area of the uplift. 

Mississippian system is comprised of the carbonate evaporite Madison Group and 
; clastic Big Snowy Group... Stable conditions prevailed through most of Madison de
position, but central Montana began to subside iri Late Madison time. The Big Snowy 
Group was restricted by continued subsidence which downwarped central Montana into 
a syncIinorium, -

Early Pennsylvanian streams draining eastern Montana cut valleys in the Central 
Montana trough. These valleys were filled as the strearas attained old age primarily 
with Big Snowy Group derived sands and shales. This stream-channel deposit, the 
Lower Tyler Formation, contains the major reservoirs of central Montana, Middle 
and Late Pennsylvanian sediments covered central Montana; but.all of the Late 
Pennsylvanian was eroded pre-Jurassic time. Pre-Jurassic folding'accentuated -
.Mississippian structure, 

Jurassic saw uplift in the Belt Mountain area to the west. Jurassic laps onto 
this high and thickens eastward as well as in the trough area. ' 

Lower Cretaceous deposition was controlled by uplift to the south and thickens 
from south to north. 

The Laramide revolution upwarped the old trough into the Central Montana ' 
uplift and also gerierally folded the old synclines into anticlines as at the Sumatra 
trend, Isostatic adjustment at-basement fault blocks was the force behind the down 
up down up movements of central Montana, 
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CLIMATOLOGICAL-GEOLOGICAL GORRELATIGNS BETWEEN COLORADO-PLATEAU AND GREAT BASIN 

TIME SPANS 

HISTORICAL 

RECENT a 

NEAR-RECENT 

MIDDLE AND 

LATE 

PLEISTOCENE 

LATE PLIOCENE 

AND 

EARLY. PLEISTOCENE 

1 y ' 

EARLY AND 

MIDDLE'PLIOCENE 

OLIGOCENE-MIOCENE 

PALEOCENE-EOCENE 

COLORADO PLATEAU 

Onset of extensive gullying 
about 1850. Steady removal 
of valley fill and some 
denudation in higher ele
vations. 

1 Previously deeply eroded tri-
1 butary canyons alluviated, re-
excavated and re-filled several 
times^ Human occupancy begins 
•about 15,000± BCcTimates gen
erally oscillating but arid 

' Sparce sedimentary record 
includes glacial deposi'ts in 
the Lasal Mountains.- Minor 
modification of land forms 
dratna.ge probably integrated. 

Practically no dated deposits. 
Probably extensive bedrock 
erosion by secondary and ter
tiary streams. 

Scanty sedimentary record in
cludes Bidahochi Formation 
(Ariz,) Drainage patterns mostly 
unknown. General disintegration, 
of weathered regoTith with 
i licreasi ng aridi ty.. 

Scanty record, no extensive 
deposits. Drainage pattern 
unknown.' LaccbTiths intruded. 
Green River captured.-

Great downs.in king in Uinta-
Piceance Basins produce exten
sive Take systems, elevation 
10.00-2000 feet. Humid climate; 
external drainage but routes 
unknown . 

GREAT BASIN 

Fluctuations in levels of exist
ing lakes. Much destruction of• 
vegetation and soil cover under 
intensive grazing by domestic 
animals. 

Fluctuations of lake levels very l 
surficial erosion and deposition 
Gradual cooling and drying as 
shown by sucession of human 
cultural remains found chiefly 
in caves. 

Extensive surficial deposits 
and land forms .associated with . 
lakes of varied size. Some over 
1000' deep. Fair paleontol
ogical and geosol record, numer-
qur wetr-dry cycles. " 

Probably considerable volume 
of sedimen't laid down in deeper 
parts of trenches and valleys. 
Practically no datable surface 
dejaosits. ; No positive evidence 
of large lakes. Probably arid. 

Sparce paleoritdlogical evidence-
and few proveh sedimentary de
posits. General denudation of 
ranges and; bu-flding of alluvial 
fans with Tncreasing aridity. 

Fair sedimentary record, ;also 
much igneous material, general 
subsidences peciduous hard
wood fore sts,;.humid climate;, . 
deep weatheri hg^ 

Relatively higher elevation thari 
surrounding breas. Sparce 
Paleontological and sedimen
tary record,-. drainage bbth 
eastward arid westward. 
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LAKE BOIMEVILLE 

The story of Lake Boa-iieville is pieced together by the geolop.lsts using 
the evidence at h."nd. There is still tsuch to be learned about this subject. 
The i:;ost noticenble evidence of the lake is the tcrrsces on the flanks of the 
mountains; however the sequence of sedimentary deposits formed while the 
lake was pre.sent tells us tho order in v;hich the terraces were formed, and 
consequentIj' these tell us z\ove of the actual history. Diagram I shows the 
relations cf the terraces of the various levels of the lake and the types 
cf sediments deposited. This is only a sketch, so the vertical and horizontal 
scales cire not accurate. 

Currents in Lake Bon;,;a\"ille created many shcre-line features such as 
cand and gravel bars. Ejcswiples of these are Point cf the Mountain, Stockton 
Bar (south of Tooele), and the spit et the south end of the Hogup fountains. 

The general landscape has bean rr.uch as it is at present since before 
Bonneville time. Hov.'Ever such things as the lake terraces and deposits, 
£03>.s faults, mudflcvi's, and alluvial fans present in the current landscape 
have naturally Dsodified the earlier landscape. During Bonneville time there 
were cf course fish li'ving In the Lake, and such mammals .̂s mErmnoth, musk ox, 
.canisl, horna, deer, wild cat, and rnc-untsin sheep were living along its shores. 

You are perhaps av-are that Lake Bonneville was not a constant or perma
nent feature. In.'̂ tead, the lake level varied greatly, as shô '̂n cn the second . 
diegra-Ts enclosnd. Most of the fluctu-stions in the level of the lak-a were 
controlled b}' the climate of the time--that is by the glacial and interglacial 
intervals. Kovjevar, it has•been postulated that the sudden rise in the Lake 
to the Î onnevilie Lsval (sae Diagram II) may have been due to a sudden change 
in the course of the Bear River. Thus, prior to Bonneville time the Bear 
River flowed in'to the Snake Rivsr 
of t5ie river snd diverted it into the lake; as this water re-ached tine laKe 
th(?.re was c sudden 28̂ ^ increase in inflow which resulted In the Bonneville 
level. Incideatally this abrupt change in the course of the Bear River is 
noticeable cn a eiap and reight ba of interest to your fellow students. 

A fev7 random etatistics, soaa of wTiich Eight be of interest, follow: 
Masitaum eievatioR of the Lake was 5,200 + feî t (Bonneville Level) 
Greatest depth was probably about 1,000 feet. 
yhen fche lake level was abova 4,SOO ft, the lake cpilled out through 

Red Rock Pass usar Prceton, Idaho; when the lake level was below 4,800 ft 
it probably- did not have any outlet but was limited by evaporatioii. 

Present Great Salt Lake is, of course, a sniall remnant cf tho former 
I.ake BonncviliG, as v>sll as Sevier and Dtah Lakes. 

At its Eaa:iE'.iiE laivel Lake Buaneville had an area of 19,940 square miles. 
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EXl'LANATION 

Outcrops o f supracru.'ilal rock? 
(.Precarnlirian Y and Z) 

Outcrops of melainorphic am' 
o plulunic rocks 

{l^ecanihrian W and .V) 

Wesiern known limit of 
Precambrian rocks 

200 MILES 

"I —I r^ 1 
200 K ILOMETRES 

FIGURE 30.—Map of western United States, showing western known extent of Precambrian rocks. 
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Geology 676 

Generalizations 

The Precambrian Framework for Paleozoic Stratigraphy of the Western Interior 

I. Two lithologic types dominate: a) predominantly gneiss of great thickness, 
base unknown, b) predominantly quartzite w;th minor clastic meta sediments. 

1. The gneissic or crystalline "basement" appears to underlie the entire 
region except for that part lying north and west of a line running 
approximately northeasterly from Lake Tahoe (bend in Nevada-California 
line) to Yellowstone Park and north-northwest across Montana. This line 
appears to mark the edge of ancient continental crust, beyond it there 
has been extensive deposition on oceanic crust. 

a) Age of basement in most of Arizona, New Mexico, Utah, & Colorado is 
primarily 1.75 m.y. with overprint (metamorphic reset) of 1.45 m.y. 
Age of basement in most of Wyoming (primary) 2.7 m.y. 
Age of basement in most of Montana (except southwest) is 1.7 m.y. 

b) The gneissic terrane is apparently a deeply eroded orogenic belt that 
constitutes an integral part of the Transcontinental Arch, which 
trends from the Mojave Desert into Labrador, Canada. On the geosyn
clinal theory the rocks are of shallow water mainly sedimentary origin. 
The "grain" is distinctly northeasterly. 

2. The quartzitic series is found chiefly in a northerly trending belt from 
northern Arizona into Canada. From the main belt which is on the order 
of 200 to 500 miles wide there are several narrow offshoots that trend 
east-west. These are the Belt Trough with at least 60,000 feet of 
sediment dated at 900-1400 m.y., the Uinta Trough with sediments dated 
at 600 to 1,700 m.y., and the Central Arizona Trough with sediments dated 
at 1,100-1,450 m.y. 

The meta sediments of the quartzose sections are fine to coarse 
clastics, there is very little carbonate and almost no volcanic material. 

_A very large portion of the Belt Series is argillite indicating relatively 
low-energy environments of long duration. On the other hand, the Uinta 
Group is coarser and shows more dynamic primary structures. 

3. The gneissic terrane is separated from the quartzose sediments by a 
profound unconformity having generally local erosional relief of less 
than 500 feet. It is generally a very clean, clear-cut surface. The 
cutting of this surface occupied on the order of .5 billion years or more. 
What happened to the great bulk of sediments eroded during this interval 
is problLHTiatical. Although not exactly appropriate the name Epi-
Archean Unconfomiity has been used. 

4. Although there was definitely a North American Craton or proto-continent 
at the time the gneissic" material accumulated and was metamorphosed 
the configuration, orientation, and relation to other cratons is not 
fully understood. Majority opinion seems to be that there was one great 
land mass at this time. .The dominant grain of Transcontijiental Arch as 
well as of the exposed Precambrian of the Canadian Shield is northeasterly, 
a fact not clearly explained by global tectonics. 
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5. A great reorganization of tectonic patterns, probably reflecting 
fundamental changes in global stress relations took place in the 
interval from about 1.4 to .9 b.y. At this time the western margin -
of North America became oriented approximately north-south, or 
probably more precisely in the direction that it has maintained 
ever since. Strike of the quartzite series sedimentation is at a 
high angle to that of the "grain" of the gneissic terrain. Primary 
structures indicate westward flowing drainage and eastern eratonic 
source for the clastic constituents. This evidence strongly suggests 
a western marine repository at this time. 

6. No clear-cut evidence for an ancestral Pacific Ocean is known for 
the earlier Precambrian and it is not even safe to say that the western 
seaway of the late Precambrian was the Pacific Ocean. It has been 
suggested that a grand continental separation (eastern Asia from 
western North America?) commenced during the late phases of deposition 
of the quartzite series. If this is so the migration of Asia has 
been extensive and investigations into similarities of the opposing 
coasts should be undertaken. In any event the existence of a wide 
Pacific Ocean by the Cambrian seems undeniable but its width is unknown. 

7. Peculiar sediment-filled troughs such as the Uinta Mountains which penetrate 
at.right angles into the margins of cratons are called aulacogens (Russian 
discovery and nomenclature). Research on such features is getting under 
way. 

• W. Lee Stokes, 1974 
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f i":' y ir^\ ' PRECAMBRIAN 
I (with emphasis on Utah) 

Classification 

Precambrian rocks of the Western Interior may be classified in a 
number of ways: 

A. Metamorphic grade: 

Archean or Archaeozoic - includes a l l c r y s t a l l i n e , h igh ly 
metamorphosed rocks. No base exposed. T e r t i a r y i n t r j s i v e s were 
once c a l l e d Archean. e .g. Cottonwood Stock. 

Proterozoic - includes the less metamorphosed Precambrian 
sediments, separated from the Archean by a great eros iona l 
unconformi ty . Also re fer red to as Algonkian. 

B. Age: 

1. U. S. Geological Survey system, (see Subdivision of the 
Precambrian: an interim scheme to be used by the U.S. Geological 
Survey, 1971) 

Designation ', Age bracket (millions of years) 

' Precambrian Z Base of Cambrian to 800 
Precambrian Y 800 - 1,600 

Ĉ^ Precambrian X 1,600 - 2,500 
Precambrian W 2,500 and older 

2. General scheme used in many areas of the world - specific dates 
vary. 

Late Precambrian 1800 m.y. to 570 m.y. 
Middle Precambrian 2600 m.y. to 1800 m.y. 

, Early Precambrian earliest rocks to 2600 m.y. 

3. Canadian (they have much more to deal with) 

Proterozoic . 2390 to 570 m.y. 
Archean earliest rocks to 2390 m.y. 

C. Provinces or regions: 

1. Wyoming - Superior Province: A belt trending from northern 
Utah toward and probably originally connected with the Lake 
Superior area. Includes northern edge of Utah, most of Wyoming, 
eastern Idaho, eastern Montana and the northwestern corner of 
Colorado. Chief rock producing episode 2.5 - 2.7 b.y. 

2. Churchill Province: Encloses and wraps around the Wyoming-
Superior Province. Wide band on all sides except across southern 
Idaho. Includes western Montana, most of western Idaho, most of 
Utah except northern edge, all of Nevada except northwest 
quarter, practically all of Arizona, northwest half of Nev/ Mexico 
most of Colorado. Chief rock production 1.6 - 1.8 b.y. 



3. Utah-Nevada Province: Condie ' has proposed adding the Utah-
Nevada Province to include late Precambrian sedimentary rocks de
posited unconformably on the igneous-metamorphic complexes of 
the Churchill and Wyoming provinces. He recognizes five subprovinces: 
the Big Cottonwood, Uinta, Southern Nevada, Grand Canyon and Pahrump 
(Condie, p. 83). The age limits set by Condie for rocks of the Utah-
Nevada Province are 600 to 1000 million years. 

4. Other Post-Churchill Provinces: All other Precambrian rocks 
of the western interior were included by Condie in the Belt 
Province (1.0-1.3 b.y.), the Apache Province (1.2-1.4 b.y.) and 
the Sioux Province (1.2-1.7 b.y.). 

5. Critique: Classification of the Precambrian rocks is progress
ing but much remains to be done. The time-honored division into 
Archeozoic (metamorphosed) and Proterozoic (non-metamorphosed) 
looses practically all validity when applied to such^areas as the 
Pacific margin where the Mesozoic is the metamorphosed basement. 
However, when accompanied by age-dates the names may still be used 
as they are in Australia and Canada. 

Although there may be much practical value in recognizing great 
orogenic provinces the outlining and definition of these is only begin
ning. Among the serious problems of this method are: a) difficulties 
of setting exact boundaries between provinces; b) upsetting of radio
metric dates in any older province by subsequent events, particularily 
during the creation of cross-cutting mountain ranges such as the 
Rockies,; c) overlapping or penetration of basins of non-metamorphosed 
sediments onto and across older basement terranes. These do not re
present full-scale orogenic events and the dates they provide may be' 
from sedimentary rocks. The Belt, Purcell, Windemere, Uinta, Apache, 
Grand Canyon and otherlate Precambrian units represent an unusually 
quite time. Can these be lumped in provinces or subprovinces equi
valent in anJway with the older crystalline terranes? 

Schemes based on authentic radiometric dates give historical truth 
and in the end have the greatest weight of any criteria. But such dates 
are few and far between and for many thick sequences of rock appear 
remote or. improbable. 

Consider what has happened recently in the study of the Pre
cambrian of the Western Interior. Condie's scheme falls under suspicion 
with the recovery of a solitary radiometric date from the upper part of 
the Uinta Mountain Group.' ' This date of 952±5 m.h. seems to make all 
or most of the Big Cottonwood and Uinta subprovince rocks too old for 
the Utah-Nevada Province. Instead they may now be in the age range 

^ ^Condie, Kent C , 1969, Geologic Evolution of the Precambrian Rocks in 
Northern Utah and Adjacent Areas, in Guidebook of Northern Utah, 
prepared for the Rocky Mountain Section, Geological Society of America. 
p. 75. 

( 2 ) 
^ ^Crittenden, M.D., Jr. and Peterman, I . E . , 1975, Provisional Rb/Sr Age 
of the Precambrian Uinta Mountain Group, Northeastern Utah: Utah Geology, 
vol. 2, no. 1, p. 75-77, 
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of the Churchill Province. Here they are out of place because they are 
mostly unmetamorphosed. Can the remaining Post-Churchill rocks of other 
subprovinces be lumped in any meaningful way into Condie's provinces or 
subprovinces? What is to be done with these rocks? 

It is proposed for purposes of brief disscussion to subdivide 
the Precambrian rocks of the Western Interior into three units based 
chiefly on age. 

Oldest: All crystalline, basement rocks the metamorphism of 
which took place before 1.6 b.y.. This would include practically 
all of the Wyoming and Churchill Provinces. 
Intermediate: All sedimentary and metasedimentary rocks between 
the top of the crystalline basement and the horizon of the 
latest Precambrian glacial event usually marked by diamictites. 
May include metamorphic rocks younger than 1.6 b.y. Age range 
approximately 1.0 to 0.7 b.y.. 
Youngest: All sedimentary and metasedimentary rocks between the 
glacial deposits and the beginning of the Cambrian. May include 
metamorphic rocks younger than 1.6 b.y. Age range approximately 
700 to 575 m.y. 

The older crystalline rocks of the Western Interior ^Wyoming 
Province) appear at the surface in the great mountain uplifts of 
Wyoming including the Wind River, Big Horn, Beartooth, Owl Creek,Teton and 
Swee.twater Ranges. They also appear in the Black Hills. Elsewhere 
in the basins the corresoonding. rocks are at great depths, over 2500 
feet below sea level in the northeast Green River Basin. 

About 80 percent of the Wyoming Province consists of granitic 
rocks and assoicated gneiss, migmatite and agmatite. "Of the remainder, 
amphibolite and (Chiefly orthoamphibolite) and matic igneous recks 
compose about 10 percent and metagraywackes, metaquartzites, metavol
canics, iron-formation, and alpine ultramatics collectively compose 
about 10 percent. All the metasedimentary-metavolcanic terranes are en
gulfed, metamorphosed and in some cases partially granitized by surround
ing granitic rocks. The metamorphic grade of the engulfed terranes ...-,• 
varies from the greenschist to the amphibolite, or, rarely to the 
granulite facies." (Condie, p. 75). 

Younger crystalline rocks of the Western Interior (Churchill 
Province mainly) appear at the surface in the Farmington Mountains 
and Antelope Island (northern Utah); Uncompahgre Uplift (west-
central Colorado); many uplifts in central Colorado including the 
Front, San Juan, Sawatch Park and Medicine Bow Ranges; iri the 
Sangre de Cristo, Sanhia, and San Andreas Ranges of New Mexico 
and dozens of scattered outcrops in Arizona. 

Rock types are chiefly gneiss, schist, migmatite, and amphibolite, 
with granitic intrusions and pegmatite veins. The Farmington Canyon .. 
Complex is described by Condie (1969, p. 80) as being composed chiefly 
of granitic gneiss and migmatites (-90 percent) with lesser amounts of 
amphibolite and pegmatite (-5 percent). The gneiss and migmatities, in , 
turn are composed of quartz, microcline, sodic plagioclase, and biotite. . 



.'' Large granitic plutons are found intruding the Churchill rocks. 
The Vernal Mesa Quartz Monzonite is an igneous body of batholithic 
proportions bisected by the Utah-Colorado line at the west end of the 
exposed Uncompahgre Uplift. It is dated at 1.443+22 m.y.. A prelimin
ary guess based on inspection of mapped exposures of Churchill rocks 
south of the Wyoming Province is that granitic rocks increase south
ward from northern Utah to central Arizona. 

The late Precambrian history of the Cordilleran region was notably 
uneventful but there is fortunately one episode of regional, even 
worldwide importance to break the monotany. This was an ice age which 
left scattered effects from Alaska to California. Chief glacial action 
is estimated at about 750 to 850 m.y.. Evidence of this climatic event 
is tillite (called diamictite by most workers). Where this distinctive 
material is found it serves to divide the Upper Precambrian of western 
North America into two series: 

"The older series is younger than 1450 to 1250 m.y. in most areas. 
It includes the following partial temporal equivalents: lower Tindar 
Group, Alaska; Purcell Series, British Columbia; Belt Supergroup, Montana, 
Idaho, and Washington: Big Cottonwood Formation, Utah; lower Pahrump 
Group, southern California; Grand Canyon Series, northern Arizona; Apache 
Group and Troy-Quartzite, southern Arizona. 

"The younger series commonly begins at the base with a thick diamictite, 
y'l-. and may be separated from the underlying series by a marked unconformity. 

Diamictites in the Great Basin include massive continental tillites, 
plus proximal and distal turbadite facies with or without ice-rafted 
clasts. Equivalent diamictites may be exposed in: the Rapitan Formation, 
Yukon and Northwest Territories; Toby Conglomerate of the Windemere 
Group, British Columbia; Pocatello Formation, Idaho; the Mineral Fork 
Tillite and Dutch Peak Tillite of Cohenour (1959), Utah; and the Kingston 
Peak Formation of southeastern California. 

"Deposition of the younger series probably began 750 to 850 m.y. 
ago, and continued into the Cambrian in basinal reactions. Probable 
temporal equivalents within the postdiamictite sequence include the 
remainder of the Windermere Group of British Columbia and equivalents 
in northeastern Washington, and the Brigham Group and equivalents in the 
Great Basin and southeastern California." ("Regional Correlation of 
Upper Precambrian Strata in Western North America", M.D. Crittenden, 
JohnH. Stewart and C.A. Wallace. 24th Int. Geol. Congress, Montreal, 
1972, sec. 1, p. 334.) 

Later Precambrian rocks of the Cordilleran Province are only 
weakly metamorphosed and may be described as metaquartzites, siltites, 
argillites, dolomites and limestone. Where metamorphosed by Mesozoic 
events as in eastern Nevada ahd western Utah they are described as 
schists and phyllites. The Windemere and Belt series are will known for 
their silty fine-grained composition. Rocks of the Utah-Nevada 
subprovince are about half fine clastics and half coarse clastics. The 
well-known Grand Canyon Series lying between the Vishnu Schist and the 
Cambriean is described ,in terms of such ordinary unmetamorphosed rocks as 
shale, sandstone and dolmite. The late Precambrian of the San Juan 



Mountains is described as somewhat altered but much less so than the 
older basement complex. The Apache Group of southeastern Arizona 
consists of the Pioneer Shale, the Dripping Springs Quartzite, and 
the Mescal linestone, no particular metamorphic effects are implied. 

Regional gradients are becoming evident in the late^ Precambrian 
rocks. Considering certain areas as reference points for contrasts and 
comparisons: 

(a) Thickness, increases northerly and northwesterly from 
southeastern Arizona. 

(b) Carbonate content increases ewthwesterly, northerly and southerly 
from northern Utah-southern Idaho. 

(c) Coarseness decreases southwesterly, northerly and southerly 
from central Utah. 

(d) Diabase intrusions decrease inall directions from south
eastern Arizona, none in Utah-Idaho. 

Tentative Tectonic implications: 

(̂  . (a) There was an ancestral Wasatch Line and Las Vegas Line by 
about .7 b.y. ago. 

(b) There was an ancient highland of the Churchill Province 
undergoing erosion in what is now southwest U.S. Perhaps two 
high areas - one in central Colorado, the other in Mojave Desert. 
Could be considered part of the Transcontinental Arch. Needs a 
name? 

(c) Geographic and tectonic edge of the continent was not far 
from Wasatch Line, prograding westward by deposition. 

(d) Continental divide not greatly different from present 
location, drainage was westerly for most of the Western Interior. 

Wm. Lee Stokes, 1976 
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Cambrian-Precambrian Boundary in the 

Western Interior 

Every student of geology knows that there was a Cambrian Period 
and that its beginning was one of the greatest lahdniarks of all 
time. As described in most textbooks the beginning of the Cambrian 
was marked by the sudden appearance of abundant fossils. In their 
innocent enthusiasm earlier stratigraphers even up to the time of 
C. D. Wai cott found no problems with determining a base for the 
Cambrian. This was, as we now realize, traceable to peculiar acci
dents of earth and human history.. Where geology grew lip and the geologic 
column was constructed there were Very few places were geologists 
really had to draw an actual accurate base to the Cambrian. Over most 
of North America, for example there is a great unconformity beneath 
the Paleozoic rocks. Rocks below the unconformity are unmistakably 
ancient,mostly metamorphosed and generally greatly deformed. Rocks 
above are mostly of Cambrian age, unmetamorphosed and little deformed. 
Anyone can see and map this contact. It is one of the tourist attrac
tions in the Grand Canyon. 

What is missing at the horizon of the unconformity is much 
of the Precambrian and also part of the Cambrian. For most of North 
America this eliminates the knotty problem of defining the true 
beginning of the Cambrian. The great unconformity was so profound, 
so unmistakable, and so reliable that geologists had to invent 
a plausable explanation for it. They called the unrepresented, missing 
part of the record the Lipalian Interval. The belief was that during 
this time the seas were far away in the ocean basins and that the 
continents were all fairly well out of water. Meanwhile, life 
appeared and evolved to fairly high levels in the remote depths of 
the ocean. Naturally, when the s'eas flooded inward at the end of 
the Lipalian interval they brought an abundance of fossils giving 
the appearance, in the rocks at least, of a sudden almost miraculous 
appearance of life. . .-.:.-

But tougher ground lay ahead. As work progressed westward into 
the Basin and Range the great unconformity seemed to s'ink lower and 
lower until it could no longer be found. Whereas the oldest fossils 
upon the basement over most of the continent are Late Cambrian it was 
soon apparent that.going westward the unconformity is overlain by 
Middle Cambrian, then by Early Cambrian and then by beds with a few 
fossils or none at all. One thing seems to hold true, however the 
crystalline basement is overlain by quartzite or sandstone representing 
residual reworked material of near-shore origin. 

Faced with the problem of what to do with the thickening body of 
sediment between the crystalline basement and the earlies trilobttes 
the following solutions to the boundary problem have been proposed. 



r 

-2-

(a) Include all sediments down to the top of the crystalline 
basement in the Cambrian. 

(b) Include all sediment to the base of the first thick quartzite 
below the lowest trilobites in the Cambrian. 

(c) Include only trilobite-bearing rocks in the Cambrian. 

(d) Include beds with not only trilobites but also traces of 
trilobites in the Cambrian. 

(e) Include all beds with evidence of metazoans in the Cambrian. 

(fji Include only beds with trilobites or certain other specific 
organisms such as archaeocyathids and/or brachiopods. 

(h) Forb sections with no fossils below a certain zone and no 
reliable radiometric dates include a thickness of rock in the 
Cambrian equal to that in a nearby section which does bear 
diagnostic fossils older than those of the section in question. 
In other words if the earliest fossils-of a locality are middle 
Middle Cambrian and there is a thick undated, unfossiliferous 
section below reference would be made to the nearest section 
where the base of the Cambrian is known, the thickness cJf sediments 
below thenmiddje Middle Cambrian is noted in this reference section 
and an equivalent thickness is placed in the Cambrian of the 
problematical section. 

lilm. Lee Stokes, 1979 
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i\ y 
PALEOZOIC SYSTEM BOUNDARIES IN THE 

WESTERN INTERIOR 

Historical 

The geologic column and time scale is memorized by beginning students 
of geology and is a constant tool of the professional VNforker during his 
active career. The geologic column is the framework for organizing most 
geologic reports and furnishes a unifing scheme for geologic maps .every- , 
where. When supplied with relative or absolute dates the geologic.column 
becomes a time scale. Fossils, rocks, minerals and events are cataloged 
in terms of this scale and the entire story of the prehistoric::"past "is 
organized chronologically by reference to- its successive-divisions. 

Anything so deeply ingrained and widely used should be well understood 
by those who work with it. The time scale grew up in a haphazard way as 
geology developed and most scientists would admit that this is not the best 
v̂ ay for a basic classification to come into being. The historical fact is 
that geologists could not put off their need for classification until the 
entire earth had been mapped. In other words, they could not know all 
that would ultimately come under their classification when they began to 
classify. In hindsight it seems fortunate indeed that western Europe and . 
Great Britain in .particular should have been the birthplace of geologic 
science. Here, in a relatively small region all major segments of fossil-
bearing periods of earth's history are represented to some degree and the 
geologic column as pieced together there has proved of use throughout 
the earth. 

This is not to say that the geologic column and time scale aTe entirely' 
satisfactory - far from it. To many workers it represents an archaic system 
that we are stuck with and have little hope of ever getting anything better. 
I like to discuss the topic of the extent of our slavery to the classical 
geologic time scale and have gone so far as to recommend a- substitute for it. 

What are the chief problems associated with use of the geologic 
time scale?' Judged by the standards applied to any classification scheme: 
namely, how well and completely•it covers that which it attempts to classify, 
the geologic time scale must be judged as somewhat inadequate. To be very 
specific geologists have encountered great volumes of sediments and even 
greater amounts of metamorphic and igneous rock that do not fit into the 
framework of the orinally defined type sections of the various systems. 
For the time being the knotty problem of dealing with the Precambrian must 
be ignored. What follws deals chiefly with the Phanerozic - the interval 
in which fossils are available for study and correlation. ;. 

- Building upon their knowledge, of the originally defined periods and 
their known fossil contents geologists went forth to map the entire 
earth. For v/ant of anything better their correlations had to be based on 
fcssils, the evolutionary changes, migrations, and extinction of which 
added problems and challenges every step of the way. But always there seems 



to have b.een enough fossils to keep correlations reasonable and the system 
going. Always there, were methods other than paleontology to fill the 
gaps and geologists able to make educated guesses on scarcely any evidence 
at all. 

But what to do with deposits formed during times of non-deposition or 
lacking adequate fossils in the classical type locations? The decision 
to be made in all cases was to which of two sequential systems any newly 
discovered sections should be assigned. Here and there a rebel has 
suggested that new systems ought to be created between the old ones but 
such attempts have almost entirely failed. Throughout the earth the gaps 
between the classical system have been filled in until at last it can 
safely be said that every instant of Phanerozoic time is represented by 
known deposits somewhere on earth. But this optomistic statement.must be 
tempered by noting that every segment of the record is not equally well 
represented by accessible deposits and clearly not equally fossiliferous. 

During the gradual accumulation of knowledge about the fossil-bearing 
rocks and their apportionment among the systems of the geologic time scale 
geologists have undergone a complete reversal in thinking about-where the 
boundaries ought to be placed. At first it was believed there were universal 
breaks between the bodies of sediment representing the systems. These"^ 
breaks were sought after and became major dividing lines on geologic 
maps. Now, that universal pauses, breaks, or unconformities have proven to 
be an illusion geologists are looking for those places' where there are no 
breaks so that the systemic boundaries may be permanently fixed by objective 
fossil evidence. -

An ideal reference section or stratotype should possesjthe following 
characteristics: 1) it should record continuous uninterrupted sedimentation, 
2) it should contain a relative abundance of fossils of many types^ including, 
3) adequate numbers of the group or groups of fossils that have the great
est actual or potential use for fine-scale correlations in the particular 
interval of time under study. If and when the single section which possesses 
these qualifications to the highest possible degree is discovered, described 
and decided upon by experts, that section, regardless of its location, should ' 
become the world reference or stratotype. Stratigraphers, half in jest, 
have recommended that the exact plane of transition or true systemic 
boundary should be marked by a Qol.den spĵ ke and henceforth held inviolate. 
From such a.golden spike the desighatedtime plane will have to be traced 
elsewhere thoughout the earth by any or all possible means. 

The present si'tuation is one of having to chose between a number 
of possible geographic localities with continuous sedimentation and evolution 
between each of the various consecutive systems. Geologists being human, 
have been less than objective in selecting the most suitable .sites for 
the golden spikes of stratigraphy. Each geological expert or organization 
with a spot to suggest or defend has championed it with some degree of bias 
with the result that there are no .clear-cut final choices a± the present 
time. ' " . - "^^ -' 

The Practical Side of the Problem 

The evolution of thinking about the placement of the systemic 
boundaries is reflected in practical field work and cartography. Any map 
showing chronostratigraphic units ideally should show lines between rocks of 



different- periods regardless of their lithology if the map is to fill its 
intended purpose. Although maps of lithostratigraphic units are basically 

-J ^ intended to show rock units without regard to time of formation there is 
still the necessity of appending a geologic age to each formation shown. 
Most of the earlier generations of map makers probably felt they should make 
special efforts to draw correct lines between the systems on any sort of 
map. It was somewhat of an adverse reflection on the skill of a fieldman 
not to be able to find and map the systemic boundaries. If William Strata 
Smith could do it so could they. After all- that is the way formations are 
memorized - by associating them with specific periods. And if seems safe to 
say that the impression given in beginning textbooks is that geologists have 
no trouble in putting each and every formation in its proper period. 

But these attitudes are changing with the discovery that ther'e are no.' 
universal unconformities and the time honored breaks between periods' are of 
no more sirnificance than other breaks that actually exist. Geologists are' 
no longer embarassed by not being able to draw every systemic boundary 
they know to exist in their map. areas They are not too concerned about 
mapping formations that include two or three geol.ogic systems. -Never
theless they must constantly bear in mind that there are two types-of 
units - the lithostratigraphic and the chronostratigraphic and they may be 
called upon to produce maps showing both types nf unitr>. 

The following 8 diagrammatic sections of the Vlesterri Interior represent 
the stratigraphic settings where the systemic boundaries"come closest to beinc 
accurately fixed Ipy the following criteria: 

f • ' . 

: a. -Continuous sedimentation 
I 

b. Fossil-bearing 

c. Contain representatives of the fossil group(s) most useful in 
drawing time planes in the interval concerned. 

Think about the problems as you study subsequent sections or formations 
containing important time planes. 
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Generalizations 

Paleozoic stratigraphy of the Western Interior 

CAMBRIAN 

I. Historical : 

A. Named by Adam Sedqwick in 1835 after the Roman name for Wales. Was 
not well defined and accepted until 1879 when Charles Lapworth separated 
and distinguished the Ordovician. Position of the base i's still debated. 

B. The American geologist C. D. Walcott suggested a division of the 
Cambrian into Lower, Middle and Upper time and rock units. Corresponding 
to these divisions are the Waucobian, Albertian and Croxian for much of 
western North.America and the Georgian, Acadian and Saratogan of eastern 
North America. These place names appear to be unnecessary. 

II. Tectonics and Paleogeography 

A. A cratonic nucleus, corresponding to the present exposed and covered 
shield was the major controlling feature. Its relation to other continental 
or oceanic areas is unknown. 

B. The Transcontinental Arch - a southwesterly oriented extension of 
the craton was the chief positive element in the United States. It controlled 
sedimentation on the south and east. 

C. The Cordilleran Orthogeosyncline had already been established along 
the western border of North America in Late Precambrian time. The edge of 
the Cambrian continent was roughly parallel to but farther inland than the 
present one. If there were notable coastal irregularities they were probably 
not entirely tectonic. 

D. During the Cambiran the Wasatch Line was evident as a sort of arc-
shaped hinge or transition zone between the shelf area and the orthogeosyncline. 

E. Tectonics of the Pacific border beyond presently preserved Cambrian 
rocks are poorly understood. There may have been a bordering land mass 
(Cascadia of older writers) but this is doubtful. The ancestral Pacific 
Ocean may have been narrower, partly occupied by fragments that would become 
part of Asia. Certainly not much clastic material can have had a western 
source. - , .̂' '- . . ., • 

F. The Cambrian, together with the Late Precambrian was a time of unusual 
tectonic quiet. No evidence of mountain building or strong movements of 
lithospheric plates. Few evidences of igneous activity. 

G.' Among the important positive features of the earlier Cambrian stages 
are the lowland mass, Montania, the Uinta peninsula, and the seemingly rugged 
and irregular Defiance-Mongol Ion Highlands. With the passage of time only a 
few low island-like lands remained-Siouxia, Sierra Grandia, Defiance-Mogollon, 
and Mojavia. All these are aligned along the Transcontinental Arch. 

III. Lithology and Sedimentation 
S^ Cambrian was a lengthy period - 70-100 m.y. Volume of original sediment 

was great and much remains deeply buried or is being eroded. 

B. The Cambrian of the Western Interior is the great classic example of a 
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t ime- t ransgress ive system. The ocean f looded onto the c ra ton deposi t ing 
successively coarse c l a s t i c formations (18 named), fo l lowed by mixed c l a s t i c -
carbonate and f i n e c l a s t i c s and f i n a l l y t h i ck carbonate format ions. Each 
su i te r ises and becomes younger eastward. Walther's Law a p p l i e s ; that which 
occurs v e r t i c a l l y i s repeated l a t e r a l l y . 

Although the general t rend was t ransgressive there were many temporary 
regressions.' Cycles, perhaps of eus ta t i c o r i g i n are a lso ev iden t . L i t h o f a c i | ^ 
trend genera l l y p a r a l l e l w i th Wasatch L ine . 

C. Rock types are dominant ly shallow marine or l i t t o r a l . A very rough 
quantative est imate i s : sandstone-quar tz i te -gr i t -cong lomerate , 40%; f i n e -
c l a s t i c ; 20% l imestone and do lomi te , 40%. 

1 . P r a c t i c a l l y no igneous mater ia l - a few t h i n f lows in Early 
Cambrian of Utah-Nevada. Rare p i l l o w lava . 

2. Arkose r a r e , the Worm Creek qua r t z i t e may be a longshore 
deposit from the nor th (Montania). 

3. Chert i s remarkable rare u n t i l l a t e Middle Cambrian. 

D. The most f r u i t f u l concept in Cambrian s t ra t i g raphy i s tha t o f per
s i s ten t l i t h o f a c i e s b e l t s : a) inner d e t r i t a l , b) carbonate bank, and c) 
outer d e t r i t a l . These represent the p a r a l l e l and contemporaneous deposi t ion 
of near shore, c ra ton-der ived c l a s t i c - r i c h ma te r i a l , var ied carbonate rock 
types much of which are o f a lga l shal low-water o r i g i n and deeper-water 
deposits r i c h i n f i n e te r r i g i nous c l a s t i c s . I n t e r - r e l a t i o n s are complex. 
Chr is t ina Lochman-Balk recognizes the fo l l ow ing l i t h o t o p e s : L i t t o r a l - t r a n s 
gressive sand, l i t t o r a l regressive sand, t i d a l ( i n t e r t i d a l to i n t r a t i d a l ) 
sand, t i d a l ( i n t e r t i d a l to i n t r a t i d a l ) mud, t i d a l sand-mud, t i d a l carbonate, 
t i d a l , ( i n t e r t i d a l to i n t r a t i d a l ) carbonate ooze, s u b l i t t o r a l s h e l f - a r g i l 
laceous sand, s u b l i t t o r a l shelf-sandy mud, s u b l i t t o r a l she l f -carbonate , 
miscellaneous s u b l i t t o r a l deeper water. 

E. Cambrian carbonates and f i n e - e l a s t i c s show a remarkable va r ie t y o f 
primary f e a t u r e s : laminat ions , m o t t l i n g , dess i c i t i on c racks , in t ra fo rmat iona l 
conglomerates -and brecc ias, s t r o m a t o l i t e s , o o l i t e s , o n c h o l i t e s , e t c . 

IV. Bios t ra t i g raphy 
( c h i e f l y a top ic f o r Geology 675, Spring Quarter) 

Cambrian l i f e was abundant but r e l a t i v e l y simple. Foss i l s ind ica te 
approximately the fo l l ow ing order o f decreasing abundance o f animal forms: 
t r i l o b i t e s , ( i n c l u d i n g agnost ids) , brachipods, echinoderms, coelenterates 
(no c o r a l s ) , conodonts (Late Cambrian o n l y ) , gastropods ( i n c l . h y o l i t h i d s ) , 
possible cephalopods, pelecypods and bryozoans. Base o f most Cambrian food 
pyramids i s shal low-marine algae. 

T r i l o b i t e s are abundant and extremely diverse and are the basis f o r prac
t i c a l l y a l l Cambrian b i os t ra t i g raph i c u n i t s . Current ly recognized zones 
(Corre la t ion c h a r t , 1944) are temporary and unsa t i s fac to ry . Studies by 
numerous competent pa leonto log is ts w i l l r esu l t i n great ref inement and per-
c is ions but the re are basic phi losophic d i f ferences among cur ren t workers. 
Various types o f zones - range, assemblage, and concurrent - range - are tp be 
found in the l i t e r a t u r e . .A new concept that may be useful i s tha t of the 
biomere def ined as "a regional b i os t ra t i g raph i c un i t bounded by abrupt non-
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evolutionary changes in the dominant elements in a single phylum. These 
changes are not necessarily related to physical discontinuities in the sed
imentary record and they are, or may be, diacronous. 

The degree to which trilobites are environmentally controlled gives rise 
to other differences of classification. Are separate schemes of zonation 
needed for the cratonic and extra-cratonic environments? Were there subtle 
paleoclimatic or sedimentological zones that cannot safely be lumped in the 
same systems? 

Finally, much study will be required to establish the relative accuracy 
and utility of biostratigraphic versus lithostratigraphic divisions. The 
Cambrian of the Western Interior will be a fruitful ground for much future 
study where important principles applicable to other systems will be developed, 

V. Boundaries 

A. Criteria for fixing the base of the Cambrian are not agreed on, it 
is a problem of world-wide significance. As a practical matter it exists only 
where there was continuous sedimentation from positively identified Precambrian 
into positively identified Cambrian which was the situation in much of western 
North America. Solutions include: (a) commence Cambrian at the major uncon
formity above the crystalline basement, b) commence Cambrian at base of a 
strong transgressive clastic unit, c) commence at first certain signs of 
metazoans, d) commence at first certain evidences of trilobites-including 
trace fossils, e) commence with first body fossils of trilobites. 

B. The Cambrian-Ordovician boundary is not agreed on. It will eventually 
be established on faunal frounds but only after study of the most complete 
and continuous sections available. A new standard for Late Cambrian of North 
America (away from Wisconsin Dome) is needed. Chief guides will be trilobites 
and conodonts. Conodonts migrate rapidly, trilobites slowly, this results in 
a diacronous boundary problem. Perhaps the Great Basin will become the worlds 
stratotype for the Cambrian-Ordovician Boundary. 

VI. Economics 

1, Cambrian formations are host rocks .for hydrothennal deposits in a 
number of m?ning districts chief of which are the Cottonw-od, Tintic, and 
Ophire districts in Utah and the Eureka, Pioche, and Groom districts in Nevada. 
In the carbonates the chief metals are silver-lead, zinc, gold and copper. 
Vein deposits in the quartzitic sections yield copper, gold and silver. 

2. Limestone and dolomite used for flux and cement making are quarried 
from Cambrian rocks in a few places. Largest production comes from the Cricket 
Mountains, near Black Rock, Millard County, Utah. 

VIII. Scenic ' 

Cambrian rocks are mostly drab and uninteresting. Among the few notable 
scenic outcrops are the spectacular cliffs forming the western scarp of the 
House Range and several stretches in Logan Canyon. Cambrian rocks form the 
intermediate slopes in the Grand Canyon. There are many sinks and solutions 
features in Late Cambrian rocks in the Bear River Range west of Bear Lake. 
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THE CAMBRIAN OF THE GREAT BASIN 
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A—Albion Ranee • 
An—Antelope Range 
Da—Bannock Range 
BM—Bare Mountain 
BR—Bear River Range 
BeM—Beaver Mountains 
BD—Beaver Dam Mountains 
BeR—Belted Range 
Ca—Canyon Range 
Ch—Cherry Creek Range 
Co—Cortez Range 
Cr—Cricket Range 
DC—Deep Creek Range 
De—Delamar Range 
DR—Desert Range 
DM—Drum Mountains 
DuR—Dugway Range 
DuM—Durst Mountain 
E—Eureka area 
ET—East Tintic Mountains 
G(N),Eg(S)—northern and southern Egan Range 
El—Ely Range 
F—Frenchman Mountain 
Fu—Funeral Mountains 
G—Galena Range 
GC—Grand Canyon 
GR—Grant Range 
Cr—Groom Range 
Ha—Halfpint Range 
Hi—Highland Range 
Ho—Hot Creek Range 
HR—House Range 
IR—Independence Range -
In—Inyo Mountains 
L—Lakeside Mountains 
LC—Last Chance Range 
Lo—Long Ridge 
Ma—Malad Range 

MM—Marble Mountains 
M<>—Morman Mountains 
MV—Mt. Velma area 
Mu—Muddy Mountains 
NY—New 'V'ork Mountains 
NR—Nopah Range 
Oq—Oquirrh Mountains 
Os—Osgood Mountains 
Pa—Pahranagat Range 
PaR—Panamini Range 
PR—Pavant Range 
Po—Portneuf Range 
Pr—Promontory Range 
PM—Providence Mountains 
RS—Resting Springs Range 
RR—Ruby Range 
SF—San Francisco Mountains 
S—Santaquin area 
SC(N)(S)—northern and southern Schell Cr 

^ Range 
SM—Sheep Mountain 
Sh—Sheeprock Range 
ShR—Shoshone Range 
SI—Silver Island Range 
SR—Snake Range 
Sp—Specter Range 
SpM—Spring Mountains 
St—Stansbury Range 
To(N)(C)—norihern and southern Toiyabe Ranj 
V—Virgin Mountains 
WV/—Wah Wah Mountains 
Wa—Wasatch Mountains 
We—Wellsville Mountains 
Wh—White Mountains 
WP(N)(S>—northern and soulhern White I 

Range 
Wi—Willard Peak 

F I G . 2. Index map of the Great Basin region showing distribution of known areas of outcrop 
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Generalizations 
j Paleozoic Stratigraphy of the Western Interior 

ORDOVICIAN 

I. Historical -

A. Named by Charles Lapworth in 1879 after the Ordovices, former 
inhabitants of the type area in Wales. The Ordovician had been classed 
by Murchison as Lower Silurian and by Sedgwick as Upper Cambrian. 

B. In America the custom has been to recognize Lower, Middle and 
Upper divisions. The corresponding place names, Canadian, Mohawkian and 
Cincinnati an are widely used but the areas designated by these terms may 
not be the best available as standards for the United States. Great 
Basin Early Ordovician is probably better than that of the east. 

II. Tectonics and Paleogeography 

A. The major tectonic features of the Cambrian - Craton, Transcontinental 
Arch, Cordilleran geosyncline - continued to be the controlling elements of 
. the Ordovician. 

B. A distinct subdivision of the orthogeosyncline into an outer (eugeo-
syncline) and inner (miogeosyncline) is evident throughout the period, (see 
appended chart.) 

C. The nature of the'western margin of the continent remains unknown but 
the existence of volcanic archaeopelagos with rather extensive islands is 
certain. Ordovician deposits, representing the oldest proven Paleozoic of 
the Pacific border are found in the Klamath Mountains. This seems to represent 
evidence of an incipient land mass, Kiamathonia. 

Negative (downsinking) reactions mark the beginning of-the Williston / 
,̂persiste;it major tectonic feature. foe^ - - i P^y^od jZ&p^e%&^^'^d. 

D. 
Basin as , . , . , . . ^ „ . 

E. The Transcontinental Arch' sliows clearly positive influences as there is 
l i t t l e Ordovician preserved along i t in the Western Inter ior . An exception is 
in the narrow Colorado Sag which trends northwesterly across Central Colorado 
and contains rocks of Early, Middle and Late Ordovician age. Of significance 
are isolated down-dropped remnants of Ordovician-Silurian in the Precambrian,'.:,'-
Colo-Wyo, near Laramie. . - - . . - • _ --.- • .-.• -

F. The Wasatch Line is clearly in evidence, the erosional and depositional 
edges of many Ordovician formations follow this feature. 

I 

I G. The Tooele Arch, apparently an ancient westward expression of the Uinta 
Mountain trend seems to have influenced sedimentation in west Utah. {t>"'.> '̂̂ '̂ -<S>r-\ê . 

\ . \ '^'^' 
H. A rather ill-defined island-like area with no Ordovician may mark the 

persistence of Montania in western Montana. 

I I I . Lithology and Sedimentation 
r .- . ;r-» • 

A. Ordovician has an estimated duration of 70 m.y. Volume of sediment is 
less than Cambrian, mbre than Silurian. Exposures are numerous in the Basin 
and Range and there are extensive subsurface remnants in Wyoming shelf and • 
Williston Basin. . " 
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B. The rock record reflects the following history: continuation of 
Late Cambrian patterns of sedimentation and marine environments through 
most of the Early Ordovicfian; withdrawal of the seas and deposition of 
thin, but extensive clast ic formations, perhaps partly subaerial , during 
most of the Middle Ordovician; return- of the seas in an extensive flooding 
producing re la t ive ly pure carbonate formations in the Late Ordovician. 

C. Rock types are mostly marine of shallow to deep water origin. 
Rough quantatative estimate: limestone 30%; fine c las t ic (including deep-
water black shale) 20%; quar tz i te , and sandstone, 10-15%; dolomite, 25%; 
chert, 5-10%; volcanic derivatives, 5-10%. 

D. Rock types are those usually associated with geosynclinal b e l t s : , 
miogeosyncline has typical carbonates (including exceptionally pure 
dolomite), clean washed sand, and minor fine c l a s t i c s ; eugeosyncline has 
abundant black shale , chert, graywacke, a r g i l l i t e , and lava. Transition 
suite is very complex. 

. >s - . ^ ^ ^ A'^'' E. The l i thologic succession in the miogeosyncline is dist inctive 
vV^"^ s. \>and persists over great distances. Lower formations are limestone .(Garden 
V) AJt^ P City, Pogonip), the middle formations are quartzite (Swan Peak, Eureka) and 

^f .y '^ the upper formations are dolomitic (Bighorn, Fish Haven, Hansen Creek). 

1. The middle c las t ic units are typical of an almost continent-
wide Mid-Ordovician sand sheet that includes the well-known St. Peter 
Sandstone. Origin not well understood.,. Ĉ  

c: <^y 
AhcP.J 

di Po 

V 
ate 

2. The upper dolomite is part of another ve ry extensive carbon-
sheet which extends far into Canada. 

9 

F. The passage from the typical miogeosynclinal section into the eugeo
syncline is abrupt - 20 miles or l e s s . West of this zone of rapid facies 
change s i l i ca - r i ch rocks of volcanic and deep water origin are dominant. 
The relationships are diff icul t to map because of extensive involvement in 
the later. Antler and Sonoma Orogenies. 

IV. Biostratigraphy 
! • • ' ' '• 

! -
Ordovician faunas are an orderly outgrowth of those of the Cambrian 

with important additions so that a l l known preservable phyla were in ^ 
existence by end of the period. The approximate order of decreasirigf'-T'/;"^ ^ 
abundance i s : t r i l ob i t e s (Early Ord. only), graptol i tes , brachiopods;" ' ' • ' ' 
coelenterates (cora ls ) , bryozoans, echinoderms (cr inoids,blastoids) , ceph- -
alopods, conodonts, gastropods, pelecypods, eurypterids, chordates. Weakly 
constructed reefs begin to appear. Predaceous forms such as orthocone 
cephalopods, eurypterids and ostracoderms are gaining. 

Trilobites continue to-be abundant and useful guide fossils during the 
Early Ordovician but appear to have suffered a great decline with the Mid-
Ordovician regr-ession. The best'world-wide zone indicators are graptol i tes , 

'the f i r s t abundant floaters. Other useful index species are found among the 
•corals , conodonts, and cephalopods. No positive land l i f e yet . 
.1 

V. Boundaries ' • -. " '-i.-i ':•>.-••=./..,..,..;.,;i: \.;;r:.: 

See Caji±)rian generalizations for lower boundary problem. 
The Silurian-Ordovician boundary în the Western Inter ior is within an 

unconformity almost everywhere. A world standard for the boundary will have 
to be fixed in some yet undefined local i ty with abundant fossils and contin-

• i.t 
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uous sedimentation. Because of the scarcity of fossils and widespread 
dolomitization both above and below the contact in the Western Interior 
many .mistakes seem to have been made in placing the systemic boundary. 
Use will have to be made of what fossil evidence is available, corals 
and brachiopods which can be recovered In silicified form from dolomite 
are proving useful in the miogeosyncline;graptolites are best in the 
black shale. 

ill • ' 

VI. Economics 

Ordovician rocks are host rocks in a number of Great Basin mining 
districts. Dolomite is mined for flux and cement in the Fish Haven In 
Tooele County, Utah. Oil is produced from deep pools in the Williston 
Basin. 

VII. Scenic 

Nothing spectacular.^ Many stretches of Logan Canyon show f ine c l i f f s 
of Ordovician format 1 ons.̂ ''•̂ Cave in th is canyon Is in the Garden City •. 
Limestone. 

Bibliography 
it 

II 
,1972 "Geologic Atlas of the Rocky Mountain Region" Rocky Mountain Assoc

ia t ion o f Geologists" Denver. The Ordovician Is discussed by 
Norman H. Foster, p. 76-85. 

W. L. Stokes, 

;r^?--u:(-'r:-.K.- -••.•.. 

^t " . . L > ; " 1 T . . ' V *"•-,' • ^ ' ' * ^ " ' - ^ 5 ^ 4 1 ^ . f i 



St . 
c 

03 
1_ 
.M 
C l 

WEST' 

**^' 

117 
NEVADA 

'y^"" y<> 
i iS>^ , <«-^ 

UTAH 
114° . 

EAST 

^ ^ ^ . ^ ^ 

^ ^ 

t < y ^ 

<i^y'>^ 
. ^ ^ ' 

^ 
^̂ '̂̂ ' -̂ ^ 

.^>' 

.^^ ^ 

i ^ g ^ . ^ ' ^ - ' . ' ; \ ^ • ^ ^ I S R 

OROOVICIAN-V.'- ! _ J ^ S M A R C H 
"UNOlFFERENfTlATED 
8 — - - - .^S.— 
WALL CANYON . : - " 5 5 
^SECXJENCE ,=^J»«LE-

EUREKA ' ".-CRVSTAi PgAK—^ 
' ' $ ' N O IMFpRMATIf»j ^ " ^ ^ 

o 
U l 

4 - I 
.1 

«/W 
U 
0( 
u-

I 
c-
{;}< 

— t 
o 

. - t 

o; 
- 0 ( 

V_> 
• . ^ : 

v ^ -



-o 

Figure 3, Lxications of snidicd >uiic>, Msp con-
iirucKd ai dcicribcd in caption tor Figure 1, a. Scon 
Canyon Formation, Antler PeaU quadrangle, b. Shwin 
Fofmaiion, Shosone Range, c, Valmy Formalion, Water 
Canyon, Sonoma Range, d, Valmy Formalion, 
Shoihone Range, e. Schoonovcr Formation, Jacki 
Creek, Independence Range. I. Pumpernickel Forma
tion, Sonoma Range, g. Farrel Canyon Formation, Os
good Mountaini, h., i. Happy Creek Formalion and 
overlying Triaiiic(?) rockj, Jackson Mountains, j . Ex
celsior Formation, Hawihome area. k. Soda Mountaini 
Formation, Soda Mountains. 1. Warm Springs Forma
lion, Butte Valley, m. Unnamed unii, nortliern Inyo 
iMounlains, n. Unnamed unit, Alabama Hills, o, Cillis 

' Formalion, Haw-thome area, p. Unnamed unil (Excel
sior,'), Bodie Hills, q. Wassuk Range, no samples, f. 
Unnamed unit southwest of Ycrington. s. Triassic-
Jurassic, Pine Nut Range, t Unnamed units of 
Tria5iic-Jurassic(?) age near Genoa and Carson City. u. 
Peavine sequence, Reno. v. Volcanic rocks ol Shadow 
Creek and Mammoth Cresi, Devil's Posipile area, w. 
Unnamed Triassic-JurassicJ?) unil in San Andreas quad
rangle. 1. Klamath Mountains, 2, Devonian island-arc 
assemblage of nonhem Sierra Nevada (from Hitianen, 
1973), 3, Triassic keraiophyres of central Oregon inlier 
(from Dickinson and Vigrais, 1964). 
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Figure 2. Hypothet ical configurations along conti-
-nial margins. Granite and basall patterns represent 
ni incnial and oceanic crust, respeclively. in relai ion-
p to sea-level lines. Gradational transit ion between 
ntinenial and oceanic material is shown in section B. 
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c. 
Figure 2.TW0 east-west profiles at 40th parallel, to show altered 

bathyme^ due to downdropping of 64-Jun-wide strip of continental 
Z l l l Bind C are plotted in Figure 1. We recognize that ^aptolite 

• andlhelly facies ordinanly overlap. Shelly facies is plotted here to in
clude its supposed maximum extent and depth, - p . 2 3 ^ 

l i . i t , r i i - -

Figure 1. Index map of Nevada, showing county boundaries. A = 
minimum -westward extent of Lo-wer Cambrian cross-bedded quartz sand
stone, B = minimum westward extent of Upper Ordovician-Lower Silu
rian shelf carl>onate, C = boundary between graptolite facies and shelf 
carbonate facies of Upper Silurian roclcs, D = boundary between open-
marine limestone facies and shelf dolomite facies of lower Middle De
vonian rocks. References for numbered localities: 1-Johnson, 1970; 
2-Thorman, 1970; 3-Evans and Ketner, 1971; 4-Roberts and others, 
1967; 5, 6-Smith and Ketner, 1972; 7-Roberts and others, 1967; 8 -
Winterer and Murphy, 1960;9-Merriam, 1940; lO-Merriam, 1963; 
11-Ferguson and others, 1952; 12-Ferguson and others, 1951; 13-
Gilluly and Gates, 1965; 14-Cilluly and Masursky, 1965; 15-Slewart 
and McKee, 1968; 16-Stewart and Palmer, 1967, and Washburn. 1970; 
17-McKee and Ross. 1969: 18-Kay and Crawford, 1964; 19-Merriam. 
1973; 20-23-Kleinhampl and Ziony, 1967; 24-Ferguson andCathcait, 
1954, and Kleinhampl and Ziony. 1967: 25-Kleinhampl and Ziony, 
1967; 26-Ferguson and others, 1954; 27-Albers and Stewart, 1973; • • 
28-Comwall. 1972; 29-Burchriel, 1964; 30-Comwall, 1972; 31-Corn
wall, 1972, and Cornwall and KJeinhampI, 1964; 32-Nelson, 1962; 
33-Ross, 1967a; 34, 35-Steven$ and Ridley, 1974; 36-Ross, 1967b; 
37, 38-Ross, 1967a; 39-McAllister. 1956, and Ross. 1.967a; 40-Ross. 
1967a, and Stevens and Ridley, 1974. , 
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Generalizations 

Paleozoic Stratigraphy of the Western Interior 

SILURIAN 

I . Historical 

A. The S i l u r i a n was named by Roderick Murchison i n 1835 a f t e r the 
ancient t r i be o f Si lures who once inhab i ted the Welsh Borderland. European 
geologists have not accepted th i s system unanimously; the term Gotlandian is 
used by many Continental geologists f o r what is S i l u r i a n 1n Great B r i t i a n . 

B. In America, Lower, Middle, and Upper ser ies are recognized w i th the 
place names, Alexaniir ian (from Alexander Co. , I l l i n o i s ) Niagaran (Niagara F a l l s ) 
and Cayugan (Cayuga, New York) as equ iva len ts . Latest au thora ta t ive survey 
of the S i l u r i an says t h i s : " I t is recommended tha t North Americans d iscont inue 
the f u t i l e e f f o r t s to use the New York sect ion as a standard fo r purposes o f 
c o r r e l a t i o n . " Nevertheless no widely accepted subs t i t u te is i n use. 

I I . Tectonics and Paleogeography 

A. The major tec ton ic elements - Craton, Transcont inental Arch, and 
Cordi l leran Geosyncline - that were i n evidence dur ing the e a r l i e r Paleozoic 
periods continued to dominate sedimentat ion dur ing the S i l u r i a n . The concept 
o f miogeosyncline and eugeosyncline i s not as appropr iate as f o r e i t h e r 
Ordovician and Devonian as there are no vo lcanic der iva t i ves in the S i l u r i a n . 

B. W i l l i s t o n Basin continues to expand and deepen. 

C. A va r i e t y of sediments, some conglomerat ic , i n or near the Klamath 
Mountains (Cal-Oregon) ind icate possib le enlargement o f Kiamathonia. 

D. Wasatch L ine, modif ied by the Uinta Peninsula-Tooele Arch, marks the 
eastern edge o f preserved S i l u r i a n in Utah-Idaho. 

E. The p o s s i b i l i t y of an i s l a n d - l i k e land mass in the v i c i n i t y of the 
present Raft River Range ( R a f t r i v e r i a ? ) i s suggested. 

F. That Ordovician and S i l u r i an seas" and sediments once covered wide 
areas of the Transcontinental Arch i s proved by the preservat ion of rocks 
of these ages i n at leas t 5 small diatremes i n the Precambrian of the Front 
Range and Laramie Range i n Wyoming and Colorado. (See GSA B u l l . v o l . 80, no. 1) 

I I I . Li thology and Sedimentation 

A. The S i l u r i a n has an estimated dura t ion of only 20 m i l l i o n years. As ! 
a consequence the volume o f sediment i s the smal lest o f any system in the 
Western I n t e r i o r . I t is probably less than 10% of tha t of the Cambrian. 
There are r e l a t i v l e y good exposures i n the Great Basin but none in Ar izona, 
and very l i t t l e in New Mexico, Colorado and Wyoming. Most o f the W i l l i s t o n 
Basin is under la in by S i l u r i a n . 

B. Rock types are mainly dolomite (dolostone) in the miogeosyncline and 
black shale i n the t r a n s i t i o n b e l t and eugeosyncl ine. Estimated percentage 
o f rock types: dolomite 75%, l imestone 10%, black shale 10%, cher t 5%. 

C. Strat igraphy r e f l e c t s very shal low-water deposi t ion dur ing a time 
o f tectonic qu ie t and slow downsinking in the Cord i l le ran Geosyncline. Few 
formal names are necessary to designate the i d e n t i f i a b l e u n i t s , 5 major f o r 
mations of which the Laketown Dolomite i s most widespread, are named. Per
haps as tnany as 18 members can be recognized. Average thickness is about 
1000-1500 f ee t . W i l l i s t o n Basin deposi ts ( I n te r l ake Group), not exposed i n 
the U.S., are l ikewise t h i n and dolomitic' .- - - . - . . 
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D. The most obvious c h a r a c t e r i s t i c o f the S i l u r i a n system is, the 
predominance o f dolomi te. How and why th is rock type came i n t o existence 
is one of the major problems of S i l u r i a n s t ra t i g raphy . The associated 
chert i s var ied i n character and also not we l l - s tud ied or understood. 

IV. B ios t ra t i graphy 

The S i l u r i a n faunas of the Western I n t e r i o r are vas t l y i n f e r i o r to 
those of the eastern U.S. because of the small volume of sediment, the 
unfavorable shal low water environments and the extensive d o l o m i t i z a t i o n . 
Approximate order o f decreasing abundance of animal groups as represented 
in the Western I n t e r i o r i s : Brachiopods, co ra l s , g r a p t o l i t e s ( i n black 
shales, monograptids main ly ) . Minor groups include bryozoans, t r i l o b i t e s , 
ostracods and eu ryp te r i ds . No land p lants have ye t been found in the 
western i n t e r i o r . 

Of the above l i s t the corals and brachiopods are f requen t l y found to be 
s i l i c i f i e d in s u f f i c i e n t numbers to be useful as guide f o s s i l s . Both 
groups have been used in zonation schemes. Grapto l i tes are unexcel led in 
the shale f a c i e s . Because of lack of f o s s i l s and d i f f i c u l t i e s in preparing 
those which do occur many miscor re la t ions of S i l u r i a n dolomites have been 
made. 

V. Boundaries 

The Ordov ic ian -S i lu r ian boundary is determined by faunal evidence. I t 
l i e s in the midst o f general ly un foss i l i f e rous dolomite beds w i t h many 
diastems and unconformi t ies. That i t i s d i f f i c u l t to locate i s shown by 
the fact t ha t f o r many years and almost wi thout exceptions s t ra t ig raphers 
have been i nc l ud i ng several hundred fee t of Late Ordovician rocks in the 
Laketown Dolomite', a formation regarded as S i l u r i an in age. 

The Si lur ian-Devonian boundary is l i kewise located i n a dolomite sequence 
in which d iagnos t ic f o s s i l s have not been found. Although the Water Canyon 
Formation is usua l l y considered to be Early Devonian no pa leonto log ic evidence 
for the age o f the lower par t has been found in the northern Great Basin. Late 
S i lu r ian f o s s i l s are known in the Sevy Formation o f southern Nevada which is 

. l i t h o l o g i c a l l y s i m i l a r to the Water Canyon. The boundary problem i s cu r ren t l y 
unsolved. 

V I . Economic . 

Dolomite i s present in un l imi ted quant i t y but apparent ly unexploi ted at 
present. Presence of cher t i s de le ter ious . -

The S i l u r i a n formations are important host rocks i n the bery l 11um-uranium-
f l u o r i t e ore bodies in the Thomas Range, Juab County, Utah. 

V l l . Scenic 

The Laketown Dolomite forms imposing, dark rugged c l i f f s i n Logan Canyon 
but only a geo log i s t would be impressed 
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Generalizations 

Paleozoic Stratigraphy of the Western Interior 

DEVONIAN 

I. Historical . • , 

A. The Devonian was proposed jointly by Sedowick and Murchison in 1839, 
the name being taken from Devon, England. This type area is largely continental 
Old Red Sandstone and is not as fossiliferous as corresponding marine rocks in 
Belgium and Germany. Consequently the latter areas have become the standard for 
Europe and much of the world. 

B. yery thick Devonian formations (more than 10,000 feet) are found in New 
York. This area has been intensively studied and correlates fairly well with 
Europe.. Possibly the ancestral Atlantic Ocean was closed in the Devonian and 
Europe and North America were in close proximity. Unfortunately, and mostly 
because of the slection of unpronouncable Irc-quois Indian names for stages the 
N.Y. section is not being widely used as a reference. The best North American 
sections appear to be in Canada. 

II. Tectoriics and Paleogeography 

A. Cordilleran Geosyncline, Canadian Shield and Williston Basin dominate the 
tectonic framework. 

B. Transcontinental Arch still much in evidence but now broken by two "sags", 
one crossing Colorado in a northwesterly direction is the older, the other crossing 
Arizona with the same trend 1s a Devonian development, "Mazatzal Land" an island
like remnant of the MogolIon-Defiance positive area is part of the Transcontinental 
Arch. 

C. Williston Basin deepens and expands - now with important evaporites. 

D. Wasatch Line is a definate hinge or transition belt. - • 

E. Western continental margin continues to be poorly defined but the section 
in the Klamath Mountains contains Devonian as does the Metaline Falls district, 
northeastern Washington. 

F. Wyoming shelf was flooded and received a fairly consistent blanket of 
•carbonate, the well-known Jefferson Dolomite -..••:......«,<̂ :̂>--.,. w :•.—•.-:---..-.-.--.:.- .'.-•.£:'• 

G. The so-called S^tansbury Disturbance in north-central Utah records tJie first 
mountain building in th'e state since the Precambrian. 

. ' • ' A 

H. The Antler Orogenic Belt crossing Nevada in a north-northeast d i rect ion became 
very active near the end of the Devonian^and Early Mississippian. (Roberts, AAPG,' 
Dec, '58)'. , , . . ' ,̂  

I . Volcanic ac t i v i t y gives character ist ic eugeosynclinal facies in the t ran
s i t i on belt and farther west. . . ' . \ . 

I I I . Lithology-and Sedimentation 

A. The Devonian Period had an estimated (duration of 60 mi l l ion years and the. ' 
System has a volume commensurate with th is - more sediment than the S i l u r i an , less 
than the Cambrian. There are many extensive exposures in the Great Basin and Rocky 
Mountains. Especially noteworthy are t rans i t ion and eugeosynclinal e;){posures I n -
Nevada (Roberts Mountains, e tc . ) Extensive fijipiss^sF^s in Wil l is ton Basin, feather 
edge in Black H i l l s . • y o A u y ^ e ^ ' ... • /. - •" • 
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B. Carbonates predominate especially in Early and Middle epochs. Black shale .-
to the extreme west and varied clast ics - shale, sandstones, conglomerate over much 
of the northern Great Basin, western Wyoming and Montana la te in the period. A 
phase perhaps of the famous Chatanooga Shale. Estimated percentage of rock types: 
dolomite, 35%; limestone, 40%; c las t i c s , including sizeable volumes of quar tz i te , 15%; 
chert and volcanic derivatives 10%. Although there is l i t t l e development of reefs 
in the Western In te r io r , the Devonian was one of the great reef-forming periods of : 
al l time. 

C. Stratigraphy reflects shallow water deposition, very like that of the 
Silurian and dominated by dolomite formations (Sevy, Water Canyon) in the miogeo
syncline early in the period. Following this the water seems to have deepened with 
mixed carbonate deposition (Jefferson, Simonson). Lastly, reflecting tectonism and 
perhaps uplift of the Transcontinental Arch came c las t ic beds - some red over wide 
areas. ' . 

D. Evaporites including potash are of great commercial importance (Prairie 
Evaporite Formation) in the Devonian of the Williston Basin, chiefly in Saskatch
ewan, extends into northern North Dakota. -

IV. Biostratigraphy "• . ^ 

A. The Devonian faunas are numerous, diagnostic, and very diversif ied. The 
limestone facies yield abundant s i l ic i f ied and unsil icif ied specimens. Estimated 
abundance of animal groups in decreasing importance: Brachiopods, corals eornKtents, 
cephalopods and other molluscs, bryozoans, ostracods, conodonts, t r i l o b i t e s , verte
brates, echinoderms. Zoftations have been based on many groups - estimated importance 
in order of decreasing u^e are brachiopods, conodonts (Increasing steadily in use) 
and corals. Almost too many schemes are in use. 

B. First known land plants of western Interior appear (Beartooth), spores and 
pollen may become important in correlation. 

C. Rather abundant and important fish'faunas (Water Canyon, Jefferson). 

D. By far and away the chief student of Devonian marine faunas of the Great 
Basin is J. 6. Johnson, currently at Oregon State University. A fantast ic producer 
and publisher. He uses the Etjropean names and will probably prevail insofar as West 
is concerned. 

V. Boundaries . . .... ' . " . -. - ' : -

See Silurian handout for lower boundary 
•y.y^:yT:mm0mm 

The Devonian-Mississippian boundary has not been located to everyone's satisfactior 
but will eventually be se t at some horizon of continuous sedimentation. Possibly the 
Great Basin might become a future standard for this important datum plane. According . 
to faunal information, chiefly conodonts, i t l ies in a c las t i c interval (Bakken, 
Chattanooga, P i lo t , Percha, Englewood). Hopefully conodonts may largely solve the . -
problem and place western firmations in a world-wide scheme. . . -

VI. Economics ' ' • . . . • • " 

A. The Devonian is a significant oil objective in the Williston Basin, second,,..;.,-;: 
in importance after "the Mississippian.- " . -L -=-=--̂ '̂-̂ .-'̂ --r'-?;;?.! 

B. o n and gas producer ih the Lisbon Field of San Juan County, Utah; m i n o r a ', 
production in N.E. Arizona. Helium in N.W. New Mexico. i .>.-.. ;-.,:^.i..,-



C. Potash in Canada, Williston Basin (Prairie Evaporite Formation); bad news for 
U.S. Pennsylvanian & Permian producers. 

D. Host rock for metal deposits in Utah, Nevada and California. 

VII. Scenic 

Devonian remnants occur beneath the Redwall in the Grand Canyon but are obscure. -
Cliff-former in Logan Canyon, Nevada Limestone is prominent in many Nevada Ranges. 
One of the Presidential Ranges (Jefferson) is a prominent type area in Montana. 
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Figure V - Cross lec i ion of Devon ian and basal Missis-
' s i p p i a n r o c k i f r o m central Nevada to southwestern 

M o n t a n a , Uepopha je i are i n j i c a i e t i by Roman numer 
als. No te the great eastward shift o f depocen ier and o f 

- — vy^^-f 
: . • • ' ^ y 

the l imestone-do lomi te facies boundary at the beg inn ing 
of the second depophase. 

Key to format ions: Db • Dar i ine M e m . o f McCo l l ey 
Canyon f m . ; D h h • l l en r i oo ih Dm ie Fm. ; Dbe • l l e i r d -
neau H/n.; Dhp •. I lcacon Peak D o l e ; - t > b r • Hay Si,-iie 
Do lo , ; Dd • Denay I.s.; D d j ! • D e v i l i G.-ite L l . ; De • Enj;el-
mann Fm.; Dg • Gu i lme t t e Fm. ; Dg i - C i l son ()olo. j , I ' ) i ;o 
• Coshooi Km.; Dh • l l anaucr Fm.; Dhc • Hayes Cai iyon 
M e m . o f D e v i h Gale Ls.; Dby • l l y r u m Do lo . M e m . o f 
Jefferson Fm.; D j . Jef fer ion Fni . ; Dk • Kobeh M e m . o f 
McCo l ley Cancon Fm. ; D l ^ • l.ojjun G u l i l i .Sjem. o f 
Th ree Fork i Fm. ; D m - ^ ^e inc r M e m . o f Devi ls Gate L l . ; 

Dma . M a y w o o d Fm. ; D m c - iMcCol lcy Canyon Fm.; Doc 
- O x y o k e C:myon Sandstone; D p . Pi lot Shale l l o w c r 
m e m b e r ) ; D r h • Kahb f i H i l l Ls.; D i a • Samaria L i . iMem. 
of Jefferson f m . ; D i e • Sevy D o l o m i t e ; Dsi - S in ion ion 
D o l o m i t e ; D i m • Sent ine l M o u n t a i n Du lo . ; Dt • T r i d e n t 
M e m . of Th ree Forks Km. ; D ie - Te leg raph Canyon 
Do lu . ; D u m - U n i o n M o u n t a i n Fm. ; D w . W i n d m i l l l . i . ; 
D w c • W a t e r Canyon Fm. ; D w p . W i . i n jpecker l . i . ; ,MDt 

- Sapp in j i ton S.-mJstone; M D p • l^ilni .Shale (upper m e m 
ber) ; SD In i - l.one M o u n t a i n D u l u . ; S D r m • H o h e r i i 
Moun ta ins Fm. 
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TEXT-FIC. 5—Cross section of Devonian and basal Mississippian rocks from central Nevada to south
western Montana. Depophases are indicated _ by Roman numerals. Key to formations: Coils Creek 
Limestone is unlabeled atx>ve Dmc in the RcJberts Mountains. Db-Barlinc Mbr. of McColIey Canyon 
Fm. ; DblnBeartooth Butte Fm.; Dbe-Bcirdneau Fm. ; Dbp-Bcacon Peak Dolo.; Dbs-B.-iy State Dolo.; 
Dd-Denay Ls . ; Ddg-Devils Gate Ls . ; De-Engelmann Fm. ; Dg-Gui!mette Fm. ; Dgi-Gilson Dolo.; 
Dgo-Goshoot Fm. ; Dh-Hanauer Fm.; Dhc-Hayes Canyon Mbr. of Devils Gale Ls . ; Dhy-Hyn im Dolo. 
Mbr. of Jefferson Fm.; Dj-Jefferson Fm.; Dk-Kobeh Mbr. of McCollcy Canyon Fm. ; Dlg-Logan 
Gulch Mbr. of Three Forks Fm.; Dm-Meister Mbr. of Devils Gate Ls. ; Dm.-\-MaywOod Fm. ; Dmc-
McColley Canyon Fm. ; Doc-Oxyoke Canyon Sandstone; Dp-Pilot Shale (lower m b r . ) ; Drh-Rabbit 
Hill Ls . ; Dsa-Samaria Ls. Mbr. of Jefferson Fm. ; Dse-Sevy Dolomite; Dsi-Simonson Dolomite; 
Dsm-Sentinel Mountain Dolo.; Dt-Trident Mbr. of Three Forks Fm. ; Dic-Tclegraph Canyon Dolo.; 
Dum-Union Mountain F m ; Dwc-Water Canyon Fm. ; Dwp-Woodpecker Ls. ; MDs-Sappinglon Sand
stone; MDp-Pi lo t Shale (upper mbr.) . 

( t o n g u e ) a n d \ipper Ba r t i ne tongue in t h e 
S u l p h u r S p r i n g R a n g e . T h e sum of this is t h a t 
the qua r t z i t e called O.xyoke Canyon is en t i re ly 
y o u n g e r t h a n the pinyoiicusis Zone of t h e . 
Ba r t i ne L i m e s t o n e r a t h e r than a facies of it 
as has been supposed by M e r r i a m (1963, 1 9 7 4 ) . 
I t must be emphas ized that all of M e r r i a m ' s 
cross sect ions , p r epa red over the yea r s (1963 , 
p. 52, fig. 8 ; 1974, p . 16, fig. 7 ) to sho-w cor 
re la t ions be tween the pla t form dolomite se
quence ( w h i c h includes the O x y o k e C a n y o n 
S a n d s t o n e ) a n d the l imestone belt to the wes t , 
w e r e based on the false n.s.-Jumption that t he 
O x y o k e S a n d s t o n e is a facies of the pinyonct is is 
Zone {i.e., t he B a r t i n e or "shaly lower N e v a d a " 
of M e r r i a m ) . 

T h e r e is n o w no reason lo suspect that t he ' 
base of the S e v y ( = Beacon P e a k ) is reg ion
ally any o l d e r than the base of the K o b e h 
M e m b e r of t h e McCol lcy Canyon F o r m a t i o n , 
a l though t h a t conclus ion h a s been sugges ted 

( N i c h o l s & Si lber l ing, 1975) . Phys ica l ev idence 
for an uncon fo rmi ty benea th both un i t s 'has 
been repor ted and the oldest rocks above this 
u n c o n f o r m i t y , now included in K a s k a s k i a Depo-
phase I, a r e of latest H e l d e r b c r g i a n age a t the 
D e v o n i a n con t inen ta l shelf m a r g i n in cen t r a l 
N e v a d a . 'Wherever a basal s ands tone and 
t r a n s g r e s s i v e shal low w a t e r c a r b o n a t e s occur 
wi th fossils they a r e of la te H e l d e r b e r g to 
O r i s k a n y age and co r re spond in s e d i m e n t a r y 
mode and t iming with the base of the K a s 
kask ia sequence or iginal ly def ined e l s e w h e r e in 
N o r t h A m e r i c a (S loss , 1963) 

S Y S T E M A T I C P A L E O N T O L O G Y 

Phylum nuACiiloi'ODA 
. F a m i l y G Y I ' I D U L I O A E Schutrhert & Le 'Venc -
S u b f a m i l y G Y P I D U L I N A E S c h u c h c r t & Le 'Venc 

G e n u s P E N T A M E R E L L A Ha l l 

D i s c u s s i o n . — T h e type species of P c n t a m c r -
clla is P . a r a t a ( C o n r a d ) from the S c h o h a r i e 

iy.---. 
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Generalizations 

Paleozoic Stratigraphy of the Western Interior 

MISSISSIPPIAN 

I. Historical 

... The term Carboniferous, a natural derivation from the important coal 
resources associated with the correspong time period in Great Britain and 
Europe,was introduced by W. D. Conybeare and W. Phillips in 1822 in their 
study of British Geology. The term is still standard in Europe and many other 
coufitries even though a basic twofold subdivision is accepted by most. Belgium 
is a standard for European usage. 

B. The economic importance of coal in the Appalachian Region led to early 
study of associated geology. The state geological survey of Pennsylvania was 
established in 1836 and in 1891 Henry Shaler used the term Pennsylvanian in 
preference to Upper Carboniferous. In the same report he introduced the term 
Mississippian for the limestone-rich beds below the Pennsylvanian. The USGS 
did not accept the Mississippian and Pennsylvanian until 1953. Many American 
geologists seem inclined to use European series and stage names for the Missis-
sipRian but some employ terms from Missouri and Illinois. 

ectonics and Paleogeography 

Probable enlargement of Kiamathonia as evidenced by Mississippian strata 
tral Oregon (Coffee Creek). 

i l , 
A.j Cord i l le ran Geosyncline, w i th An t le r Orogenic B e l t ; Canadian S h i e l d ; and 

a very, d i s t i n c t W i l l i s t o n Basin dominate the tec ton ic framework. 

IB. Transcont inenta l 'Arch becomes much less pos i t i ve and is broken by d i s t i n c t 
sags in Colorado and Arizona and extensiv ley f looded by shallow seas. Correspond
ing ly narrowing o f " i s l a n d s " . 

C. Pronounced downsinking of W i l l i s t o n Basin which has ra ther narrow but 
pers is tent connections westward across Montana. 

D. 
in cen 

E. Orogenic a c t i v i t y i n west-centra l Nevada (Ant ler Orogeny) creates add i t i ona l 
landiinass and h igh lands. Extent of orogeny nor theaster ly and southwester ly i s 
debateb. . 

^ F.- Emergence o f northwestern Utah in to low land mass may record enlargement . 
of R a f t r i v e r i a . No Miss iss ipp ian in Newfoundland Range. .- ., . 

G. Pronounced and extensive downsinking in the Cord i l l e ran Geosyncline i n 
Late Mississippian causes seas to re t rea t westward leaving extensive t r ac t s o f 
Early Mississippina exposed on the she l f areas. Downfold probably associated wi th 
Ant ler compression. 

I I I . Li thology and Sedimentation ' ' " 

A. The Miss iss ipp ian Period has an estimated durat ion of 25 j n i l l i o n years . There 
are many extensive exposures in the Western I n t e r i o r . Notable are Early M iss i ss ip 
pian formations'^on the s h e l f (Madison, Leadv i l l e , Redwall). By c o n t r a s t , and as 
a resu l t of the An t l e r Orogeny, sediments of the western Great Basin are c l a s t i c 
(Whi|el Pine, Chainman). Subsurface Mississ ippian i s extensive i n the W i l l i s t o n 
Bas in ,ch ie f ly carbonates. 

B. This was a great l ime-producing per iod - world wide man i fes ta t ions . E s t i 
mated percentage o f rock types: limestone 50%, f i n e - e l a s t i c s 20%, q u a r t z i t e and 
sandstone 15%, dolomite 10%, coarse c l a s t i c s 5%. 
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C. A very cher ty system. Many beds are over 50% cher t . 

D. Mid-Miss iss ipp ian was a major tu rn ing po in t i n sedimentat ion, again wor ld 
wide.. Before th i s was mainly carbonate depos i t i on , afterward increasing c la.s t ic 
con t r i bu t i ons b u i l d i n g up toward the present. This resul ted form the exposure of 
older q u a r t z - r i c h terranes by the Hercynian-Appalachian disturbances. Removal o f 
the ear l y Paleozoic carbonate "armon p la te " was under way. 

E. S t ra t ig raphy r e f l e c t s mainly moderate to shallow water deposi t ion i n c lea r 
seas dur ing Ear ly Miss iss ippian time and east of the Utah-Nevada l i n e . West o f 
t h i s and i n Confusion Basin, Utah, orogenic, shal low water to subaerial deposits 
record the eastward spread of d e t r i t u s from the An t le r Be l t . 

F. Evaporites character ize W i l l i s t o n Basin and are expectable from i t s 
i n t e r i o r p o s i t i o n and c l ima t i c s i t u a t i o n . 

G. Various " i s l a n d s " o f Transcont inental Arch were supplying l i m i t e d amounts 
of c l a s t i c components i n to surrounding seas. Wind ac t ion may be ind ica ted . 

H. The f i r s t notable expression o f ex tens ive , subaerial weathering o f a 
carbonate terrane i s found on the Early Miss iss ipp ian over wide areas o f the she l f 
(Molas, Bel den). 

IV. B ios t ra t i g raphy 

A. Miss iss ipp ian marine faunas are p r o l i f i c and var ied . Many groups were more 
than numerous, they were true rock -bu i l de rs - c r i n o i d s , co ra l s , fo ramin i fe ra . Many 
exce l len t specimens are read i l y ava i l ab le . Less s i l i c i f i c a t i o n than in previous 
per iods. Estimated abundance of obvious animal groups in decreasing abundance: 
brachiopods, c o r a l s , bryozoans, echinoderms ( e n c r i n i t e s ) , protozoans, (endothyr ids) 
mol luscs, conodonts. Zones have been proposed on the basis o f several groups; 
most used are cora ls (espec ia l ly co lon ia l fo rms) , brachiopods (espec ia l ly s p i r i f e r s 
and p roduc t i ds ) , cephalopods (ce r ta in r e s t r i c t e d f a c i e s , gon ia t i tes e s p e c i a l l y ) , 
conodonts, bryozoans. 

B. Probably because of the b a r r i e r o f the Transcontinental Arch i t i s d i f f i c u l t 
to co r re l a te western faunas wi th the mid-cont inent . Many good corre la t iwns w i th 
Eurasia and almost zone fo r zone along s t r i k e i n to Canadian Rockies. 

C. Strange lack o f land plants and animals. Paleonto logists should look more 
c lose ly a t the shal low water and cont inenta l beds in Nevada. 

D. The Great Basin may be one o f the wor ld ' s best repos i to r ies fo r l a te 
Miss iss ipp ian Marine faunas. Many oppor tun i t i es here. 

V. Boundaries ' . ' - • • . . . • 

See Devonian summary f o r lower boundary. 

The upper boundary is again a very d i f f i c u l t and problematical one. Considering 
those areas not covered by Late Miss iss ipp ian rocks the boundary is not as d i f f i c u l t 
to locate al though i t does l i e in a zone o f weathering and d i s i n t eg ra t i on in many 
places. In the Great Basin, espec ia l l y Oquirrh and Confusion Basins there was 
continuous sedimentat ion and the datum l i e s in a number o f format ions: basal Oquirrh 
Manning Canyon, Diamond Peak, Chainmon; Faunal eviidence, probably from brachiopods,-
Wil l i determine the boundary u l t ima te l y . There seems to be no good tec ton ic or 
paleogeographic c r i t e r i a . 

V I . Economic - ' • . - . : ;-

Chief petroleum ob jec t ive in W i l l i s t o n Basin (Mission Canyon i s b ig producer) 

O i l i n Big F la t f i e l d in Utah. _. 
Limestone f o r f l u x , aggregate, and cement; F lux, Tooele Co., Utah 



V I I . 

Uranium in Wyoming-associated with so lu t i on e f fec ts 
Host rock i n mining d i s t r i c t s - Leadv i l l e , Colorado 
Ground water i n Black H i l l s - northern p la ins 
Potent ia l phosphate i n Brazer Fm. Great Basin. 

Scenic 

iTimpanogos Cave and lower slopes of Mt. Timpanogos, Wasatch Range; Brush Creek 
Cave, near Vernal, Uinta Range; Chinese Wall, Logan Canyon and vicinity; Red Wall 
in Grand Canyon. 

Bibliography 

1956, "Correlation of the Mississippian Formations of North America", Bull. 
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THE ANTLER OROGENY 

O 

Historical 

Ferguson and Cathcart (Jour. Wash. Acad. Sci. V. 42, No. 3, 1924) 
first reported Permian rocks overlapping folded and eroded strata of 
Ordovician age in the Toquima and Toyabe ranges and Candelana Hills. 
From this Nolan postulated that a north-northeasterly trending geanti
cline had formed in central Nevada during the late Paleozoic time 
(AJS N. Ser., Vol. 16, No. 92, 1928). Eardley named this the Manhattan 
geantacline from the Manhattan mining district, about 40 miles north of 
Tonopah. (Jour. Geol. vol. 55, p. 309, f 1947). As evidence from many 
ranges, particularly in northcentral Nevada steadily accumulated, the term 
geantacline was found unsatisfactory and R. J. Roberts suggested replacing 
it with the term "Antler orogenic belt" (USGS open-file report, p. 95). 
From this came the term Antler Orogeny and the gradual acceptance of this 
event as a major disturbance equal in importance to the Taconic or 
Acadian of eastern geology. 

Date of Orogeny 

From original evidence the structural effects could be dated no closer 
than late Paleozoic - post Ordovician to pre-Permian. Detailed work in 
critical areas showed that rocks as young as Late Devonian are disturbed and 
that strata as old as Middle Pennsylvanian are generally not affected. 
"The orogeny probably comprised several distinct pulses, taking place at 
different times throughout the region." (Roberts, Hotz, Gilluly and 
Ferguson, AAPG, vol. 42, p. 2813 f., 1958). 

Area of Structural Disturbance 

Geologists have drawn the Antler Orogenic Belt in somewhat different 
ways. The maximum effects seem to lie in west central Nevada with exten
sions north and south. In Nevada the axis lies a few miles west of Manhattan, 
passes north northwesterly 30 - 40 miles west of Eureka, and then between 
Carlin and Winnemucca not far from Battle Mountain where Antler Peak, the 
type locality, is located. The axis then swings easterly curving north of 
Elko to pass through or near Mountain City. From here it is "anyones 
guess" as to where the Antler Belt actually lies. It may be buried under 
the Snake River Plain or may actually be in northwestern Utah. According 
to Churkin the Antler' Orogenic Belt is well displayed north of the plain in 
central Idaho south of the batholith (AAPG. Vol. 46, No. 5, p. 569f). 
The sedimentary facies and geologic structures that are in alighnment from 
Nevada into central Idaho are so similar that a continuation of the Antler 
Belt seems to be highly probable. 
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The southern continuation of the Antler Belt into California is much 
less certain. Some investigators on the basis of coarse clastics in the 
Mississippian of the Inyo Mountains have postulated a continuation of the 
Antler orogenic effects into that region. In a recent paper Stevens and 
Ridley report that these deposits are probably caused by slumping on the 
steep west-facing continental slope and could not be derived from uplifted 
land to the west. They conclude that there is no evidence that the Antler 
Orogenic Belt ever extended into eastern California (Stevens, Calvin H. and 
Ridley, Albert P., Middle Paleozoic Off-shelf deposits in Southeastern 
California: Evidence for Proximity of the Antler Orogenic Belt, GSA 
Bull. vol. 85, #1, Jan. 1974, p. 27-32.). 

-Special Terminology 

Sturctural and stratigraphic complications in and adjacent to the 
Antler Orogenic Belt made it necessary for workers in the region to use 
specialized terminology that may not be familiar elsewhere. This was 
described by Silberling and Roberts as follows: "Roberts and others used 
the term "assemblage" to designate major groupings of Paleozoic rocks which 
are representative of a particular sedimentary and tectonic environment 
in northern Nevada. The term assemblage is used similarly for rocks 
along the eastern and southern margins of the one considered here 
(Northwestern Nevada). 

"A different kind of subdivision, however, is required in northwestern 
-Nevada for the upper Paleozoic and lower Mesozoic rocks. The subdivisions 
adopted are lithologically and geographically discrete units of major 
rank termed "sequences" that are set apart from underlying or overlying 
sequences by unconformities. The sequences differ from assemblages in 
being discrete, vertically delimited rock units, some of which, though 
lithologically distinct, were deposited under much the same environmental 
conditions." (GSA Special Paper 72, p. 6). 

Chief Tectonic Effects 

The Antler Orogeny was basically a compressional event with thrust 
faulting as the chief effect. Many thrust faults and attendant thrust 
sheets have been mapped. Chief of these is the Roberts Mountain Thrust 
from Roberts Mountain, Eureka County, Nevada. The thrust sheets travelled 
eastward and there was much imbrication depending on local conditions. 
From the cross-sections that have been drawn one must conclude that the' 
thrust planes were at shallow depths and the plates thin. - There is little 
evidence of movement along deep levels of Precambrian rocks as was the 
case in the later more' easterly disturbances. 

Igneous Effects -. . • 

The Late Devonian to Middle Pennsylvanian was a time of Ijttle volcanic 
action in the western United States. -Igneous rocks in the Devoriian and 
Mississippian of the Klamath Mountains have no proven genetic relationship 



to the Antler Orogeny. An important fact is that no granitic masses older 
than Permian have so-far been located in the western United States. 

Rocks Disturbed 

The section uplifted and eventually displaced by thrusting are of 
early Paleozoic age - specifically Cambrian, Ordovician, Silurian and 
Devonian. The Valmy Formation of Ordovician age apparently had the great
est volume of any formation effected and is the one most frequently en
countered in the thrust sheets. 

With few expceptions the disturbed rocks are of the eugeosynclinal 
and transitional facies. Roberts et al. gives the following estimate of. 
rock types in the eugeosyncline: shale, 20 - 40%, sandstone, graywacke, 
and quartzite 10 - 30%, chert with shale partings as much as 30%, and 
volcanic deriviatives from a few to 30 percent. These are the materials 
making up the uplifts and thrust sheets and eventually dispersed by stream 
action to distant sites of deposition. The attached chert by Kay indicates 
the names of formations transported in the thrust silices. 

Sedimentary and Stratigraphic Effects 

\ • • 

The Antler Orogenic Belt was certainly topographically high enough 
to be called mountainous but was much inferior to the Sierras or Rockies 
of the present time. Debris spread out from the central zone and from the 
adjacent thrust sheets furnishes excellent clues to the type of material 
made available to ero^sion and also to the slope and configuration of the 
adjacent surfaces both exposed and submarine. 

Chert fragments of the Vinini Formation are very distinctive and 
unusually durable. Black color is dominant but shades of red, green, black 
brown, white, yellow and pink are found. The formation tends to break into 
grit or granule-size fragments, pieces 1/8 to 1/2 inch are extremely 
abundant in most Vinini debris and there is little of larger or smaller size. 
Such chert pebble or chert granule conglomerates are common in the Diamond -
Peak Formation, the Chainman Formation and the Tonka Formation.-•'• 

The best treatment of the sedimentological and stratigraphic effects of 
the Antler Orogeny beyond the actually disturbed areas is that of Sadlick 
(unpublished Ph.D. dissertation, U. of U.). He has named the Donner Member 
of the Chainman Formation from exposures in the Silver Island Mountains and -
included in it a variety of coarse and fine clastics most characteristic pf 
which is conglomerate made up of chert pebbles one to three inches in 
diameter. The chert is confidentally assigned a source in the Ordovician 
Valmy Formation. The depositional edge of the Donner Member as defined by 
Sadlick is about 70 miles east of the orogenic belt. He visualizes it as 
probably accumulated "chiefly as a series of coalescing deltaic plains." 



Possible Related Disturbances 

What has just been described is the axis of maximum deformation. This 
is usually referred to and shown on maps as the Antler Orogenic Belt. Sever
al other areas many miles from the central belt were distrubed at this same 
time. The Stansbury Uplift appeared in north central Utah in late Late 
Devonian time. It was a north-trending structure along which early Paleo
zoic miogeosynclinal rocks were exposed and deeply eroded. (Stokes and 
Arnold, 1958). An angular unconformity between the Chainman Formation and 
older rocks seen in the Silver Island Range near Wendover, Utah was dated 
by Sadlick and Schaeffer as middle Mississippian. (GSA Vol. 70, No. 12, 
p. 1786). They call this the Wendover Phase of the Antler Orogeny. 

Some geologists (see Johnson GSA Bull, vol. 82 p. 3263) apply the 
term Antler Orogeny to all Late Devonian-Middle Mississippian disturbances 
throughout North America including the Franklynian Geosyncline in the 
Arctic. 

The Antler Effect 

J. G. Johnson in an article titled Timing and Coordination of 
Orogenic, Epeirogenic and Eustatic Effects, (GSA Bull. vol. 82, p. 3263) 
concludes that "orogeny, epeirogeny, and eustasy act in concert in 
response to the same driving mechanism, because the timing of orogeny in 
the geosynclines and the.spread of marine waters to their maximum on the 
cratonic interior is found to coincide with remarkable accuracy during 

r . three of the four orogenies, and to be permissively in accord with this 
(. correspondence of timing in the fourth.* The name "Antler Effect" is 

suggested for this fundamental relation," p. 3263. 

The Other Side of the Mountain 

Before the Antler Orogeny the Cordilleran Geosyncline was unbroken 
by internal uplifts and marginal seas spread unimpeded from the open 
proto-Pacific across the interior lowlands to the center of the continent. 
In the middle Paleozoic the Antler Belt became a barrier and a source of 
sediment that for a time divided the marginal geosyncline into two parallel 
troughs each with its peculiar sedimentary contents. Eastward, shallow-
water marine deposition continued throughout the Paleozoic and into the 
Triassic. Westward in northwestern Nevada a new basin, the Pumpernickle-
Havallah basin was formed (see Bissell, 1962 section). In we&t-central 
Nevada, the Diablo sequence was deposited beginning in Permian time. 
Both of these sequences rest with profound angular unconformity on lower 
and middle Paleozoic rocks and overlap structures developed during the 
Antler Orogeny (Silbering and Roberts, 1962, p. 35). 

. South of a line between Reno and Eureka evidence for reconstructing 
the structure and stratigraphy of regions west of the Antler Belt is' • 
uncertain due to cover and igneous effects. 

*He refers to the Taconic, Acadian-Antler, Sonoma-Appalachian, and Nevadan. 
See attached diagram. 
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Economic Geology 

No mineral deposits seem to have been emplaeed during or as a 
result of the Antler Orogeny. Mention must be made of the famous 
Carlin Nevada gold deposits that are mined for fine colloidal gold 
disseminated in leached carbonate strata at the Roberts Mountain Forma
tion (Devonian) in a window of the Roberts Mountain thrust fault. Although 
the thrust fault and Antler Orogeny predate and have no genetic relation to 
the ore there has been a great deal of prospecting of Nevada thrust sheets 
in hope of finding another Carlin. 

Relation to Later Events 

The Antler Orogenic Belt lies east of the Sonoma Orogenic Belt, 
created in Permian-Triassic time and west of unnamed Mesozoic disturbed 
areas that are chiefly of Jurassic-Cretaceous age. Effects of the Antler 
event are difficult to untangle from both of these because (a) the Sonoma 
Orogeny brought rocks from an unknown distance to the west and in the process 
deformed the sediments shed from the west .flank of the Antler Belt, and (b) 
the mid-Mesozoic thrusts in many instances carried with them large segments 
of the Antler slices well beyond their previous positions. To complicate 
matters much of the Mesozoic movement in northern Nevada was south and 
southeasterward. This may have brought material out of western Idaho or 
Oregon that had not been previously displaced or it may have simply given 
an extra eastward component to the already-existing Antler displacement. 

John Riva concludes from his work in the HD Range, Nevada, almost 
the last exposure to be seen before the lava cover: "The regional 
significance of this [southward-southeastward] direction of movement 
athwart the prevalent eastward direction, remains to be evaluated and un
derstood" (John Riva, Thrusted Paleozoic Rocks in the Northern and Central 
HD Range, northeastern Nevada, GSA Bull. vol. 81, p. 2716f, 1970). Kay 
and Crawford working in central Nevada conclude that "...prospects are that 
thrusts of great lateral displacement developed through a long span in the 
late Paleozoic and early Mesozoic Eras" (Marshall, Kay and John P. Crawford, 
Paleozoic Facies from the Miogeosynclinal to the Eugeosynclinal Belt in 
Thrust Slices" GSA Bull., vol. 75, p. 425f, 1964). 

Mechanics of the Antler Orogeny 

It is tempting to try to fit the Antler Orogeny into a frame work of 
plate tectonics and to see in the resulting mountains a result of plate 
collision and compression. This impulse is heightened when it is observed 
that the period of most intense action, from Late Devonian to Middle 
Pennsylvanian was a time of known compressive reactions along the eastern 
borders of North America.' The closure of the proto-Atlantic and the 
juxtaposition of the opposing continents was certainly in the middle 
Paleozoic coincident with the Antler Orogeny. Johnson's theory.(see 
Antler Effect) has a fundamental truth. 



Any efforts to relate the Antler Orogeny to plate interactions en
counters immediate difficulties because: 

1. There is an almost total lack of igneous rocks of both j '̂  
intrusive and extrusive kinds such as accompany subdue- ' : 
tion in more recent collisions. ' 

2. There is no sign of the ophiolitic suite of rocks that 
accompanies subduction or underthrusting in most more . 
recent plate collisions and even Appalachian-Caledonian . 
collision zones of eastern North America. . -' ' 

3. Nowhere have basement rocks or oceanic crustal rocks 
been found in the associated thrust slices. 

4. If there were plate tectonic effects the shortening or 
compressive effects were expressed as obduction rather i 
than subduction which is always a difficult process to • 1 
bring about in straightforward collisions of plates. ' 

5. Assuming as anyone must that there were eastward directed 
forces these cannot have been related to converging .land 
masses or closure of a marginal sea because the belft to 
the west remained a basin of deposition which received 

{ • • ' • normal sedimentary deposits for 4 successive periods (Penn., 
^ Perm., Triassic, Jurassic). 

6. If there were no converging blocks or plates either marine 
or submarine to exert east-directed pressure on the eugeo
synclinal deposits their movement must have been caused by 
gravity which would require uplift on the order of 10-30,000 
feet.. If there were such an offshore welt or ridge did it 
move? And what happened to it later? And why did none of the, . 
thrust slices cut into it so as to move and preserve deep- i ! . 
seated rock in the orogenic belt? . ':•• '-

Faced with these difficulties the best alternative in my opinion is some 
sort of "accordian plate tectonics" a la Churkin, 1974. Here is a possible 
mechanism whereby pressure may be exerted by an offshore buttress which 
immediately drifts away or subsides to leave the continental margin 
orogenically deformed while at the same time creating another basin on the 
same site as was once occupied by the displaced sedimehts in which further 
sedimentation could take place.: 

W. L. Stokers, 1976 



r̂  

:rt-; 
—̂ " 

acr 

39° s 
i23°V 

Figure 2. Hypnthctical conRguraiioni along conli-
-.-niil margini. Granite and ba»ali paiicrnt repretent 
i-ntincnial and oceanic crust, rnpcctively, in relation-

p to tea-level linet. Gradational irantiiion berwcen 
ntinenial and oceanic material it shown in section B. 

P. 1 ^ 16. _.. 
groptolite fades shelly facies 

2000(1 

Figure i . Locaboni of tnidlcd suites. Map con-
itructed at detcr\bed in caption for Figure 1. i . Scott 
Canyon Formalion, Antler Peak quadrangle, b. Sh»-in 
Formalion, Shosone Range, c. Valmy Formation, Water 
Canyon, Sonoma Range, d. Valmy Formalion, 
Shothone Range, e. Schoonovcr Forination, Jacks 
Creek, Independence Range, f. Pumpernickel Forma
lion, Sonoma, Range, g, Farrel Canyon Formation, Ot-
gf>od Mountains, h., i, Happy Creek Formation and j 
overlying Triasticf?) rocks, Jackson Mountains, j . Ex
celsior Formation, Hawthorne area. k. Soda Mountains 
Formation, Soda Mountains 1. Warm Springs Forma
tion, Bune Valley, m. Unnamed unil, northern Inyo 
Mountaini. n. Unnamed unit, Alabama Hills, o. Cillis 
Formalion, Hau-ihomc area. p. Unnamed luiii (Excel
sior?), Bodie Hills, q. Wassuk Range, no sample*, r. 
Unnamed unil southwest of Yeringion, t, Triassic-. 
Jurassic, Pine Nut Range. L Unnamed units ofi 
Triassic-Jurassicf?) age near Genoa and Carson City, u, | ' 
Peavine sequence, Reno. v. Volcanic rocks of Shadow 
Creek and Mammoth Crest, Devil's PosipUe area, w. 
Unnamed Triassic-Jurassic(.') unit in San Andreas quad
rangle. 1. Klamath Mountains, 1. Devonian island-arc 
assemblage of nonhem Sierra Nevada (from Hietanen, 
1973), 3, Triaitic keratophyret of central Oregon inlier. 
(from Dickinson and Vigrati, 1964). ^ i Q i si-
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andThelly facies ordinarily overlap. Shelly faces is plotted here lo in
clude its supposed maximum extent and depth. p , ^ ^ g ^ 
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Figure 1. Index map of Nevada, showing county boundaries. A = 
minimum westward extent of Lower Cambrian cross-bedded quarlz sand
stone, B = minimum westward extent of Upper Ordovician-Lower Silu
rian shelf carbonate, C = boundary between graptolile facies and shelf 
carbonate facies of Upper Silurian rocks, D = boundary between open-
marine limestone facies and shelf dolomite facies of lower Middle De
vonian rocks. References for numbered localities: 1-Johnson, 1970; 
2-Thorman, 1970; 3-Evans and Ketner, 1971;4-Roberl$ and others, 
1967; S, 6-Smiih and Ketner, 1972; 7-Roberts and others. 1967; 8 -
Winterer and Murphy, I960; 9-Menriam, 1940; 10-Merriam, 1963; 
11-Ferguson and olhers, 1952; I2-Ferguson and others, 1951; 13-
GUluly and Gates, 1965; 14-Gilluly and Masursky, 1965; IS-Siewirt 
and McKee, 1968; 16-Slewait and Palmer, 1967, and Washburn, 1970; 
17-McKee and. Ross, 1969: 18-Kay and Crawford, 1964; 19-Merriam, 
1973; 20-23-Kleinhampl and Ziony. 1967; 24-Ferguson and Cathcart, 
1954, and KleinhampI and Ziony, 1967; 25-Kleinhampl and Ziony, 
1967; 26-Ferguson and others, 1954: 27-Albers and Stewart, 1973; 
28-Comwall, 1972; 29-Burchriel. 1964; 30-Comwall. 1972; 31-Corn-
vrall, 1972, and Cornwall and KleinhampI, 1964; 32-Nelson, 1962; 
33-Ross, 1967a; 34, 35-S(evens and Ridley, 1974; 36-Ross, 1967b; 
37, 38-Ross. 1967a; 39-McAllister, 1956. and Ross. 1967a; 40-Ross. 
1967a, and Stevens and Ridley, 1974. _^^ 
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Figure 9. Restored structure sections across central Nevada prior to Basin-Range faulting. A. Restored 
structure section subsequent to (leformation of Carboniferous sediments and early Mesozoic strata to 
the ivfst, and prior to Nevadan intrusions. B. Restored section—eariy Carboniferous time on the 
hypothesis that the ailochthon moved from a tectonic belt farther west in the Antierian Orogeny, 

, the thrust sheet gliding on an eastward-descending plane . ^"-v, 

•rAr, iy ,y»^*- nsr4iittrtcti,ii s l .P .C- . tOfor^^CiA I3..U. ^ ^ . T r _ P H-Li -p j l Ct) 

PAI/KOZOrC ROCKS APR TFT IM .Smmi-CrriTRAX ITA.KO 
. Sklpp, n»tty, D.S. Geological Sur-/»y, De.iv»r, Colorado eo??5; Kil l , 

! ' Wayne T.., U.S. Geological Survey, M«nlo Park, Cslirornla 9li(»5 
•"All Paleozoic rocks exposed north of the Snake River Plain betu-en the 

Fish Creek Reservoir area and the Big Lost River are allochthonous, 
having moved east or northeast tens of kilometres on folded and faultetj 
thrusts of probable Sevier ag^. Older thrusting of Antler age may have 
telescoped middle Paleozoic rocks exposed in the Fish Creek Reservoir 
area. The parautochthon throughout; the area consists of folded and 
faulted Devonian miogeosynclinal shallov-water carbonates. At Fish 
Creek Reservoir, the parautochthon is overridden by five s t ructural 
p l a t e s . The lowest two contain Devonian rocks of similar ages but of 
continental margin and deep-water oceanic facies; telescoping of these 
facies demonstrates tectonic transport of a t l eas t Ii8 km. The remain
ing three plates are Mississippian aysch of the Copper Basin Fonnation 
and two plates of Perrolan and Pennsylvanian in te r io r basin deposits of 
the Wood River Formation, the highest s t ruc tura l element. The Copper 
Basin ailochthon, some 19 tan wide, consis ts « < • ' • • • , . - . . 
conglomerates, sandstone, and Impure limestone composing a Hi . s i . a lpp l -
an a ^ c h sequence more than 7.000 m thick. This ailochthon 1. bounded 
above and below by folded and faulted thrust faults with ^ ^ l " ^ 
trend N30'W. On the west, the Wood River For™stlon overrides the 
Copj r Basin. On the east the Copper Basin is thrust - " ' " . ^ ^ f ^- . 
calely folded Mississippian through Upper P«™1."' ° i ' « " " ^ ^ . \ ^ " ^ | , „ 
carbonate sequence which also has been th rus t eastward several k i lo -
metres! U f l l a t e r a l tear faul ts trending ff/O'E offset the Copper / 
Basin and upper Paleozoic carbonate al lochthons. 
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^^ j General izat ions 

Paleozoic Strat igraphy of the Western I n t e r i o r 

PENNSYLVANIAN 

I . H is to r i ca l 

The Pennsylvanian Per iod or System o f American usage i s the approximate 
equivalent of the Upper Carboniferous of European geo log is ts . The term Penn
sylvanian was f i r s t used by Henry S. Wil l iams in 1891. The name is taken from 
Pennsylvania where the system is prominent and economically important f o r the 
great coal deposi ts . However, eastern exposures are not t yp i ca l and because 
they y i e l d few f o s s i l s o the r than plants they have not proven s a t i s f a c t o r y as 
standards of reference. Mid-cont inent Pennsylvanian exposures (Kansas, M issou r i , 
Iowa, Oklahoma) are very f o s s i l i f e r o u s and provide f a i r l y good standard sect ions 
for North America. 

I I . Tectonics and Paleogeography 

A. A major orogenic event which produced the Ancestral Rockes i n Colorado, 
Utah, Wyoming and New Mexico took place in the mid-Pennsylvanian. This event 
completely a l tered previous tec ton ic patterns and l e f t a permanent impression 
on subsequent geologic events . A great number of impressive features o r i g i na ted 
with th is orogenic event . (See tecton ic map at tached) . Maximum deformat ion was 
achieved where the orogenic b e l t crosses the Transcontinental Arch. 

1. Pos i t ive h igh-s tand ing elements capable of fu rn ish ing gjsdiment, i n f l u 
encing drainage and modi fy ing c l imate inc lude : a) Uncompahgre Element, b) 
Frontrange Element, . c) Pathf inder Element, d) Defiance-Zuni Element, e) 
Pedernal Element. 

2. Pos i t ive l o w - l y i n g elements fu rn i sh ing l i t t l e or no sediment and 
act ing as shoals or low is lands inc lude : a) Ra f t r i ve r High, b) Lemni P la t 
form c) Piute p l a t f o r m . 

3. Negative elements s ink ing so as to receive large volumes o f sediment 
. i r ic lude: a) Paradox Bas in , b) Eagle Basin, c) Oquirrh Bas in , d) Central 

New Mexico Basin, e) Wood River-Wells Basin, f ) Butte-Deep Creek Bas in , 
g) Bird Springs Bas in . 

4. Areas t h a t received sediment but were not notably negat ive or basin-
l i k e include a) Wyoming Shel f , b) Arizona Sag, c) Morgan-Weber P la t f o rm, 
d) central Montana P la t fo rm. 

5. Many s t r a i t s , ba rs , s i l l s and spi l lways between and among the pos
i t i v e and negative elements have been named but there is l i t t l e un i f o rm i t y 
o f usage. Authors have put f o r th names and i n te rp re ta t i ons but only time 
w i l l t e l l which o f these w i l l prove to be of p rac t i ca l use. 

B. The Ant ler Orogenic Be l t continued ac t i ve and the r e s u l t i n g highlands 
supplied sediment eastward i n t o centra l Nevada. The northern and southern cont in
uations of the An t le r B e l t are not c lea r . 

C. The W i l l i s t o n Basin l o s t much of i t s former i n d i v i d u a l i t y and i s scarcely 
i d e n t i f i a b l e in Pennsylvanian t ime. 

D. The Wasatch Line i s poorly marked and is not p a r t i c u l a r i l y d iscernable 
'' ~': on isopach maps. 

E. Evidence o f i nc reas ing land masses in C a l i f o r n i a , Oregon, and Washington, 
PV—.̂  Kiamathonia may have been welded to the cont inent dur ing the Pennsylvanian. 

- . . . - ' . 



I I I . L i tho logy and Sedimentation 

A. The Pennsylvanian System contains the greatest va r ie t y and d i v e r s i t y o f 
sedimentary rock types o f any geologic pe r iod . The volume of sediment produced 
is probably greater than tha t o f any other Paleozoic pe r iod . Exposures are 
widespread i n the Great Basin and Rocky Mountains. Subsurface formations are 
extensive and va r ied . 

B. General izat ions about rock types are d i f f i c u l t to make. Commonly, f o r 
mations are mixtures tha t fo l low we l l -de f ined to vague c y c l i c pa t te rns . Extimated 
percentages o f rock types: sandstone and q u a r t z i t e , more or less arkosic,50%; 
l imestone and do lomi te , inc lud ing mixtures, 20%; f i n e - c } a s t i c s , inc lud ing black 
sha le , 10%; conglomerate, mostly arkose, 10%; s a l t , i nc lud ing sodium and potassium 
bearing types , 10%; c o a l , f r ac t i ona l percent. 

C. There is s u r p r i s i n g l y l i t t l e volcanic m a t e r i a l , e i t h e r ex t rus ive or i n t r u - ' 
s ive cons ider ing tha t t h i s was an orogenic pe r iod . 

D. "Red beds" begin to appear (Morgan, Founta in, Madera). These are mostly 
t raceable to the Ancestral Rockies. 

E. The Paradox s a l t sect ion is one o f the most voluminous on ea r th . 29 
cycles o f depos i t i on , each w i th potash s a l t s , have been counted. 

F. Cyc l ic r e p e t i t i o n o f l i t h o l o g i c types i s common and must rebate to the 
cyclothemic sedimentat ion of the mid-cont inent and elsewhere. Western "cyc les" 
were l a r g e l y submarine and hence lack coa l . 

G. The Oquirrh Formation (Penn-Perm) wi th a maximum thickness o f 25 to 30 
thousand fee t is one o f the th ickes t i f not the t h i c k e s t formation in the 
United Sta tes . 

H. Reef - l i ke accumulat ions, termed " r e e f o i d " by Pennsylvanian s t ra t ig raphers 
are l o c a l l y impor tant . 



IV. B i o s t r a t i graphy ^ 

A. Pennsylvanian faunas present a very order ly outgrowth from those o f the 
Miss iss ipp ian and are var ied and p r o l i f i c . The l i t h o l o g y seems-especial ly favor
able f o r preservat ion o f specimens eas i ly freed of ma t r i x ; s i l i c i f i c a t i o n is 
l o c a l l y important but not widespread. Estimated decreasing abundance o f obvious 
animal groups: brachiopods, protozoans ( f u s u l i n i d s ) , mol luscs, bryozoans, c o r a l s , 
echinoderms ( c r i n o i d s ) , sponges and conodonts. Three groups have been p a r t i c u l a r i l y 
useful i n de-fining workable zones: f u s u l i n i d s , brachiopods, and conodonts. 

B. Widespread f l ood ing and break-up of the Transcont inental Arch permi t ted 
wide migra t ion and easy interchange of marine faunas between the mid-cont inent 
and western areas. Same species in Kansas, Colorado, Utah, and Nevada. Canada 
has very l i t t l e Pennsylvanian. 

C. There are a few coal beds wi th p lant remains, c h i e f l y i n New Mexico. Palyn
ology could be he lp fu l but i s not much used in the Western i n t e r i o r as contrasted 
w i th the eastern coal basins. Sa l t contains wel l -preserved po l l en . 

D. With one exception there are few ver tebrate f o s s i l s . The except ion is the 
fauna from the Bear Gulch Member of the Tyler Formation, Early Pennsylvanian, 
Central Montana. A p a r t i c u l a r i l y productive s i t e near Becket has y i e l ded 27 
genra o f ray- f inned f i s h and f i v e sharks. Even more important are the f i r s t 
f a i r l y good f oss i l s o f the conodont animal. (GSA Special Paper 141). I t appears 
to be a ver tebra te . 

E. The most p r o l i f i c w r i t e r and long-time student o f Penn-Perm s t ra t i g raphy 
and f u s u l i n i d b ios t ra t ig raphy of the western i n t e r i o r i s Prof . H. J . B i s s e l l , 
Brigham Young Un ivers i t y . He has published many important papers, c h i e f l y i n the 
B u l l e t i n o f the A.A.P.G. 

V. Economic: 

The Pennsylvanian i s probably o f greater economic importance than any other 
geologic system in the Western I n t e r i o r . 

1 . Many i m p o r t a n t ' f i e l d s i n Montana (New Sumatra, Stensvad), Wyoming (Lander-
Hudson, Winkleman), Utah (Aneth, Ashley Va l l ey ) , Colorado (Rangely) and Arizona 
(Boundary Bu t te ) . 

2. Great reserves o f sodium and potassium-bearing minera ls . One of the wor:ld's. 
l a rges t potash mines i s operated by Texas-Gulf Su l fu r a t Cane Creek, Grand Co. , Utah. 
P o s s i b i l i t y o f bromine from associated br ines. 

3. Host rock in several o f the wor ld 's greatest metal mining d i s t r i c t s : Bingham 
Utah; E l y , Nevada. 

4. Bu i ld ing store l o c a l l y . The great accumulations of gravel and. sand along the 
shore l ines of Lake Bonnevi l le are c h i e f l y der ived from Oquirrh Formation; example. 
Po in t o f the Mountain S p i t . 

V I . Scenic 

A. The higher e leva t ions o f the southern Wasatch from American Fork Canyon to 
Mt. Nebo are carved from the Oquirrh Formation; a l so , most o f the Oquirrh JRange, 

. p a r t i c u l a r i l y that v i s i b l e from Sa l t Lake C i t y . -, 



B. Deeper parts of the Canyon of the San Juan River where it crosses the 
monument Upwarp, specifically, the Goosenecks section. Several small outcrops 
in the Cataract Canyon of the Colorado, stretches in the deeper canyons of the 
Green as it crosses the Uinta Range, Split Mountain and much of Yampa Canyon. 

C. The Garden of the Gods, near Denver, is in upturned sediments of the 
Fountain Formation. Many other scenic spots along the Front Range are carved 
from this colorful formation. 

Bibliography: 
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ANCESTRAL ROCKIES 

Historical 

The name Ancestral Rockies was applied by Willis T. Lee an astute 
student of Rocky Mountain geology. He was thinking of the great major 
uplifts of Colorado and could not know the geographic and geologic extent 
of what he was naming. 

Following Lee a number of smaller uplifts were located and named in 
New Mexico. Chief worker was C. B. Reed. His paper "Distribution of 
Pennsylvanian Rocks in Late Paleozoic Sedimentary Basins of Northern New 
Mexico" (Jour, of Geology, Vol. 55. 1947) revealed the existence of the 
Pedernal and Sierra Grande uplifts. 

Late additions to the family of Ancestral Rockies were made by Mallory 
(USGU Prof. Paper 450-E, 1950) who named the Pathfinder Uplift of southern 
Wyoming and by Heilmun who attempted to annex the Raft River Uplift in 
northwestern Utah (Intermountain Assoc, of Petrolleum Geologists, Guide
book to lOth Annual Field Conference 1959). 

It seems strange that the latest general review of tectonics, "The 
Tectonics of North America - A Discussion to Accompany the Tectonic Map of • 
North America..." U.S.G.S. Prof. Paper 628 by P. B. King does not mention 
the Ancestral Rockies by name and gives only one sentence to them by any 
name whatsoever (p. 64). 

Date of Orogeny 

The elevation of the Ancestral Rockies appears to have been a 
geologically rapid event. Where evidence is best, as in central and 
western Colorado,it can be dated as Early and Middle Pennsylvanian with 
pulses of varying intensity shifting from place to place. Mallory (Geol. 
Atlas of the Rocky Mountains, 1972, p. 131) states: ""In southeastern Wy
oming, the oldest arkosic conglomerate in the Fountain Formation is Atoka... 
Near Castle Rock (S. of Denver), hov/ever, a calcareous zone near the base 
of the Fountain Formation contains a Morrow fauna..., and in wells near y 
Pueblo, Colorado, arkosic sandstone projects as tongues into marine ••;''-
glauconitic rocks of Morrow age. The oldest arkosic conglomerate in the 
Minturn Formation.... is either of latest Atoka or early Des Moines age... 
The oldest arkosic conglomerate in the Paradox Basin is of Des Moines age... 

Area of Structural Disturbance 

No one has defined the physical limits of the Ancestral Rockies. 
Greatest disturbances are in central Colorado but effects continue in 
both directions, into Utah and Wyoming on one hand and New Mexico, 



Oklahoma -and Texas on the other. Considering the time of this disturbance 
it seems advisable to consider the Ancestral Rockies Orogeny a part or 

, the Appalachian Orogeny and in even broader, almost global context as part 
of the Hercynian Orogeny of Middle Paleozoic time which affected Europe 
and possibly parts of Asia as well. 

Considering major aspects of the Hercynian Orogeny and making appro
priate comparisions with the preceeding Caledonian episodes of Ordovician, 
Silurian, and Devonian time the following characteristics emerge: 1) 
the disturbances were mainly east-west or latitudinal in effect, and 
2) they seem to be due to compressive effects between the southern and 
northern continental masses, that is, by convergence between Laurasia 
and Gondwana. The Hercynian had the effect not only of compressing and 
elevating geosynclinal fillings where these existed but also of breaking 
across cratonic areas not previously covered by sediments. 

Insofar as North America is concerned there is an almost unbroken 
line of major disturbances from New England on the east to Idaho on the 
v/est which includes as major elements the Appalachian System, the Ovachita-
Wichita Systems and the Ancestral Rockies System. It seems significant that 
the major structural expression of the Appalachian System is folding, of 
the Ouachita it is overthrusting, and of the Wichita-Ancestral Rockies it 
is rifting or normal faulting. 

Special Terminology 
1 

( No special terms have been found necessary to describe the structure 
or stratigraphy of the Ancestral Rockies. But great diversity has come 
about in naming the major positive areas. Thus the Uncompahgre has been 
referred to as an Element, an Uplift, an Anticline, an Axis, an Antici inorium, 
a Highland and as Uncomphagria. The word uplift seems to be most popular. 

Less prominent positive areas have been called by other names; thus: 
Piute Platform, Emery High and Zuni Upland. Only time will tell which 
terms will survive. 

r 

Chief Tectonic Effects 

The Ancestral Rockies Orogeny was basically a tensional event with 
normal faulting as the chief effect. The exact location of the faults bound
ing the various uplifts and basins can seldom be exactly located because of 
blanketing effect of debris shed across them from the uplifts. Internal 
faults are difficult to date and differentiate from dislocations of later, 
mostly Laramide age. Breaks in the basins or grabens are obscured by later 
deposition. : 

Rocks Disturbed 

-̂ - The section uplifted in most of the structural blocks of the 
Ancestral Rockies was basically a great and unknown thickness of Pre-



Cambrian crystalline basement rocks and an overlying thin veneer of marine 
sedimentary formations of Pre-Pennsylvanian age. Beyond the area of most 
intensive deformation in Colorado, New Mexico, south central Wyoming, 
and eastern Utah the thickness of sedimentary rocks is greater but such 
areas are not included by all geologists in the Ancesteral Rockies. 

The. thickness of Precambrian crystalline rocks brought to the surface 
was probably at least 1.2,000 feet along the Uncompahgre Front (southwest 
flank of Uncompahgre Uplift). The overlying cover of Cambrian, 
Devonian and Mississippian in the same general area of greatest disturbance 
ranges from a feather edge to 2,500 feet or so. The sedimentary section 
is chiefly limestone, dolomite and shale. 

Ancestor or Descendant? 

Many geologists have objected to the term Ancestral Rockies because there 
seems to be no genetic relationship with the Laramide Rockies of later time. 
But the name sticks in the mind and grows in the literature and there is 
little hope of replacing it with anything else. After all it was and is a 
great feat to untangle the effects of two orogenies that cross each other as 
do the Ancestral and Laramide Rockies. Two giants of geology, W. T. Lee 
and T. S. Lovering disagreed over whether or not the Cretaceous seas ever 
crossed or covered the Rockies. This was because of evidence of both pre-
Cretaceous and post-Cretaceous signs of orogeny and the Pennsj/1 vanian uplifts 
were not understood at the time. 

What we are coming to realize is that the Ancestral Rockies themselves . 
may have formed along paths dictated by still older patterns. The heart of 
Colorado is a crossroads, not of two but of three orogenies. The ancient 
Transcontinental Arch, trending northeasterly across North America, is the 
result of an orogeny 1.5 - 1.8 billion years ago. (The famous Colorado 
Mineral Belt follows this trend.) The Ancestral Rockies broke across this 
trend about 300,000,000 years ago in the form of a conjugate fracture pattern. 
They traversed the resistant core of the Arch at right angles so as to expend 
the least energy and then resumed a more northwesterly course in Utah. 
Finally, in the Tertiary 60,000,000 years ago, a north-south system was 
superimposed as the Laramide Rockies rose across the previous trends. 

The subject of rejuvenated tectonic features is a large one and the 
"crossroads" area of central Colorado is a prime area for its investigation. 

Mother of Red Beds 

From the viewpoint of stratigraphy and sedimentation the greatest 
effect ofthe Ancestral Rockies was to supply raw material for the famous 
red beds of the west. This role has been emphasized in an important paper 
by T., R. Walker (Formation of Red Beds in Ancient and Modern Deserts, 
G.S.A;. Bull. 78, p- 353-368). This was followed by other papers the same 
worker. The source of the iron atmos, according to Walker are common 
iron-;bearing minerals such as hornblende, chlorite, biotite, ilmenite and 
magnetite. ' 



The.iron-bearing minerals contained in the gneiss and schist of the . 
Precambrian cores of the Ancestral Rockies were ideal sources of the hematitic 
pegment which eventually developed in many cubic miles of sediment derived 
from these uplifts. The effects of climate on the origin of red beds has 
been argued but no one has brought forth any serious objections to the time-
honored theory that an arid environment is very favorable because the absence 
of near-surface water allows penetration of the oxygen that is essential to' 
the process. Other evidences of aridity such as evaporites, wind-blown 
sands and scarcity.of plants and animals during the reign of the Ancestral 
Rockies tell the same story. 

Consider the spacial distribution of the red beds. Commencing at 
the north they are know to extend into northern Wyoming (Chugwater Group), 
the Black Hills (Spearfish), subsurface of Kansas and Nebraska (Dockum or 
Jelm Oklahoma, west Texas and eastern New Mexico (Dockum), northwestern 
New Mexico (Cutler Group, Chinle, San Rafael Group), northern Arizona 
(Cutler Gi?pup, Moenkopi, Chinle, San Rafael Group), eastern and south
eastern Utah (Cutler Group, Moenkopi, Chinle, Glen Canyon and San Rafael 
Groups), southern Nevada, southeastern Utah, and northwestern Arizona, 
(Hermit, Moenkopi, Chinle), northern Utah (Morgan, Moenkopi tongues, 
Chinle, Entrada), western Wyoming (redbed tongues of Triassic Thaynes and' 
Permian Phosporia ormations). 

This distribution centers in central Colorado and even if there were 
no other evidence, the case for deriviation from the Ancestral Rockies^ 
would be strong. The depositional edge can be drawn without much doubt on 
all sides except-the southeast where the Dockum disappears under Gulf 
Coast sediments. The.great lobe that trails across northeast New Mexico, 
western Oklahoma, and-west Texas seems to be headed for a depositional 
basin in the ancestral Gulf of Mexico. 

The distribution in time reflected in the stratographic section is 
also significant. The first appearance of red beds coincides with the 
introduction of arkose in the early and Middle Pennsylvanian. In Utah 
the first red beds (discounting those of the Precambrian and possibly 
Late Devonian) are in the Morgan. Formation, seen extensively in the eastern 
Uinta Mountains. From this time red beds proliferate in the geologic 
sections of the Rocky Mountain states. The Four-Corners, shared by Utah, 
Colorado, New Mexico and Arizona is referred to as the Red-Rock Country even 
in the tourist brochures. The colorful Fountain Formation is an eye-catcher 
along the Funt Range and the "race track" .topography of many of Wy6ming\s 
picture-book anticlines is due to the red beds. As a matter of fact the 
earlier geologists of the west used the term Red Beds as a useful synonym 
and map symbol for the undifferentiated continental Permo-Triassic. 

After reaching a height of importance near the Permian-Traissic boundary 
red beds declined. There were fewer in the Jurassic than in the Triassic 
and fewer in the Middle Jurassic than in the Early Jurassic. By the close 
of the Jurassic there were none of significance. This distribution in time 
correlates exactly with the prominence of the Ancestral Rockies as topographic 
features and as source areas. It is surely no coincidence that the mountains 
wp>"e essentially submerged in their own debris during the Triassic and 
that encroachment of stream deposits from -distant sources to the west 
was underway in Morrison (Late Jurassic) time. It may be argued that 
small remnants were still visible in the Cretaceous but this has not been 



The. history of Paleozoic-Mesozoic red beds in the western United 
States in essentially a history of the Ancestral Rockies. 

Salt Basins Among the Uplifts • 

The Ancestral Rockies were discovered because of the prominence of 
the great uplifted segments. The true significance of the intervening 
basins came later and was not fully appreciated until much deep drilling had 
been done. 

Many of the Pennsylvanian basins proved disappointing as producers 
of oil and gas but an accidental by-product of great economic importance was 
the discovery of salt in some of them. Drilling near Cisco, Utah encountered 
potash salt and led to the eventual understanding of one of the greatest 
reserves on earth. Salt and gypsum were also discovered in the Eagle Basin 
of central Colorado. Evaporatic deposits of less- concentrated chemical 
types also took place elsewhere. 

The special problems of dealing with salt-generated tectonics and 
stratigraphy will be covered in a later lecture. ' 

Arkose 

The arkosic sandstones derived from the Ancestral Rockies are among the 
(' most notable of the United States. Two other arkosic provinces are the 

Triassic of the Newark Series and the Eocene of California. Arkose is 
defined as sandstone with 25% or more feldspar in the nonclay detrital 
fraction. 

Arkose when subject to reworking and disintegration gives many other 
rock types. Purer grades of sand represent one product. The stratigraphy 
of sandstones related to the Ancestral Rockies will- be treated later. 

A few geologists are thoroughly sick of Ancestral Rockies arkose. Several 
wells have gone through as much as 10,000 feet of it in test wells without 
reaching a hoped-for underlying marine section. ':"-

• 9 - . 

Climatic Clues 

The effects of mountains as barriers to atmospheric circulation is a 
major topic in meteorology. Not much can safely be said'about the climatic 
influences of ancient ranges because not only are the configurations and 
heights of the mountains largely hypothetical but also other climatological 
factors such as winds and water bodies are poorly understood. 

It is, therefore, interesting to find a serious and quite believable 
attempt to relate the Ancestral Rockies to the paleobiology ofPeriman 

y --,_ life in the Four Corners region- (Vertebrates from the Cutler Group of 
K y' Monument Valley and Vicinity, P. P. Vaughn, N. Mexico Geol. Soc. Guidebook.. 

1973, p. 99-f). Vaughn notes that both Permian plants and animals of the 



of the Four Corners - Grand Canyon region hint at arid, rigorous 
climates and are much less prolific than faunas and floras of tne 
same age in Texas. 

"Could these differences have been due to a rain shadow cast over 
parts of the Four Corners by the Ancestral Rocky Mountains? Opdyke (1961) 
has noted that the directions of slope of Permian aeolian deposits in the 
western United States point to winds from the north and northeast and has 
suggested that what is now the southwestern United States may have lain, 
during Early Permian time, in a belt of prevailing easterlies near the 
equator, in accord with paleomagnetic data. The crest of the Uncompahgre 
highland may have reached, in Wolframp time, a mile or greater above the 
surrounding country..." This v/ould have been similar to the effects of 
the Sierra Nevada in Tertiary time which crested a rain shadow and desert 
east of .it. 

Fits the arkose problem too. 

The Ancestral Rockies and Global Tectonics 

Any tectonic event as powerful and extensive as the Ancestral Rockies 
Orogeny must eventually be examined in the light of the new global tectonics. 
No one seems to have done this. What is offered here are a few problems 
that come to mind in thinking about the gross relationships of this mountain 
system. Bear in mind a similar summary offered in connection with the 
Antler Orogeny. 

1. There are no evidences of either subduction or obduction 
in this system. On a smaller scale there are few evidences of 
thrust faulting or even gravity sliding. Unless there are un
suspected deep'-seated underthrusts as in the Laramide Rockies 
this system shows no significant sign of compression and cannot 
be related to continental collision. 

2. No igneous rocks are genetically associated with this 
system. The same may be said of mineral deposits and even of 
hydrothermal activity. Nothing seems to have been operating to 
yield either heat or deep seated gaseous, liquid,or soild - .;. 
products,. -̂  • ' . '". 

3. Tensional effects are evident from the great normal faults 
such as that on the Uncompahgre Front with an estimated throw of 
at least 20,000 feet. Such effect could scarcely be attained 
without relaxation of crustal forces or actual extension at . -
a-lower level. Only in connection with rift zones are such 
effec*?s compatable with global tectonics. 

• 4. The Ancestral Rockies are not parallel with or adjacent to 
the continental margin as it then existed or as it now exists. As 
a matter of fact they are oblique to the Gulf Coast and to the 
Pacific Coast. 

5. There are no obvious relationships to former zones of sedimenta
tion or downfolding. The trend of disturbances cuts through a region 
of minimal sedimentary section, in places perhaps with no sedimentary 
cover at all. 



6. .Other sections or systems bf the great Hercynian-Appalachian 
disturbance can be related to reactions between the southern and 
northern continents. Thus, the European sections could reflect the 
pressing of Africa against Europe and the Appalachians the late 
Paleozoic collision of northwest Africa and eastern North America. 

The only feasable way of affecting the southern and south
western parts of North America by plate movements at the proper 
time would be to bring South America against this part of North 
America. An illustration of how this might be arranged is 
presented (attachment) but it is an awkward solution to say the 
least and to bring it about requires that Central America and most 
of Mexico be absent. 

. But assuming that the weight of South America could be 
brought to bear briefly against the southwest edge of the solid 
transcontinental arch it seems possible that a tension-creating 
situation conductive to rifting along the lines of the Ancestral .-̂  
Rockies could be created. 

W. L. Stokes, 1976 

Ss 
•,F. 
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^ ^ ^ r ^ , o y > • 3 ^ ^ y I , ^ ^ / •' y > J o./s , y v ct t f S ' ^ y f / y y 

•z>- c y o "/y 
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y,y ' . ' •^ ' ' General izat ions 

Paleozoic St ra t igraphy o f the Western I n t e r i o r 

PERMIAN 

I . H i s t o r i c a l 

The Permian System was establ ished by Sir Rodrick Murchison (founder of the 
Ordovic ian) i n 1841. The standard world sect ion is on the west f lanks of the 
Ura ls , European Russia. The Permian of Great B r i t i a n and Western Europe is 
sparcely f o s s i l i f e r o u s cont inenta l red beds and sandstone. Since access to 
U.S.S.R. l o c a l i t i e s has been r e s t r i c t e d not many non-Russian geologists have been 
able to study the type Permian 

Knowledge of North American Permian has been slowly a t ta ined because the best 
exposed and most complete sect ions are in the Southwest and were not explored 
u n t i l r e l a t i v e l y l a t e r than other Paleozoic outcrops. Texas has provided the 
standard U.S. sect ions and names - Wolfcamp, Leonard, Guadalupe, Ochoan - the l a s t 
named is gradual ly f a l l i n g i n t o misuse as i t appears to be represented only in the 
Oklahoma,. West Texas, east New Mexico area and may span an i n s i g n i f i c a n t par t of 
the pe r iod . In any event , western sect ions can be dea l t w i th s a t i s f a c t o r i l y in 
terms o f the 3 o lder epochs. 

I I . Tectonics and Paleogeography 

A. Dominating t e c t o n i c elements of the Permian were: the Ancestral Rockies 
i n process o f steady eros iona l des t ruc t i on ; the Canadian Sh ie l d , now expanding 
somewhat southward; the Cord i l l e ran Geosyncline, w i th the An t le r Bel t undergoing 
erosion and the Sonoma Orogeny creat ing mountains in western Nevada and eastern 
C a l i f o r n i a l a t e in the p e r i o d ; the Transcont inental Arch which was rather low w i th 
a widening "sag" i n Arizona and essen t i a l l y o b l i t e r a t e d i n eastern Colorado, 
Nebraska and Kansas. 

B. Negative and p o s i t i v e elements tha t o r ig ina ted in the Pennsylvanian con-
. t inued i n t o the Permian but highlands were great ly lowered and basins were 

e s s e n t i a l l y f i l l e d t o create a less d i v e r s i f i e d landscape. The Paradox, Eagle, 
Oquirrh and other basins were gradual ly o b l i t e r a t e d and not much in evidence a f t e r , . 
Wolfcamp t ime, but the Uncompahgre and Frontrange elements continued to be emergent 
throughout the p e r i o d . 

C. Great volumes o f c l a s t i c sediments der ived from the Ancestral Rockies in 
add i t i on to f i l l i n g adjacent basins pushed back the ep icon t inen ta l seas and created 
wide zones o f i n t e r f i n g e r i n g marine - non marine f ac i es . 

D. Many sca t te red outcrops of vo lcanic rocks usual ly associated w i th metased
iments and c l a s t i c d e r i v a t i v e s are known in the Pac i f i c Sta tes . These suggest 
a rch ipe lag ic is lands and a rap id accret ionary ac t ion in the Pac i f i c coastal area. 
Much o f t h i s Permian .mater ia l may res t on oceanic c rus t . L i t t l e i n t r u s i v e mater ia l 
or g r a n i t i c debris i s known, however. 

E. Growing, but s t i l l not pos i t i ve evidence f o r a l a te Paleozoic. Early 
Mesozoic mounta in -bu i ld ing episode, the Sonoma Orogeny, is accumulating. (Date-
240-220 my). Chief e f f e c t s are eastern C a l i f o r n i a , almost over lap ing i n t o the 
•present S ie r ra Nevada and i n t o Northwestern Nevada. (GSA, Vol 83, p. 1996). 

. I I . L i tho logy and Sedimentat ion 

A. The Permian Per iod has an estimated dura t ion of 55 m i l l i o n years dur ing 
which a large volume o f d i v e r s i f i e d rocks was produced. Estimated percentages 
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o f dominant sedimentary rock types in decreasing abundance are : Sandstone, both 
marine and non-marine ,45%, limestone and dolomite,20%; f i ne c l a s t i c s , much of i t 
red, 15%; phosphor i te , 5%; che r t , 5%; evapor i tes , mostly gypsum, 10%. This tab
u la t ion ignores the vo lcan ic der ivat ives that make up large but unknown f rac t ions 
in Nevada, C a l i f o r n i a , Washington and Oregon. Exposures are widespread i n the 
Colorado Plateau, Rocky Mountains and Great Basin and are r e l a t i v e l y more abundant 
than previous systems i n the Pac i f i c s ta tes . 

B. Cycl ic depos i t ion of the Oquirrh-Ely type continues approximately to the 
end of the Wolfcamp. The Wolfcamp por t ion of the Oquirrh i s not s i g n i f i c a n t l y 
d i f f e r e n t from the Pennsylvanian part in apprearance, l i t h o l o g y and b ios t ra t i g raphy , 

C. Deposition o f " red beds" reaches a maximum and r e f l e c t s ace l l e ra ted erosion 
of the Ancestral Rockies and deposi t ion i n a l l u v i a l p la ins and near-shore marine 
environments around them (Upper Fountain, upper Maroon, Cu t l e r , Supa i ) . 

D. Extensive b lanket sandstone formations mostly aeol ian are c h a r a c t e r i s t i c 
o f l a t e r Permian time (Weber, Cedar Miesa, Coconino, DeChel ly). An except ion i s 
the White Rim which seems to be a ba r r ie r bar format ion. Wind d i r e c t i o n s were 
predominantly to the south . 

E. Gypsum is l o c a l l y abundant (western North Dakota, adjacent Montana; n o r t h 
western Texas, adjacent New Mexico, Ar izona, and southern Nevada) and there are 
h a l i t e deposits in North Dakota, Montana, Wyoming, Nebraska, Colorado, Kansas, 
Oklahoma, New Mexico and Texas. Potash i s found i n Ar izona, New Mexico and Texas. 

F. Dolomite again i s an important rock type espec ia l l y in the Leonard and 
Guadalupe formations o f Nevada, and southwestern Utah. 

G. Chert i s very abundant, possibly c o n s t i t u t i n g a greater r e l a t i v e volume 
than in any previous pe r i od . This may or may not co r re la te w i th a s t rong 
resurgence of sponges i n the l a t e Permian or wi th the strong volcanism i n the 
nearby Pac i f i c b e l t . 

for 
H. Conditions were favo rab le , i n the la te Leonard-Guadalupe^the accumulation 

of great volumes of phosphate-bearing rock (phosphori te) i n the l a t e Permian of 
western Montana, western Wyoming, northern Utah and northeastern Nevada (Park Ci ty 
and Phosphoria Format ions). Upwelling o f Pac i f i c currents across shal low shelv ing 
banks in connection w i t h the r i g h t marine organisms seem to have been responsible 
fo r the phosphate d e p o s i t i o n . 

I . Important breaks in the sedimentary record, as is so of ten the case, occur 
w i th in rather than between the se r ies . Thus there are important in t ra-Wol fcamp, 
intra-Leonard and int ra-Guadalupe unconformit ies o f wide ex ten t . 



IV. B ios t ra t ig raphy 

A. No s i g n i f i c a n t faunal break ex is ts between the Pennsylvanian and Permian 
of the Western I n t e r i o r but there i s a d i s t i n c t and abrupt change w i t h i n the 
Permian at about the leve l o f the Wolfcamp-Leonard boundary. Below th i s level 
the approximate order of decreasing abundance of obvious animal f o s s i l s i s : 
f u s u l i n i d s , brachiopods, bryozoans, mol luscs, echinoderms. Above the discon
t i n u i t y the approximate order is mol luscs, brachiopods, bryozoans, c o r a l s , 
sponges and echinoderms. The displacement o f brachiopods by molluscs marked an 
important and permanent change - - brachiopods never regained t h e i r previous 
s ta tus . Fusul in ids dec l ined almost to the vanishing po in t in north America but 
continued to prosper and evolve in Asia. 

B. For the ear l y Permain the faunas show connections w i th the mid-cont inent . 
Later there are migrat ions from the southeast (Texas-New Mexico) and from the 
northwest (Siber ia-Canada). The southeast b io fac ies is marked by the large 
product id D i c t i o c l o s t u s , the northwest fac ies by the s p i r i f e r o i d Punc tosp i r i f e r 
pulcher. 

C. Much i n t e r e s t attaches to the faunas of the phosphate-bearing beds. 
Brachiopods such as L ingula and Orb icu lo idea, w i t h phosphatic she l ls are very 
abundant. Many areas y i e l d a pecu l ia r depauperate fauna of small gastropods, 
pelecypods and cephalopods. A l l these plus sharks and perhaps numerous s o f t -
bodied animals con t r ibu ted to the phosphate content o f the Park Ci ty and Phosphoria, 

D. With the spread o f cont inenta l deposits i n the v i c i n i t y o f the Ancestral 
Rockies, a large number o f r e p t i l e s , amphibians, and f resh-water f i s h became 
f o s s i l i z e d . Numerous animal tracks are found in the Coconino and DeChelly but 
l i t t l e e l se . Bones o f a va r i e t y of ver tebrates come from the Halgai to and Organ 
Rock members of the C u t l e r , ch ie f l y i n the Monument Valley area. The age is la te 
Wolfcamp to ear ly Leonard. 

In the marine beds o f the Great Basin and northern Rocky Mountains vertebrates 
are represented by a v a r i e t y o f sharks i nc lud ing the pecu l ia r Hel icopr ion which 
l e f t s p i r a l tooth rows i n r e l a t i v e abundance. 

E. The record o f Permian plant l i f e i n the Western I n t e r i o r is f a i l y impor
tan t . A large f l o r a from the Hermit Shale i s regarded as one of the e a r l i e s t 
to show semi-ar id adapta t ions . Smaller c o l l e c t i o n s from the Halgai to and Organ 
Rock near the Four Corners area show need f o r a f a i r amount o f moisture whi le 
the plants from Texas and Oklahoma Permian seem to have grown under wel l -watered 
cond i t ions . I t has been suggested that there paleobotanical d i f ferences were 
due to orographic in f luences of the Ancestral Rockies. 

V. Economic 

1. The Phosphoria and Park City Formations are major producers o f phosphate -
rock i n Montana, Idaho, Wyoming and Utah. Uta ' i , f o r example has an estimated 
29,000,000 tons of ore w i t h a grade o f 31%+ P2O5 and 3,700,000,000 tons o f 
lower grade, cut o f f p o i n t is about 18% POOR-

2. O i l is produced from the Permian i n many f i e l d s espec ia l l y in Wyoming. 
Oi l f i e l d s seem to be - re la ted to the phosphate-r ich f ac i es . Although secondary 
to Pennsylvanian in Utah there is Permian product ion in the southern high p la teaus, 
western San Rafael , Rangely, Ashley Va l ley . 



3. Non-combu'itable gas inc lud ing carbon diox ide has been found i n Permian 
.sandstone of the Colorado P la teau- - th i s could be a great fu ture resource. 

4. Asphalt ic ( t a r ) sand in large amounts occurs in the Permian of the 
Colorado Plateau. The White Rim, Coconino, and Cedar Mesa are impregnated over 
wide areas. 

5. Gypsum is present in Permian of almost a l l Western I n t e r i o r s t a t es . Ha l i te 
is only s l i g h t l y less abundant. Potash i s mined from the Texas-New Mexico reg ion. 

6. The Park Ci ty Formation is the host rock fo r over 75% o f the me ta l l i f e rous 
deposits of the Park C i ty mining d i s t r i c t and there are ore bodies in the Permian 
par t of the Oquirrh at Bingham and in the Elv Limestone at Ely. Very extensive 
deposits of sedimentary copper are found in la te Permian s t ra ta o f Oklahoma. 

7. Local b u i l d i n g s tone, espec ia l l y Lykins of Front Range. 

V I . Boundaries 

See Pennsylvanian summary fo r Mississippian-Pennsylvanian boundary problem. 

The proper placement o f the Tr iassic-Permian boundary is a c l a s s i c o f geology 
because i t was a time o f great physical and b io log i ca l change and t r a n s i t i o n . 
Almost everywhere there seems to have been a complete withdrawal o f the seas so 
that some part of the very la te Permian o f very Early Tr iass ic is miss ing . At 
no place is i t ce r ta in t h a t we have continuous deposit ion-across the boundary. 
Fossils of most importance i n reference to the problem are conodonts, ammonites, 
and brachiopods. Great Basin sections may be of importance in l o c a t i n g the 
proper horizon. 

V I I . Scenic 

Permian rocks are w ide ly exposed in the Colorado Plateau where they have 
at t racted wide fame because of t h e i r s t r i k i n g co lo ra t ion and unusual eros ional 
forms. Among the areas s p e c i f i c a l l y designated as scenic or s c i e n t i f i c a t t r a c 
t ions are: 

Canyonlands Nat ional Park: The topograph ica l l y lower and more souther ly 
sections of Canyonlands N.P. show exposures o f the Cu t le r , White Rim and Cedar 
Mesa formations. Banded gray and red rocks of cont inenta l o r i g i n carved in bare-
rock c l i f f s and monuments dominate the landscape. 

Canyon DeChelly: This i s the type area of the DeChelly Sandstone. Ve r t i ca l 
canyon walls wi th " c l i f f dwe l l ings" are the a t t r a c t i o n . 

Natural Bridges N.M. Three great na t iona l bridges - Kachina, Sipapu, and 
Owachomo - - in wes t -cen t ra l San Juan Co., Utah a.re carved by meandering inc i sed 
streams from the Cedar Mesa Sandstone. 

Monument Val ley: Higher members of the Cut ler Formation are carved i n t o a 
var ie ty o f massive mesas, b u t t e s , and s p i r e s . The shaf ts o f these are DeChelly 
sandstone, the f l a r i n g bases are Organ Rock Formation. 

Upper slopes and r im rock of Grand Canyon: Three s t r i k i n g l y d i f f e r e n t f o r - ,>̂ ^̂  
mations of Permian age r i s e above the Redwall c l i f f s of Grand Canyon - Supai, '""A' 
.Coconino, Toroweep-Kaibab. 

The block U on the h i l l s i d e above the campus is on the Park C i t y Formation-
also the .rocks at the mouth of M i l l Creek are in t h i s same fo rmat ion . 
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Non-Marine Stratigraphy in the 
Late Paleozoic of the Western Interior 

HISTORICAL 

Western Europe and the British Isles were well suited as training 
grounds for the earliest generation of geologists. Few other areas of 
similar size could have furnished adequate types for the divisions of 
the standard geologic column that eventually came into world wide use. 
Strange as it seems, the British section even provides a foretaste of 
the non-marine late .paleozoic and early Mesozoic sedimentation and 
stratigraphy that dominate so much of the western United States. There 
are wind-blown sands, red beds and fluvial deposits that match on a 
reduced scale counterparts thousands of miles away. 

But geology and geologists did not progress directly from western 
Europe to western North America. There was a lengthy interlude when 
American geologists were getting their feet on the ground on the eastern 
seaboard. True, the rocks and fossils they found in the Appalachians 
weren't too different from those of the Old World. And well they 
might be for continental drift had managed to leave pieces of old 
Europe attached to North America and pieces of old America attached to 
Europe. What was lacking in eastern geology, except for the entirely 
atypical filling of the Triassic basins, was a good suite of non-
marine rocks. So a generation or two of geologists were trained ih 
looking at, moipping and correlating the wonderfully fossiliferous, 
/<r»Y' formations of the Appalachian geosyncline. 

When these marine-oriented geologists came into the west, 
particularily the Colorado Plateaus, they cannot be blamed for looking 
at the great non-marine sections in the light of their training in the 
east. The mistakes they made were natural enough but have been dif
ficult to correct once embedded in official reports and perpetuated 
in textbooks. 

Basic Difficulties ' 

Fewness of Fossils: It is difficult for a geologist accustomed to 
working in the Jurassic and Cretaceous of western Europe to adjust to 
the fact that many formations elsewhere are nearly or entirely barren 
of fossils. In the Colorado Plateau great thicknesses of rock, even 
entire formations, have not yielded a single fossil of any kinid. The 
remains that come to light in other formations are not the kinds on 
which reliable correlations can be based. To be more specific, the 
detailed subdivisions of late Paleozoic and early Mesozoic rocks that 
have been made are based chiefly on abundant marine fossils occurring 
in wel 1-documented lineages and assemblages; fossils found in equivalent 
continental beds are naturally of land living types that may be totally 
unfamiliar ar at least not yet assigned any specific value in geologic 
dating. 

This paucity of fossils is a fact of life with which many workers 
in continental beds are not prepared to deal. Their college training 
was with too many well-formed brachiopods, glistening trilobites. 



three-dimensional pelecypods and fresh-looking gastropods. Most of 
these must be forgotten when one sets foot in the continental deposits 
of the western wastelands. Now, our hero must look for ostracods 
that may appear like grains of sand, for charophytes that look like 
nothing he has seen before, for limonite encrusted bones and scattered 
teeth that seldom if ever come close to making up a complete animal. 
He must look for tracks and trails and ought to be an expert in trace 
fossils. A branch, a twig, a chip of wood may solve his correlation 
problem but he must recognize wood that has structure and wood that 
has none. He must learn which types of sediment may have spores or 
pollen and be willing to work long and hard to see these through to 
final determinations. He must learn to recognize in the distance those 
protruding ledges of limestone among the red beds underfoot which are 
likely to yield fossils. And to observe those lenses of light-colored 
marlstone deposited in temporary lakes among ancient dunes or flood 
plains and even for mere streakes of carbonaceous material in otherwise 
barren silt or sand. And he must learn to be wary of the abundant 
pseudo-fossils that nature has scattered in the non-marine rocks to 
deceive the unwary. 

Once a geologist learns what to expect and what to look for he 
may find that his formations are not really unfossiliferous and his 
correlations not impossible. 

Scarcity of Key Beds: With or without fossils the geologist working 
in continental sediments must never forget key beds. Every bed and 
every discontinuity between beds has a potential value in correlation. 
Its use depends on how far it can be traced. Every bed and every 
bedding plane must have finite lateral dimensions but little is known 
about how far either of these may extend. The thicknesses of uncounted 
numbers of sedimentary beds are known but a complete 3-dimensional 
study of a single bed is probably not to be found. This is, of course, 
excusable because the data for such a study would be almost impossible 
to obtain. 

Faced with the multiplicity of beds and bedding planes seen in 
random cross sections it is small wonder that most geologists wouldn't 
recognize one of these if he should see it again at another time or 
place. Only a few beds will make an impression strong enough to be 
retained for later recall. But an effort must be made. The best field 
stratigrapher I know, literally memorizes as much of a section as he 
can. Another takes innumerable photographs. Something like this is 
the only way that the less-than-extraordinary bed or bedding plane can 
be used as a marker. After all, isn't this the way fossils are used, 
by search, memorization., and comparison. The geologist referred to 
above has had great success in recognizing types of chert, in the marine 
secti-sns, these can be traced over great distances. 

The best key beds are in marine or at least subaqueous sections. 
Above all a key bed^once laid down,must remain intact or it is of no 
value. Thus the bentonite beds of the Ordovician of the Appalachians 
and of the marine Cretaceous of the Western Interior are proving of 
surprising value in correlation. All peculiar, eye-catching, features 
such as chert, unusual mineral or rock fragments, odd bedding, weather-



ing characteristics and striking colors should be evaluated in working 
out correlation problems. 

This adds up to a dismal picture for finding key beds in most 
continental sections. How can a key bed maintain continuity under 
subaerial erosion and deposition? Fluvial deposits originate through 
the reworking and shifting of mud and sand while aeolian deposits are 
built chiefly of dunes by a constant forward shifting of sand with 
almost daily changes. 

Volcanic ash, the raw material of the best key beds may fall and 
blanket sea bottom and land surface alike but the chances of its 
remaining intact in the former environment are naturally much better 
thah in the latter. It requires little imigination to visualize the 
rapid deflation and destruction of an ash bed under strong winds in 
the desert environments. 

Lack of Radiometric Dates: Sedimentary rocks yield relatively few 
radiometric dates compared to igneous and metamorphic varieties. 
Considering the late Paleozoic and Mesozoic rocks of the Western Inter
ior the chances for obtaining satisfactory dates from non-marine 
beds are less than they are for marine beds. This is chiefly because 
so many good dates have come from the Cretaceous bentonites. No good 
dates seem to have been obtained from the late Paleozoic sections 
associated With the Ancestral Rockies. This may be because no one 
has seriously searched for suitable materials. 

FAVORABLE METHODS 

In spite of a general lack of f ssils, key beds, and material for 
radiometric dating there are several favorable materials and techniques 
available. One of these is paleomagnetism. Workers with this method 
search out the clastic red beds and have reported good results from the 
Colorado Plateau and adjacent regions. Best,results have so far been 
obtained in the Moenkopi Formation. It is known from work elsewhere 
that the Permian was almost if not entirely reversed in polarity but 
there are numerous reversals in the Triassic and Jurassic. Hopefully 
these polarity epochs can be traced Mu;««various red bed basins to 
give better correlations than now exist. For example the Colorado 
Plateau section can possibly be related to the Wyoming section, the 
position of the Wingate Sandstone can be determined, and the exact 
hor'oon of the Permian-Triassic boundary can be fixed. The time 
values of unconformities below the Shinarumrop and Higham needs to be 
settled also. 

It appears that reversals in the Triassic if properly evaluated 
and traced well separate time planes equal to these established by 
paleontology. 

I 

Another method with potential value in correlat ion is that .o f 
paleocurrent indicators. Included here would be cross-bedding of 



both aeolian and aqueous origin as well as lineations, ripple marks 
and any other features that reveal the direction of depositing currents 
or simply of the paleoslopes. Most marine beds, particularily the 
carbonates are devoid of good directional indicators but the con
tinental red-beds and light-colored sandstones of the late Paleozoic 
are literally full of them. No good illustrations of their use in 
correlation come to mind but situations can be imagined where paleo-
directional data would be of value. It might, for example, prevent 
a correlation of units with opposing flow directions and favor cor
relation of those with parallel ones. A perceptive geologist might 
be able to discern a wind-blown sand from a beach sand and thus not 
correlate them. 

Finally correlation of key unconformities seems to have as much 
or more value than correlation by key beds. One result of subaerial 
erision, as any geomorphologist knows, is the creation of various 
types of level or gently-sloping surfaces. Thus these are extensive 
gravel-coated or armor plated surfaces, paleopediments, duracrusts, 
and deflation-controlled surfaces (such as Great Salt Lake Desert). 
These may cover thousands of miles and are more extensive than beds 
either above or below. See W. L. Stokes, 1968, Multiple parallel-
truncation bedding planes - a feature of wind-deposited sandstone 
formations: Jour. Sed. Pet. vol. 38. no. 2, and G. N. Pipiringos 

j and R. B. O'Sullivan, Chert Pebble Unconformity at the top of the 
Navajo Sandstone in Southeastern Utah, Four Corners Geol. Soc. Guide
book 8th.Field Conf. 1975, p. 149. P a P ^ s A - y " P n - i c A y / a l l / n c s o -
/ • o y , n i f ' C S Jiy T r / y i H / c yiy>td <Jtyy~nM/c y - o c f y ^ CAAC-*^ ^ y ^ ^ P ^ t-

PAPi'- y:'.'^p """̂ '̂ ^ •• ^'>"'^'"^"^ ^^PASPP '^^ -^"/^ 
A ^ y i ^ r f^*-/-^* Example - the Cutler Problem ^ ^ ^ ^ - y ^ , / < P 7 S 

The Cutler Formation, extensively exposed in Utah, Colorado, 
New Mexico, and Arizona is a complex assemblage of diverse depositional 
units the mapping and understanding of which calls upon all the tech
niques of non-marine stratigraphy. Donald C. Baars foremost student 
of the section characterizes the Cutler Formation as a "battleground" 
of marine and non-marine influences and says: "If the rocks were not 
to well exposed to view they would be a stratigraphic nightmare." To 
justify this assessment he points out -that every formation in the 
Permian System either pinches out or changes facies 100 percent within 
Canyonlands. 

The stratigraphic <ompl-exities of the Cutler Group arise from the 
paleogeography of Permian time. The prominent northwest trending 
Uncompahgre Uplift lying to the east and northeast of the Paradox 
Basin shed large volumes of arkosic, coarse grained sediments into the 
near-by basin where the underlying Paradox salt was in process of 
restless motion. Once delivered to the lowlands the heterogeneous 
mixture of clastic material was subject to a variety of influences well 
reflected in the complex facies of the Cutler. Fluvial, action of the 
type characteristic of arid or semi-arid climates distributed material 
from the mountains across alluvial fans into flatter areas with gradual 
reduction in the size of the component fragments. Parallels with 
modern arid basins which display sloping alluvial fans grading into 
central playa-)ake basins come to mind. Wind was an ever-present 
agent of erosion and deposition and probably had maximum effects in 
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the lower reaches of the alluvial fans where s.and and the finer grades 
of sediment came to rest. The analogy with interior basins breaks down 
for the earlier and later parts of the Permian when the ultimate base 
level was a shallow shelving sea to the south and west. The near-shore 
and coastal bands provided yet another anergy-charged environment for 
Culter sediment. 

In summary then the Cutler contains 1) Coarse bouldery alluvial 
fan deposits, 2) fluvial deposits ranging from course to fine, 3) 
playa or mud-flat deposits of shallow water origin, 4) coastal dunes 
or offshore bars, 5) shallow marine deposits, and 5) deeper marine 
deposits mainly calcareous. Not all of these can be fully discussed 
but the problem of the massive sandstones deserves further notice. 

Wind or Wave? 

No textbook is complete without an illustration of cross-bedded 
sandstone from the Colorado Plateau. The Navajo Sandstone is a favor
ite subject but there are others, no less spectacular. All of the 
thicke sandstone members of the Cutler formation are cross-bedded 
througnout and no description or discussion of them is complete without 
at least a comment on its origin and paleogeographic significance. 
Only two modes of origin seem possible and opinions of the experts 
seem to bje well divided between them. One group favors an aeolian 
origin, the other an aqueous one. Is the cross-bedding formed by ^̂  
wind or by water? One thing is certain, there is a consistency of dip * 
direction over many thousands of square miles and throughout many ». 
successive units that must weigh heavily in any considerations of the 
problem. This consistancy is shown by the compilation of cross-bedding '5 
directions for the Weber, Cedar Mesa, White Rim, DeChelly and Coconino ^ 
by Stewart and Poole (see attachment). There is no doubt that they H 
favor the wind origin. On the basis that the tymd r:/,rycLiion y i y.ndiC:f^'!d \ 
f h r s t : t ^ ' ^ r A - y r j y r j / u l y : / ^ c : c i . p o S y / ' O t , r j r ^ r / A c o ^ u y ^ i o r a / p/z ̂  ^ 
/ryr>r o / Pif-yn-i y f / o r^. j ^ 

I cast my vote for the aeolian hypothesis for the bedding of most of ^ 
the Permian blanket sandstones. My reasons are not so much because of •̂ '̂ ^ -̂ ^ 
the planes between the cross-bedsets. These I have called truncation 
bedding planes because their formation requires the removal of material 
from the tops of previously thicker beds. These planes are so flat and 
parallel that they can, in my opinion^be explained only by the removal 
of material down to a level determined by the water table^a process 
impossible to carry out in the aqueous environment. 

Colleagues disagree. Chief proponent of an aqueous origin is 
D. L. Baars. He believes the cross-bedding "supplemented by the ripples 
and tF?e convolute bedding" strongly suggest a subaqueous origin. He 
makes an almost air-tight case for the White Rim being an "off-shore" 
bar by citing the discovery in it of marine fossils. It is most 
difficult, however, to imagine a water origin for the Coconino and 
DeChelly with locally abundant animal tracks {very long-legged if 
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wading in water!). The truth may lie between the extremes. If nearby 
rr.-arine intercelations or equilivants can be proven the sands may also 
be marine but if there were no seas anywhere in the near vicinity why 
fight the aeolian hypothesis? 

Salt Stratigraphy 

Salt is the most tricky material with which the structural 
geologist and stratigrapher has to deal. Being easily soluble it 
seldom appears at the surface and has thus been passed over in most, 
surface mapping. The great salt basins have mostly been discovered 
in the course of exploratory drilling and exact structural and strati
graphic details of many of them have been revealed by mining. When
ever encountered the stratigraphy of salt deposits has been surprising. 
Examples are the Polish-German plains underlain by Permian salt, the 
Gulf Coast Salt Dome Province of the United States and the Utah-
Colorado Paradox Basin, 

The salt section of the Paradox Basin was discovered in drilling 
for oil near Crescent Junction, Grand County, Utah. The fact that the 
salt section is highly disturbed and that internal movement and 
subsequent solution are together responsible for large northwest-trend 
valleys came with continued drilling and mapping in all parts of the 
Basin. Potash salt had been discovered in some of the early cores and 
this led to mining ventures chief of which is the 2700-foot shaft of 
Texas Gulf Sulfur Company at Potash, Utah. Incidentally, the shaft is 
no longer operated as a regular mine, the potash is extracted by solu
tion methods. 

Although exploration of the salt structures has been disappointing 
there were important discoveries on the southwest margins of the basin 
in the Four-Corners area. Actually there are Pennsylvanian wells in 
each of the four adjoining states which derive oil from the Pennsyl
vanian rocks. The oil pools are directly associated with the Paradox 
salt section in that they are in rocks equivalent in age to the salt 
and are in reefoid sediments on a sill or threshold leading into the 
salt basin. This relationship has stimulated exploration for other 
similar environmental situations around the margins of the salt. 

The great central salt deposit of the Paradox Basin is character
ized having originated by cyclic deposition and each cycle has been 
rightly or wrongly termed a cyclothem. The ideal cycle consists of 
nine members limited above and below by black shale. Thickness of 
an average cycle is about feet. There are 29 recognizable cycles 
in the center of the basin, each has been given a number and correlated 
widely using gamma ray-neutron logs. What are almost certainly yearly 
rings or varves are found in the salt beds. Fossils are not lacking 
but are obscure; included are conodonts, small molluscs, brachiopods, 
pollen and plant fragments. The cyclic replenishment of saline brines 
must have been by way of certain inlets or sags around the southern 
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margin of the basin and the whole problem of repetitions sedimeii , 
cannot be treated independently of the whole great problem of Penns.-
vanian sedimentation best typified by the coal bearing cyclothems, 
(Best review is Stratigraphy and Tectogenesis of the Paradox Basin, 
by Ernest Szabo and Sherman A. Wengard in Four Corners Geol. Soc, / 
Guidebook, 8th Field Confer. Canyonlands, 1975.) A._. 

Interaction of Salt and Sedimentation 

Basic to understanding all salt stratigraphy is the fact that salt 
has a lower specific gravity than ordinary sediments and therefore tends 
to rise to a position of equilibrium. Gravity is thus the motive force 
for salt domes and anticlines. The question as to why some salt depo-
sites tend to develope flow structures while others do not has not 
been answered. Some initiating trigger such as differential heat flow 
faulting or igneous intrusions probably operate in the subsurface 
while differential loading or unloading may operate at the surface. 
These factors if properly understood will probably explain why certain 
deposits remain static over long periods while others begin to move 
almost immediately. The problem of dating salt movements is not 
greatly different from dating mountain building pulses. Unconformities 
are created and can be dated and in some cases fragments from uplifted 
beds are-incorporated in the flanking sediments. 

From structural-stratigraphic evidence it is known that the 
Paradox salt began to push upward in Pennsylvanian time probably when 
the overburden of limestone was less than 300 feet. Faulting in the 
basement could well have been the triggering mechanism. In any event 
the rise was rapid enough to keep pace with sedimentation. There is 
no evidence that the salt anticlines became more than low hills but 
they did act as obstructions which diverted fluvial action and created 
semi-independent basins of deposition for along period of time. 
Basining was acellerated by downsinking between the anticlines as the 
salt slowly drained into the uplifts. This action was particularily 
strong during late Pennsylvanian and Permian time as the Culter red 
beds were deposited. Thus one well drilled in a salt core may go 
through 12,000 feet of salt while one a few miles away will go through 
an equal thickness of red beds. 

y^p-'^ 
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Ancient southern margin of North America 

:^hili|> B. Ktntj, U.S. Gc-oloi/Icaf-SLirwev, 3,-l6 MitldlufiultJ Ro;t(J, Menlo P;irk, Ciintofrufi O'lO^G 

What U-:JS the con l lgur.it ion of the .-incicrit (pre-Paleoioic) 
i>i)tl-it.rn ni.ir^in o f N o r i h An-icrica? This i.s shrouded with un-

.-.-n.linly, because wc iiiu.ii peer utuicr Ihc bl.-iiikct of Mtspzoic 
'::iiiJ Cciio^pic deposit"; that covcr^lhc Gul f Co'n?;t.-il Plain (especially 
'I'-yoMCl the point-where tlie Early Jurassic Lfiu:inii S.ilt develops 
• iKisiVard) and llience to the CnleO/oic nroj^enic rocks and struc,-
III rei ben ea i l l them. The speculations olfercd here are an extension 
•)' several rej^ion.il reviews of Ihe Ouachita orogenic belt th.it 
. hrtve ni.ide reccnlly.(King, 1975, 1976). 

The Palebioic .sduihem margin of North America is donii-
:.-ilcd to the souiheasi by the Appalachian orot'>^nic belt aiid to 

the soulh by the Guachila orogenic .belt that c.i:iends across the 
south-cen tral st.iles as fyr as Mexico, and perhaps beyond (Fig. 1). 
A.s wc shall see, these orogenic belts c.>:hibit importani vari i t i jns 
.Tjong their courses, but the continuiiy of Ihc whole orogen during 
Paleozoic time is attested by the chain of foredceps thai lie along 
the.edge of the cr.-itOn for tlie entire dtsianec: the 81.-ick Warrior 
basin in the aiigle bctivcen the Appalachian and Oiiachila belts 
in Alabama aiid Mississippi, the A rKoma Basin north o f the 
Ou.nchiia Moiint.iins in Arkansas and Oklahoma, the Fon Worth 
basiri 10 the .soul Invest in north-cizntralTcfas, and the Val Verde 
basin north of ihc:.Marathon region in western Texas. 
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formationnl events are removed, Lhe Roberts Moun
tains ailochthon appears to consist of shuffled platelets 
separated by thrus ts that are not greatly folded. In 
places these th rus t s are subparallel to tl-ie bedding 

'.hin the platelets, and in other places they bound 
platelets having highly crumpled and tightly folded 
beds. Much, if not most, of the major folding of these 
rocks can be at t r ibuted to Mesozoic compression. It is 
unlikely that these broad thin sheets were pushed 
great distances against friction and the force of grav
ity. On the contrary, they must have been drawn by 
gravity. 

No mechanism known to us, however, appears to be 
completely satisfactory for placing these rocks into a 
position from which they might have moved by grav
ity. Any plate tectonics model that involves develop
ment of melanges or of high pressure-low tempera ture 
metamorphism and the incorporation within the ai
lochthon of extensive ophiolite suites is unlikely, as 
little evidence of these effects has been found. Poole 
and Desborough (1973), however, have reported small 
elongate bodies of alpine-type serpentinites which thej ' 
infer to be detached fragments of Paleozoic or older 
upper mantle incorporated into oceanic crustal and 
sedimentary rocks during lithospheric plate con
vergence. Any model that requires extensive lateral 
push to raise the rocks into a position for sliding is also 
unlikely because o f the observed condition o f the thin 
plates. If obduction (a little understood process) could 

'e placed the rocks into position without excessive 
\ eral push and could have peeled off the top of the 
eugeosynclinal deposits so as not to leave remnants of 
extensive ophiolite suites and high pressure metamor
phic rock, it might serve as a helpful method, as re
cently suggested by Poole (1974) and Burchfiel and 
Davis (1975). We are reluctant, however, to accept any 
current plate tectonics model as affording a completely 
satisfactory solution to all the problems involved in the 
movement ol ' the Roberts Mountains ailochthon. 

We are equally reluctant to accept the notion tha t 
the allochthonous rocks simply slid, under the influ
ence of gravity, off a static uplifted area. Using this 
hypothesis, the area tectonically denuded of Ordovi
cian, Silurian, and Devonian rocks tha t rode eastward 
on the Roberts Mounta ins thrust would have to be at 
least as wide as the upper plate and probably much 
wider, because repetition of s t rat igraphic units is 
characteristic of t ha t thrus t plate. The combined width 
of the ailochthon and the area of tectonic denudation 
from which it came must be at least 220 km (136 mi), 
double the provable minimum width of the ailochthon. 
A static sloping surface that is steep enough to permit 
the movement of the platelets by gravity alone from 
the crest of the area of denudation lo the east edge of 

NON KANGE AREA, NEVADA ^'" . "• -C f-V f ,>.-,-
(0{=AO / r . ' 

the upper plate entai ls an i\linost impossibly high ele
vation o f the crest. The existence of such .nn eastward-
sloping surface would imply a corresponding west slope 
of ocjual width nnd anolher, western ailochthon corre-
spondii-ig to the Roberts Mountains ailochthon some
where west ofthe area of denudation. More liberal (and 
more plausible) es t imates of the cast-west extent ofthe 
Roberts Mounta ins th rus t correspondingly imply an 
even more liberal width ofthe area of denudation and a 
completelj ' unrealist ic elevation of the area of denuda
tion. We therefore feel that this concept is untenable. 

We find it more plausible and more in accord with 
the evidence to envision a succession of crustal waves, 
each of modest proportions, tha t migrated from the 
west edge of the denuded area to the east limit of 
thrus t ing. According to this hypothes'is. the component 
platelets of the ailochthon rode independently down 
the forward slope of the advancing waves like 
surfboards and eventually beached themselves in ran
dom order as the crustal waves lost their initial 
amplitude. This hypothesis is s imilar to a concept for 
nappe t ranspor t suggested by Wunderlich (1973, p. 
283) but considered improbable by Lemoine (1973, p. 
211-212). Probably the growing mass of the upper plate 
contributed to the progtessive decrease in amplitude. 
The Robeits thrus t is thus seen simply as the surface 
on which the upper plate accumulated by piecemeal 
accretion. 

Late Jurass ic to Early Cretaceous uplift, plutonism, 
volcanism, folding, and thrus t ing constitute the major 
tectonic events of the Carlin-Pinon Range area. The 
principal tectonic events of the Late Devonian-Early 
Mississippian orogeny, althovtgh they were of first-
order magni tude , took place mainly to the west; and 
their expression in. the Carlin-Pinon Range area lo
cated at the east limit of thrus t ing was relatively sub
dued. Although the temporal l imits of the Mesozoic 
tectonic events cannot be fixed exactly in the Carlin-
Pinon Range area, these events occurred within the 
t ime span of similar activity elsewhere in the region 
(fig, 3). Westward-directed thrus t ing and overturning 
of some beds occurred dur ing Mesozoic time in this 
area in conti-ast to eastward-directed thrus t ing that 
occurred dur ing earlier t imes of deformation. No 
known evidence indicates whether this westward-
directed movement was more regional or was essen
tially restricted to the area of th is report. 
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Use of carnoti te for dat ing young ore formations 

L.K. levsltiy, A G . Rublev, ond SV. Aprob 

One of the most promising and pertinent 
goals in geochronology is the determination of 
UiC age of ores and the time of the ore forma
tion in general, and of young formations in par -
lic-jlar (Ovchinnikov, 1958). Unfortunately, 
at present ore processes have been dated on 
the basis of peri-ore altered rocks. Age deter
mination directly from the ore minerals is un
common and has been complicated by the ab
sence of data on the suitability of various ore 
niinerals for this objective. 

We have found it possible to investigate 
carnotite, which is a uranovanadate mica, 
K2(U02)2- (V04) 2- 3H20. This mineral is in
teresting in that its comparatively large amount 
of potassium ( ~ 6%) has enabled us to apply 
the potassium-argon method, which is unusual 
for a uranium mineral. 

It should be noted that the use of uranium 
minerals in geochronology is of particuLor in
terest, since it provides the possibility of de
termining the age by several independent me
thods; moreover, tlie uranium minerals are 
often involved in tho composition of ore para
genetic mineral associations. 

Samples were selected from one of the de
posits about which there are differing views 
as to its formation. Therefore, the geochrono
logical data may assist in clarifying tJie origin, 
and consequently, the scale and prospects of 
the mineralization. The deposit consists of 
several ore bodies and the samples were s e 
lected from different bodies. Furthermore, it 
is important to note tliat the coimtry rocks su r 
rounding the ores were not subjected, after the 
formation of carnotite, to temperature effects 
exceeding 45-50° C, since the carnotite is often 
found in association with gypsum, and the latter 
passes into anhydrite at high temperatures. 

The age of the deposits has been determined 
ambiguously by various investigators; in most 
cases it has been associated with Neogene-
Quaternary time. 

Translated from I'rimenemvo karnotitov diva datiro-
v.-inlya molodykh rudnykli obrazovaniy, AN S.SSR Izves-
"ya, ser. gcol., 1974, no. (i, p.-22-21;. The auth
ors are wilh the All-Union ScicntiCic-Ueseareh C.eo-
'"gical Institute (VS1-.-GEI), Ministry of ecology of 
IheUSSn. I.«ningrad. 

EXPERIMENTAL METHOD 

Age of the carnotites was determined by the 
K-Ax method. For this purpose samples weigh
ing 0. 5-0. 7 g were placed in a direct-heat nio
bium ampoule and fused with subsequent purifi
cation of the released gases over CuO and Ca. 
Fusion and purification were achieved in a high-
vacuum, heated, metaUic fitting attached to an 
MS-10 mass-spectrometer (AEJ) modified for 
work in a static regime. The sensitivity of the 
instrument in respect of argon is about 2. 10-5 
A/torr. The background of tlie "test" experi
ment (on the basis of argon) was ( 3-5) • 10-8 
cm3. The precision in measuring the isotope 
composition is 1-3% . The determination of 
the amoimt of radiogenic argon was carried out 
by the isotope- dilution method. The tracer 
used was the mono-isotope Ar38. 

The amount of potassium was determined 
by the flame-photometer metliod on a 'Zeiss ' 
(GDR) instrument. The precision of determin
ation is 1-3%. 

The data obtained are presented in Table 1. 

In addition to the dating, we carried out 
dynamic annealing of the carnotites in order to 
determine the activation energy of release of 
Ar and He, an objective factor, which indicates 
the degree of suitability of the mineral for geo
chronological purposes. In order to study the 
kinetics of release of radiogenic argon and he
lium from the samples by the method of dynamic 
annealing, special exijerimental equipment was 
employed, which included a heating device and 
the analyzing device of a mass-spectrometer 
MI-1301 ( Levskiy, 19G3). As a heating device, 
we used a platinum furnace with exterior heat, 
which could be heated with varying speeds. 
For chemical purification of the active gases, 
we used metallic calcium at t = 500° C, act i 
vated charcoal, and a trap of liquid nitrogen. 
The temperature in the platinum furnaces was 
measured by means of a platinum -pLitinorhodium 
thermocouple, and in addition to the automatic 
recorder, it was determined on a potentiometer 
by the compensation method. 

The iralues of activation energy were cal 
culated according to formula [ 1] ( Levskiy, 
1964): 

£ = 
R (in - ^ -}- 2 In j - ^ T J . 

T 2 - T 1 
[1] 
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TADLE 1. Results of age determination of carnotites 

Sample 

M-205 

M-20 

M-214 

Weight, g 

0.702 
0.672 
0.749 

• 0.640 
0.673 

0.667 
0.321 

K. % 

6.22 

0.50 

6.39 

0.132 
0.058 
0.122 

0.161 
0.161 

0.435 
0.531 

, 4 0 nim3 
'^Vad- "2-

0.108-10-3 
0.072-10-3 
0.165-10-3 

0.37G-10-3 
0.415-10-3 

3.01 10-3 
3.00-10-3 

0.0000254 
0.0000183 
0.0000390 

0.0000848 
0.0000939 

O.O0OG91 
0.000090 

T, lO'm.y. 

0.45 
0.33 
0.70 

1.51 
1.68 

12.4 
12.4 

Tay. lO'm.y, 

0.50 

1.60 

12.4 

TABLE 2. Values of diffusion parameters 

Sample 

Mr205 
M-20 
M-214 

He' 

E, kcal/mol 

17±2 
21±3 
17±3 

C, sec-1 

1.9.103 
4.6.105 
8.8-10* 

Ar" 

t", kcal/mol 

27±2 

C s e c - ' 

1 . 4 - 1 0 3 

where rvi and a2 are velocities of heating, T i 
and T2 are temperatures (°K) of maxima on 
curve of dynamic annealing, and R is the univer -
;sal gas constant. 

The curves obtained for the release of Ar^O 
and He^ are shown on Figures 1 and 2. The 
values of the diffusion parameters are given in 
Table 2. For the "young" samples (M-20 and 
M-205), we did not succeed, owing to the low 
content of Ar40, in determining the value of 
the activiation energy for the release of argon. 
We believe that the value of E for these samples 
is not less than for carnotite M-214, since the 
activation energy in it must be the least owing 
to the high radiation decay of the crystal lattice. 
Our assumption is supported by the similar 
nature of the helium-gram for the carnotites 
and the closely similar values of E for the prin
cipal location of radiogenic helium. 

DISCUSSION OF RESULTS 

As is seen from Table 1, all the carnotites 
have given different age values. In this respect, 
it is necessary to establish whether in fact the 
carnotites from different ore bodies were formed 
at different times, or whether the spread of 
age values is a result of the effect of subsequent 
processes and the insufficient retention of radio
genic argon. In this connection, we have at
tempted to calculate the possible losses of a r 
gon from the carnotites. In order to simplify 
the calculations, we shall consider an isother
mal approximation for a model of continuous 

losses. It is assumed that the heat stress may 
be represented in the form of a I'l -like impulse, 
that is, isothermal annealing takes place at a 
temperature equal to the amplitude of the whole 
time of existence of the mineral. 

The assfociation between the amount of ac
cumulated radiogenic argon and the amount of 
potassium is given by the well-known formuLi 

(21 

where Xe is the constant for K-capture, and A 
is the dissociation constant for K^O. 

The accumulation of Ar^O in accordance 
with formula [2] corresponds to the geological 
situation in which subsequent processes are 
lacking. During heat s t ress and associated 
loss of argon, the formula for accumulation is 
transformed as follows (Levskiy, 1964): 

^ ^ 3 _ [ i . _ e " - ' - A ^ " ] . 13] 
K*o ^Ar~ ^ 

Here, \Ar is the velocity of migration of 
Ar40, and in accordance with the solution of 
the equation of reaction of the first order, 

X A r = C e " ^ Ml 

where C is the frequency factor of diffusion. 
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FIGURE 2. Ilelium-gram of carno 
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FIGURE 2. Helium-gram of carnotites (Samples .M-205. 
M-20, and M-214). 

If we know the temperature of the heat ef
fect and the diffusion parameters, wc may, 
from formula (2] , determine the true age and 
calculate the argon loss. 

As indicated above, the activation energy 
of release of radiogenic argon from carnotites 
is not less than 27 kcal/mol, and the maxfrnum 
value of the temperature, estimated from the 
mineral associations, is 50° C. For Sample 
M-214 (apparent age 12 m. y . ) , the age cal 
culated from formula [3] will be 15. 2 m. y . , 
that i s , the maximum argon loss is about 2 1 % . 
For the other samples, the possible losses 
!U"e StiU less. If the temperahire of the carno
tites was about 27° C, the losses of radiogenic 
aj-gon do not exceed 2% . 

The temperature effect is not a unique 
process, capable alone of distorting the true 
•Ige. The ready solubility of carnotite in a 

weakly acid medium makes its repeated rec ry 
stallization possible under the conditions of 
the oxidation zone. However, in the present 
case, this process is unlikely, since it must 
be assumed that conditions existed simultaneously 
in practically the same place, which caused sol
ution of the carnotite, and its crystallization. 

Firs t of all, in order to assess the mean
ing of the figures obtained, we must concern 
ourselves with the method of formation of ca r 
notite. As is known, it is readily formed as a 
result of conversion of other uranium minerals • 
in the oxidation zone. In this case, carnotite 
must be regarded as a secondary mineral and 
its age will be determined by that of the forma
tion of a superimposed zone of oxidation. How
ever, no less likely is the formation of carno
tite as a primary mineral directly from the ore -
forming solutions. If this view is maintained, 
and it is by most investigators who work on the 
present deposit (Smyslova, 1972), the deter
minations based on carnotites will date the o re -
forming process. 

Consequently, -variation in time of formation 
of the carnotites is most likely. The difference 
between the greatest (about 12 m.y . ) and least 
(about 0.5 m. y.) ages of the carnotites gives 
a minimum length of time for tho ore -forming 
processes for our deposit. In addition, it must 
be noted that the solution to the problem of 
primary or secondary carnotite is not involved 
in this report. It may only be solved by using 
a complex of methods (geological, geochemical, 
and isotope). We wished only to demonstrate 
the basic possibility of dating on the basis of 
carnotites. In this case, old carnotites, or 
those that have been subjected to the effect of 
subsequent processes, must be used with cau
tion to solve geociironological problems, allow
ing for a comparatively low activation energy 
of release of radiogenic argon. 
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Figure 1 shows the argon-graph for carno
tite M-214. The first peak (Tmax ~ 150° C) 
corresponds to the release of absorbed atmo -
spheric argon. From comparison with the 
data in Table 1, it is seen that absorbed argon 
cannot explain those amounts (significantly 
large) of atmospheric argon which have been 
observed in the sample. The amount of atmo
spheric argon is 3-10-6 cm3, that is , commen
surate with the radiogenic argon and exceeding 
by two orders the background in the test experi
ment. Tills means that the basic amount of 
atmospheric argon occurs in an identical energy 
position to that of the radiogenic material, since 
neither is resolved on the argon-graph. 

This feature may be explained by the cap
ture of atmospheric argon by the crystal lattice 
of the mineral during its formation from the 
ore-forming solutions and waters which were 
in contact with the atmosphere. Therefore, 
when dating minerals that have an exogenic o r i 
gin, the danger arises of capture of large 
amounts of atmospheric argon, and it is im
possible to reduce its amount by traditional 
methods (by heating or by treatment with acids). 

Besides the argon-graph, we have also ob
tained helium -graplis of the carnotites for com -
parative analysis. As is seen from Figure 2, 
the main part of the helium is released at a 
low temperature with small activation energy. 
At the values of E indicated (table 2), more 
than 95% of the accumulated helium is r e 
leased even at room temperature. However, 
high-temperature peaks a re also clearly r e 
corded on the helium-graphs, corresponding 
to a higher activation energy, lying witlun 26-
44 kcal/mol. With such energy, helium is 
more poorly retained than argon, and this en
ables us to depend on the U-He method of age 
determination in the case of carnotites, if we 
can succeed in determining the amount of uran
ium with which this portion of the helium is 
associated, or to allow precisely for the loss 
of helium. 

Attention must be drawn to the relationship 
between the temperature of the principal maxi
mum on the curve 1/a dHe4/dT (fig. 2) and the 

-i-LL&l iiiSLjliMBiilr-[i-'iiti 

age: in the youngest carnotite, the temperature 
is greatest, which may be explained by the dii. 
ferent radiation decay of the minerals. 

CONCLUSIONS 

1. The possibility of obtaining radiometric 
data on carnotite by the K-Ar method has been 
demonstrated for the first time. 

2. Diffusion parameters for the release of 
Ar and He from carnotites have been determined, 
on the basis of which we may estimate the effect 
of the loss of radiogenic gases on the age of the 
minerals. 

3. The activation energy of release of 
radiogenic argon from carnotite is relatively 
low, so that accurate data may be obtained 
when the carnotite was not subjected after the 
time of its formation to subsequent processes. 

4. It has been established that the main 
portion of the "atmospheric" argon occurs in 
the crystal lattice of the mineral, owing to its 
having been formed under exogenic conditions. 

The authors wish to thank O. I. Avdeyev 
for his assistance in the work. 
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INTRODUCTIOl 
The object of the detailed in\ 

-̂as an unusual material coUectei 
of the Southern Basin of the Pact 
with features of intense manifest 
canic processes and subsequent 1 
alterations. These processes to 
degree transformed the ferromai 
ules and the pelagic sediments, i 
development of a new type of oce 
mineralization. 

The material was collected 
on the 48th cruise of the scientif 
vessel "Vityaz' " (1970) in sectc 
in the southwestern portion of th 
coordinates: lat 22°41'09" S.; 
W.). In addition, we also exam 
collected in 1968 at the time of I 
of the "Vityaz' " from Station 59 
the northern part of the sector i 
(fig. 1). 

In the general geologic plar 
longs to the southern marginal i 
major island ridge of the Cook ; 
islands on the Australian submc 
tectonic respects, it is located 
sion of one of the long sublatitu' 
zones, known as the Ferdinand! 
(Pushcharovskiy, 1972K 
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Application of Global Tectonic Theory to MetaUogenic Studies 

by 

Philip W. Guild 

U.S. Geological Survey 
Reston, Virginia 22092 

The Plate Tectonic, or, as I prefer to call it, the Global Tectonic 

Theory, has had an enormous impact on geology in the space of only a few 

short years. It is unnecessary here to go into the details; I am sure you 

are all familar vith the way in which data from seismic, magnetic, oceanT -

ographic, tectonic, petrologic, paJ.eontologic, and virtually every other 

branch of Earth Science have been brought to bear on developing a unified 

explanation for many of the features of the globe that were formerly con

sidered as independent phenomena. This is not to say that the theory is 

accepted by all or that all its ramifications have been worked out. Still, 

the weight of evidence seems to support strongly the concept of large lat

eral movement of lithospheric plates in post-Paleozoic time, and it seems 

increasingly likely that plates and at least some plate movement were, 

present in Paleozoic and Proterozoic time as well. 

MetaUogenic studies obviously must take account of this theory, and, 

as ve know, many efforts have already been made to fit the distribution of 

ore deposits into the framework of global tectonics. I think it is fair to 

say that these have been moderately successful in a general way but that 

a great deal remains to be done before we can pretend that the genesis of 

ore deposits and.their relationship in tirae and space to other geologic 

events have been explained satisfactorily. Surely we still lack the 



predictive capabilities so necessary to guide exploration for the con

cealed deposits that must furnish the mineral requirements of the future. 

There are two major problems: the sources of the elements, and the I •io'-̂'*-

processes that have concentrated them (Krauskopf, 1967)« To what extent | ^oAuwyc-

does the new theory help us in resolving these problems or in at least . 

restricting the possibilities? And, pstrenthetically, do the data of 

metallogeny developed over many years by numerous workers tend to support 

the theory or raise obstacles to it? 

It is well at this point to recall that de Launay (1906), who coined 

the term "metallogeny" ajid published the first metaUogenic map nearly three-

quarters of a century ago, was well aware of these problems and that liê  

built on the work of his predecessors. Comprehensive schemes have been pro

posed to relate ore deposits to older theories of tectonic development of the 

earth. Perhaps the most notable was that of Bilibin, (1955) who quite 

successfully categorized many mineral deposits in terms of geosynclinal 

developraent. Shcheglov (I968) has extended this to include the metallogeny 

of the median massifs and especially of the regions of "autonomous activi-

zation" of old platforms. Billingsley and Locke, (1935, 19^1) drew attention 

to the "crossroads" position of many major districts of the western United 

States, and others, among them Mayo (1958)» Visser (1959) and Jerome ajid Cook 

(1967), noted that intersections of lineaments.or of lineaments with geo

synclinal axes or other features are favorable loci for mineralization. Kutina 

(1969, 1972) has been particularly active in advocating the existence of 

continent and world-wide lineajnent systems and their influence on mineral

ization. At first glance some of these theories seem to be in conflict, but 

to the extent that the facts used to support them are correct, any general 

theory will have to take all of them into account. 

• . , . ... . • I . . . 



I propose now to look quickly at some aspects of the global distri

bution of ore deposits in plate-tectonic terms as an introduction to the 

theme of this symposiiam—Ore deposits of the Tethys region in the context 

of glo"bal tectonics. 

I begin with a simplified map='(fig. l) showing the principal plates 

of the present deduced chiefly from seismic evidence augmented by the 

paleomagnetic record in the ocean floor. The plates grow by addition of 

mantle-derived material at the accreting margins, move laterally as indi

cated by the arrows, and are consumed by subduction of one plate beneath 

the other at zones marked by intense seismic activity on the dipping Benioff 

planes. The picture is relatively simple on the left, where the East and 

West Pacific plates move away from the East Pacific Rise, and in the Atlantic, 

but it is exceedingly complex in the area between the Eurasian and African 

plates of particular interest here. 

Several features of importance for our subject should be emphasized. 

Confrontation of an ocean plate and a continent, as in South Araerica, gives 

rise to a CordiXleraii«margin; of two ocean plates, to an-̂ -island-.arc,. Note 

that most plates comprise both continent and ocean; trailing continental 

raargins, said to be of.-.rAtrantiĉ -typê  are passive or anorogenic. ^Transfojm 

ricargins'-are those, such as much of the west coast of Horth America at present, 

where two plates slide past one another without accretion or consumption. 

Small ocean basins, such as those behind or between the arcs in the. north

western Pacific, are additional features that are still imperfectly under

stood; some, at least, are expanding through creation of new ocean floor. 



The schematic c r o s s s ec t ion from South America t o Asia ( f i g . 2 ) , 

shows the East P a c i f i c R i s e , l i t hosphe r i c p l a t e s moving away with a t h i n 

veneer of b a s a l t s and sediments over-gabbro and u l t ramaf ic r o c k s , subduc

t i o n and generat ion of magma under the Andes and Japan Arc, and t h e Sea of 

Japan with a fragment of con t inen ta l c r u s t in Yaraoto Bank. The magmas are 

largely c a l c - a l k a l i n e ; they seem t o be generated a t depths of roughly 150 km. 

Thei-.drivlTig'i-force-for/r.pl-ate^motion''d-B<=cominonlyrbeiieved^-to--'be--=some^sort 

«of-.£Convectiom-in-s the., -asthenosphere/ Upwardi^.r ansf ecr„Qi;̂ ,„ energy^;s.„pr.ob9.hly 

CQ^C£nJtra-tedjri.AiJr!pJjJmes^l^^ 3 ) ; " i n i t i a l f r ac tu r ing 

of continents has been a t t r i b u t e d to such plumes r i s i n g under s i a l t o form 

domes that commonly f r a c t u r e a t angles of approximately 120°. Magmatism 

of a lka l ic or t h o l e i i t i c na tu re may take p l a c e , followed by sepairation of 

the fragments along s u i t a b l y or iented f r ac tu r e s t o i n i t i a t e formation of 

new ocean c r u s t . One or more of the "arms" o r d i n a r i l y does not separa te 

or f a i l s a f t e r a sho r t t i m e , and many e n t i r e u p l i f t s abort without r i f t i n g . 

If the plumes come up under e i t h e r oceanic or c o n t i n e n t a l c r u s t in motion 

over the mantle, l i n e s of volcanoes o r i en t ed in t he d i r e c t i o n of p l a t e motion 

may be formed. 

How does this apply to metallogeny? Let us look at the proposition 

that certain types of ore deposits form in specific positions that can be 

defined in plate-tectonic terms and evaluate it by what we know of their 

distribution. I will eraphasize the simpler areas, principally of the 

Western Hemisphere, and discuss only a few ore types. 

Deposlts.-mays-f or ffl-'af-'tjf''•^'•e"a:r----plate.-, Eargin.Sir ( f i ̂ ^-....h ) ,, •.:»p.K,.yaiU-plat.ei.r. 

^t.eEior.s--^_-<The o u t s t a n d i n g example of deposits formed at an accreting 

••f « • • !••• _ _ - _ _ _ ^ _ _ ^ . ^ _ _ ^ ^ _ 
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margin are the Red Sea muds; the volcanogenic massive sulfides on Cyprus 

and in some other areas are frequently cited as other examples. Podiform 

chromite deposits of alpine type are probably carried up from the mantle 

as part of the infusible residue. 

Consuming margins are loci of much or all of the calc-alkaline magma

tism with which many endogenic "postmagmatic" or "Cordilleran" types of 

ore are associated. Examples are the porphyry copper-molybdenum deposits. 

Kuroko and Besshi types of massive sulfides, magnetite-chalcopyrite skarns, 

some precious and base-metal ores, tin, tungsten, mercuryj and antimony. 

A plot of the post-Eocene endogenic metaUogenic provinces of the ^ , 

vorld (fig. 5) on the base previously shown confirms that there is indeed 

a close spatial relationship to the consuming margins defined from geophysi

cal data. The:-provinces'-psa:a:lTfer''th'6rsubduction'-5:on-eŜ 'ah'd'"lie'"over- thq-

downgoing-slabs-;^ The picture in South America seems particularly clear, but 

the deposits of the western Pacific also fit the pattern. I will leave dis-

cusssion of the Tethyan region to the speakers to follow, except to point out 

that at this very small scale the same generalization seems to hold. The 

pattern in North America north of Mexico is unusual for the' great width, 

some 1500 kilocieters, of the province, and there are undoubtedly complicating 

factors to which I will return later. Note that the northern half of the 

continent is essentially devoid of post-Eocene mineralization, apparently 

because the margin has been transform for much of the later Teriary. 

I turn now from consideration of several types of endogenic minerali

zation in a single time frajBe to a rapid review of the gross distribution 

of a single class of ores—the massive sulfides—in -various geologic 



per iods of the p a s t . I t could be termed a kind of t i m e - s l i c i n g . Lumping 

depos i t s t h a t can have formed a t d i f f e r e n t p l a t e p o s i t i o n s , acc re t ing and 

consiiming, may a t f i r s t glance seem i l l o g i c a l , but tfonve-rgent'^^platerjiio.vfimeut ^ 

•irtJJUJ£V£xitAia.ll-j^bring"X)tt)dlielfS'^l^'^mid-ooean»r«i-sesT?:tatico 

t h e v g a y ; . ^ . ' ^ - .P'' t ih '^^ -- '^"bdiipJ:^A..r>r-.i n<^f>>?pnr;Ah<>A,,.,i ji*-.<vw^rog<an-^.<v»J^<a,4^i-.&»l%y^ i OT).;,., J 

Starting with the Tertiary (fig. 6), we have the Kuroko and other deposits 

of the western Pacific and a few deposits in Tethys. In the Mesozoic (fig.7), 

the Pacific belt includes deposits in North America, the Caribbean, and 

northern South America as well as more numerous deposits in Tethys. The 

pattern in Hercynian time (fig. 8) is much the same, except that the Uralian 

and Altai belts may mark locations of former plate convergence in the middle 

to late Paleozoic. The Caledonian picture (fig. 9) is entirely different; 

nearly all the deposits are restricted to northwestern Europe and eastern 

North America; they are interpreted as marking the positions of a proto-

Atlantic ocean which opened and then closed in la.te Precambrian and early 

Paleozoic time. The offset from Europe to North America is of coiu-se due to 

the later breakup of Lavirasia that formed the present Atlantic Ocean. Only 

short belts and isolated deposits or districts are present in older Precambrian 

rocks (fig. 10)1 

If we grant that a spatial relationship to convergent margins has been 

deraonstrated for certain types of deposits, and if the general model of magraa 

generation through subduction of oceanic crust is accepted, pre-enrichment-^of 

the metals in this crust could explain the gross distribution of some metal-

logenic pro-\dnces. In other words, their metals may have had an initial low 

concentration in the ocean that has subsequently been enhanced by plate-

tectonic phenomena. Sillitoe (1972) has proposed that the porphyry copper 

deposits derive their metals from this source, pointing out that basic igneous 



rocks and pelagic clays, manganese nodules, and especially the sediments 

on the cres-ts and flanks of the East Pacific Rise all contain above-average 

quantities of copper. Corliss (1971) and Dymond and others (1973) take this 

one step farther, postulating that sea water circulates to depths of several 

kilometers in the newely formed basalts, setting up hydrothermal systems 

that leach them of their metals and fonn both the low concentrations and 

perhaps also the massive sulfide deposits (j. B. Corliss, oral commun., 197^) 

Lateral inhomogeneities, differences in spreading rates, subduction history 

(as, for example, whether the upper metai-rich layer is scraped off at the I 

trench or carried down), and a n̂ yriad geologic factors of magma generation, 

ascent, differentiation, locus of intrusion, wall-rock geochemistry, and 

subsequent erosional history all can affect the actual presence or absence 

of economic ore deposits. 

The theory is attractive, and very considerable work is being carried 

out to test and refine it through deep-sea drilling, major- and minor-

element cheraistry, isotope research, and so forth. Unfortunately, consider

able time must have elapsed since even the youngest deposits known on lemd 

were initially generated at an ocean ridge, hence, direct proof is still 

lacking. 

Let me now turn to consideration of deposits not related to subduction 

that I believe are nevertheless explicable in terms of overall global-

tectonic theory. The evidence is admittedly more tenuous and my thesis is 

even less susceptible to proof than the foregoing. In North America, strata-

"bound disseminated lead-zinc deposits, with or without copper, barite, fluo

rite, and, in places, minor nickel and cobalt occur in carbonate platform-

cover rocks of Paleozoic age lying on the eroded Canadian Shield (fig. ll). 

Intrusive igneous rocks are notably absent from the vicinity of the deposits. 

.--v."..'«. m . f ' j v . . ' , . . / , , . . 



which obviously are not of the Cordilleran typa. Much of the lead is of 

anomalous isotopic composition, implying two-stage or multistage derivation 

from crustal sources. Fluid inclusions are generally highly saline; filling 

temperatures range from less than 100° to about 200 C. In general, the 

major districts are on or near basement domes. 

The genesis of these deposits is widely disputed. Explanations have 

ranged from syngenetic to "telethermal"; variations on some form of ground

water and (or) connate-water migration and reprecipitation in favorable 

sedimentary or structural loca-tions seem to fit the facts best. For a few 

relatively smaller deposits of this general type the evidence for direct 

leaching of an identified terrane by ground water and syngenetic precipita

tion in a nearby sedimentary environment is quite con-vlncing. 

However, gross distribution of the major districts of the United States 

suggests deep tectonic control that has localized not only the mineralization 

but also diverse igneous and structural events. Heyl (1968, 1972) has documen

ted the evidence for the 38th-parallel lineajnent that extends from the 

Appalachians to Missouri and perhaps as far as the Rockies - a tote.l of. some 

2200 km. In addition to eight mineralized districts, 10 alkalic or alkalic-

mafic intrusive centers (some of them kimberlites) and eight crypto-explosion 

structures (Snyder, 1970) occur along this zone. Less well defined linea

ments are at 36° and at U2° N, In Canada, the Pine Point district directly 

overlies the McDonald fault, that di-vides two major provinces of the Shield 

and has been traced in subsurface many hundreds of kiloraeters to the south

west across the Phanerozoic Interior Plains. 

To digress for a moment, let us consider the admittedly unimportant 

deposits of the Benue trough in Africa, which occur in Cretaceous sediments 

8 
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and volcanic rocks that filled a rift or aulacogen that opened up for a • 

short time in the Cretaceous when South America and Africa began to 

separate. . They consist principally of lead and zinc with minor copper, 

•faarite, and fluorite; most are veins, but some are apparently stratiform in 

limestone. In any case they seem to have affiliations with the Mississippi 

Valley deposits under discussion. A plume rising under a -triple junction 

presumably initiated the fracturing amd rifting; could it not also have pro

vided the energy to mobilize metals and form the ore deposits? 

Returning now to North America, several lines of evidence suggest to 

me that mantle plumes may have been responsible for the genesis* of the 

Mississippi Valley deposits. Inclusions in the kimberlites prove that the 

fractures penetrated the sial (Brookins, I969)• Plumes in continental settings 

are believed to cause emplacement of nepheline syenites, carbonati-tes and 

kimberlites, and 1-fetcintyre (1973) has proposed that these plumes are periodic 

and may have reactivated major lineaments and rifts. This seems important, 

for the region along the 38th parallel has undergone intermittent igneous 

acti-vity from at least the Cambrian to the Tertiary, and seismic events are 

continuing at present. Hoffman (1973) has demonstrated that the McDonald 

fault was the site of an aulacogen in early Proterozoic time; its post-

Precambrian movement may also have been intermittent, for the sedimentary 

history has been quite distinct on either side. If plumes are related to 

this mineralization, they could pro-vide the relatively low but persistent 

heat indicated by fluid-inclusion studies (Roedder, 1971). I suggest that 

most, perhaps all, of the metals were mobioized from sedimentary or-upper 

crustal sources by the energy derived from pluraes, but it seeras likely 

that the fluorine may have been a direct contribution from depth. Perhaps 

the isolated copper and (or) nickel-cobalt concentrations also had localized 



sources in the lower crust or mantle. 

Some similar process may have been responsible for the raajor lead-zinc 

deposits of Northwest Africa. .Kahes and others (1973), have drawn attention 

to large fractures paralleling the Atlantic and Mediterranean coasts that 

are attributed to stresses accompanying the separation of North America from 

Africa and to movements between Europe and Africa in mid-Mesozoic time. 

Carbonatites are present. The principal metaUogenic epoch was in the middle 

Mesozoic, although others apparently preceded and followed it. Russell (1973) 

has speculated that the Irish base-metal deposits, which are aligned on north-

south zones, formed on geofractures which focused heat rising from degassing 

of the mantle. Thie metals were probably leached from the sediments by con

vective circulation in crustal waters and deposited where sufficient sulfur 

vas encountered. He relates the postulated geofractures to stressed, accom

panying formation of the Rockall trough. 

If the Mississippi Valley deposits are perhaps related to hot spots, 

and hence to the plumes that may drive the plates, it seems evident that the 

diamond deposits of the kimberlites and the carbonatite-related niobium, 

vanadium, phosphate, and rare-earth deposits are at least equally dependent 

on the global-tectonic regimen for their genesis. Additionally, the linear 

mafic and liltramafic intrusions such as the Great Dyke and Muskox intrusions 

must, by their very size, be derived from the mantle and related to continen- , 

tal fractiuring that did not proceed to the rifting stage. The chromite, i 

iron-titanium-vanadium, and platinum-nickel-copper deposits of the 

Bushveld Complex are ob-vlously of direct raantle origin; is it possible that 

the substantial quantities of tin and fluorite, and rainor amounts of lead, 

zinc, tungsten, molybdenum, and rare earths associated vith the acid differen

tiates and Bushveld granite (Willemse, I969) at the top of the complex are 
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also deri-ved from depth, or vere they concentrated from epicrustal materials? 

Let me turn back to North America, and especially to the anomalously 

vide zone of mineralization in the vestern United States mentioned earlier-. 

On this sketch map (fig. 12) ve have the Canadian Shield, the Appalachian 

orogen, the Interior Plains, and the Cordillera. I will eraphasize the last. 

Very simply, the Cordillera is a complex, long-lived feature that began in 

the Precambrian and has continued to the present. The greatest concentration 

of magmatism and orogeny took place in the Mesozoic and early Tertiary, but 

various episodes both preceded this and have continued to the present. 

On this slide (fig. 13) we have merely the outlines of the'se major 

geologic provinces with a few selected features that raay bear on my subject. 

The circles represent districts of the Mississippi Valley type already dis

cussed; many lie along the 38th parallel, and in a gross way all are peripherall 

to the exposed margin of the Shield. To skip to the western margin of the 

continent, the numerous porphyry copper deposits in Canada, sho-wn by the 

squares, lie in a fairly narrow belt near the coast. To the south, in the 

United States and Mexico, only a few porphyry deposits are known until we 

go quite a way eastward. Metal zonation inward frora the western edge of both 

North and South America is a well-known feature that has been documented in 

great detail by Wilson and Laznicka (l97l)> Their copper-lead line is in- | 

dicated on the sketch. In classic terminology, it approximately follows the 

eugeosynclinal-miogeosynclinal boundary of Mesozoic time. On the west, the 

ratio of copper to lead ranges from 20 to as much as 6OO times, whereas east 

of the line, lead exceeds copper by a factor of 2 to 100 or more. As Wilson 

and Laznicka point out, however, three isolated major districts, Butte, Bingham, 

and Ely, lie within the miogeosynclinal doraain. The numerous large porphyry 

deposits in the Sonoran province are also in a miogeosynclinal or even a shelf 
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environment; their magnitude causes a sharp indentation in a statistical 

copper-lead line that seems to.retvirn again to its near-coast position to 

the south. 

Two features distinguish the deposits of this interior zone from 

those to the west, (l) The districts, are not distributed more or less 

parallel to the structural grain, but rather lie transverse to it along 

a number of poorly to fairly well defined linear patterns that are gen

erally northeast or northwest trending. (2) Age of mineralization even for 

nearby districts in a belt can vary widely, as can also the nature of the 

ore. For example, in the Colorado Mineral Belt, best documented (Tweto 

and Sims, 19^3),of all those indicated on the sketch, a zone of Precambrian 

shearing with relatively minor intrusions of upper Precambrian alkalic-mafic 

rocks and associated deposits of thorium, rare earths,niobium, and titani-

ferous magnetite was, in "Laramide" and Oligocene time, the locus of impor

tant base- and precious-metals, moly"bdenum, tungsten, gold-silver-tellurium, 

fluorite, and uranium mineralization. Copper is very subordinate. The 

Coeur d'Alene district of silver-lead-zinc-copper-antimony ores lies on the 

Osborn fault zone, locus of six periods of mineralization ranging from Pre

cambrian to Tertiary (Fryklund, 1961i). This zone forms part of the Lewis 

and Clark line of Billingsley and Locke (19^41), which extends at least to 

Butte and perhaps considerably farther. Two or perhaps three linear zones 

can be drawn through the porphyry deposits of the Sonoran province, and many 

others have been proposed (e.g. Mayo, 1958). 

Various persons (Lipman and others, 1971; Moores, 1970) have tried to 

explain the orogeny, magraatism, and presumably the mineralization across this 

wide belt in terms of a gently dipping Benioff zone (fig. l̂ iA) or by multiple 

zones successively overridden and cut off by the westward-radvancing continent 
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(fig. IUB ) . Gilluly (l97l), ho-wever, expressed great doubt that subduction 

can be responsible for magmatism to distances greater than 700 kilometers 

from the trench, or to approximately the average position of the copper-

lead line. 

An alternative explanation seems preferable to me. I sviggest that we 

are seeing the results of intermittent reactivization of a contitiental segment 

not caused directly by interaction with an oceanic plate but rather through 

ascent of energy from the mantle, perhaps as a giant eddy or upwelling behind 

the oceanic lithosphere of a descending slab (e.g.. Nelson and Temple, 1972). 

Figure lUC illustrates this schematically. Tidal forces tend to hold back 

the Earth's crust so that the athenosphere moves slightly faster; the latter 

tends to rise in the lee of the descending slab, slowly heating and melting 

the base of the crust. The late Cenozoic Great Basin with its thin crust, 

shallow seismicity, high heat flow, and bi-modal volcanism can be considered 

as a late stage of this process (Scholz and others, I971). 

Billingsley and Locke (19*̂ 1) pointed out 35 years ago that the great ore 

districts occur in structurally complex regions typified by persistent deep-

seated crustal breaks and that heat, not magraatism per se, is the least common 

denominator of mineralization. Shcheglov (1968) cited the Rocky Mountains as 

one of his examples of regions of "autonomous activization." I suggest that 

the word "autonomous" is unnecessary and misleading — the process is explicable 

in global tectonic terms — and that "reactivization" is preferable. 

As I envision it, the slow increase in heat applied from below by this | 

broad upwelling would seek out flaws in the crust and gradually mobilize and 

channel ore eleraents into them. Some of the elements could be derived from 

descending oceanic crust as Sillitoe postulates, especially near the edge of 

the subducted slab, but most would be derived from the upper mantle and espec

ially from the crust itself. Lead isotope data indicate derivation of that 

P 
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metal from various terranes — some leads give anomalously old model ages 

as if they had* been isolated for a long time from radioactive uranium and 

thoriiom, perhaps deep in shield areas where these elements decrease sharply 

with depth. Other leads suggest, by their mixed composititons of old and 

radiogenic components, derivation from tvo or more sources (Stacey and 

others, 1968; Zartman and Stacey, I971). If the lead is derived from sial, 

I see no reason vhy other metals may not also have a similar provenance. 

Periodicity -<-'in Nevada, five distinct metaUogenic epochs, superimposed 

almost inextricably in space, have been recognized from the Jurassic to the 

late Tertiary, (Roberts and others, 1971) — could be due to times of more* 

rapid convergence of the plates, and hence of the intensity of the athen

osphere eddies, vithout the need to call on oceanic crust to provide the 

metals. The metals provinces have been shovn by Noble (197**) and Lovell (197*̂ ) 

to be persistent and apparently unrelated to any simple plate-tectonic regimen, 

yet the entire geologic pattern of the Cordilleran margin of North America 

seems to demand a fairly consistent -unified explanation. Inheritance of 

ancient metal-distribution patterns, combined vith a global-tectonic environ-

i -: 
i ment conducive to creating the processes that could mobilize and concentrate 
i 

i disperse elements into ore deposits, may be the answer to the undoubted 
1 

- existence of metaUogenic provinces in this region and perhaps in others as veil. 

In summary, I suggest that there are four raajor global-tectonic environ

ments in which endogenic mineralization can occur. In attempting to identify 
t. 

the deposits that forraed in each of these, I believe that we can gain a better 

understanding of the sources of the ore eleraents and the processes respon

sible for their concentration. 

lU 
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l). The ensialic mantle plume or hot spot, which can, but does not ' 

necessarily, lead eventually to fragmentation of continents. Some elements 

are introduced directly from the mantle, as in the case of those that occur. 

in the great mafic lopoliths and perhaps those in their differentiated tops. 

Ores associated with kimberlites, carbonatites, sialic-mafic, and anorogenic 

alkaline intrusive rocks are other examples. Where sedimentary covers, and 

especially carbonates, overlie basement, the effect of the heating is chiefly 

to mobilize elements such as lead and zinc already present in the crust, al

though probable the fluorine of the fluorite deposits, perhaps some of the 

barium, and possibly some other metals are also direct contributions from 

depth. 

2) The accreting margin or zone of plate divergence, in which mantle 

material rises in an ensimatic environment. It seems obvious that in the 

mid-ocean rises the metals must come from the mantle, inasmuch as sialic sources 

are absent. However, even here the process may consist of two stages with 

deeply circulating sea water responsible for leaching and concentrating ele

ments dispersed in the newly formed ocean crust. 

3) Zones of plate convergence, where subduction and the attendant 

magmatism raay lead directly to creation of both volcanogenic stratabound de

posits and the numerous epigenetic types of deposits found along orogenic belts. 

The ore metals may well be derived from the oceanic plate. Evidence for this 

is particularly strong in the young- island arcs lacking any significant sub

stratum of sialic basement; in the active continental margins and in older 

arcs, I suspect that part of the metals may be concentrated from preexisting 

reservoirs in the overriding plate.' 

15 
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k) What may be termed an ensialic back-arc region where a subducting 

lithospheric plate causes upwelling of the asthenosphere along the base of 

the crust and provides the energy to mobilize ore eleraents from the upper 

mantle and continental crust. Presumably much of the ore metal is derived 

from the crust, but direct contributions from the mantle are not precluded. 

Along the interface near the edge of the descending plate', some metals could 

be of ocean-plate derivation. The best known example is in western North 

America, which is, in many ways, unusual from a metaUogenic point of view, 

but it seems likely that similar situations may have arisen elsewhere in. the 

past. The nearest analogies at present are the ensimatic back-arc basins of 

the western Pacific, where absence of sial probably precludes much if any ore 

genesis, and the water cover would in any case prevent the discovery of deposits. 

V/hat of possible applications of metaUogenic data to confirmation or 

modification of the general theory itself? One may be that a very preliminary 

examination of the evidence suggests to me that deposits of the first — mantle 

plume — environment tend to be distributed either parallel or at right angles f 

to major plate margins, whereas those of the foiirth (ensialic back-arc) environ-* 

ment are in belts oriented at roughly k^° to them. If born out by detailed 

examination of all regions of the world — and this obviously means completion 

.of the world metaUogenic map -— we could provide a useful tool for extending 

the global tectonic picture back in time. Obviously to do so we must first 

refine the crude scheme I have presented and document its validity or, con

versely, discaxd it and devise a better one. And, of course, we must sharpen 

our ability to distinguish ore-deposit types to avoid the pitfall of lumping 

genetically unrelated deposits into provinces or belts and drawing erroneous 

conclusions. This problem of equating apples, oranges, and even a potato or 

16 
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two has been the do-wnfall of more than one elaborate scheme, and could 

certainly discredit mlnel 

I have not gone into the subject of the exogenic deposits for lack of 

time, but many, such as the evaporites, detrital accumulations on trailing 

continental margins, and weathering crusts are consequent on vertical and 

horizontal movements that can also be related to the global tectonic picture. 

Hopefully, we can look forward to the day when metallogeny can explain the 

reason for the existence and localization of all ore deposits. Some progress 

has been made, but much remains to be done I 
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Fig . 1. Major l i thospher ic p l a t e s , l ) Accreting p la te margin; 
2) transfonn p la te cargin; 3) consuming pla te ciargin 
with dip d i rec t ion of downgoing p l a t e ; h) nargin of 
uncertain nature and (or) locat ion; 5) r e l a t i v e p la t e 
motion. 

Fig- 2. Sche=atlc section froa South Arerica t o Asia i l l \ : s t r a t i n g ra jo r fcs iurcs of the p l a t e 
t e c t o n i c theory.. Hot t o sca l e . After Dc-jey ejid Sird (1970). l ) Oceanic c r u s t ; 
2) upper n a n t l e ; 3) Ic-.er r.!>.ntl.e; U) cont leenta l c r u s t ; 5) calc-aXkaline tZ3.s:r.2.s, 

• I n t r u s i v e (-»-) and extrusive (v) products . 
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Fig. 3. Schematiic section and plan of ensimatic hot spot. 
- A. Mantle plume domes the crust, causes tension, and may 
produce alkaline or alkalic-mafic volcanism. B. Tangential 
tension coinrDonly results in three fractures at about 120°; 
depending on orientation, these may react in different 
ways. Here the north-south fracture has opened; tholeiitic 
magma has initiated accretion of oceanic crust and separ
ation of plates. The upper left fracture is essentially 
transfonn. The upper right opens for a while by spreading 
but eventually fails and is preserved as an aulacogen. 
Modified from Burke and Dewey (1973). ~ 



(Fi|̂ . l ) DEPOSITS FORMED AT OR NEAR PLATE MARGINS . 

Accreting (diverging): 

Red Siea muds 

Volcanogenic massive sulfides of 

Cyprus type 

Podiform Chromite 

Consuming (converging): 

(1972) 
"Cordilleran" types of Sawkln^: 

Porphyry copper 

Massive^ sulf idie ores of 

Kuroko and Besshi types-

Fe (Cu) skarn ores 

Au-Ag 

Ag-Pb-Zn 

W, Sn, Hg, Sb 
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F I G U R E S - — Principal post-Eocene endogenic metaUogenic provinces of the world in relation to the major lithospheric 
pJ.ites. Key to ornament: (1) accreting plate m.^rgin; (2) t rans form plate mari ; in; (3) consuming plate marg in with 
dip direction of do.vngoing pla te ; (4) margin of uncert-iin n a t u r e and (or) location; (5) relative plate motion; (6) 
area of mineralization of post-Eocene age; (7) minor or suspected post-Eocene mineral izat ion; (8) major or note
wor thy isolated ore deposit of post-Eocene age. 

r i j . 6 , Visi lve su l f ide Jepo i l t s of Ter t ia ry j j e 
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f i j . 7 , Kssslve sul f ide deposits of Kesoiolc t g t . 

r i g . W , Missive sul f ide deposils of la te Teleszolc (Varlscan or Kercynlen) age. 
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Fig. 9 . f j s s f i f e sul f ide deposits of Late Prec*.-irtan and Early PaUoiote (taledonJanJ »ge. 

f t g . l O i >^ass)y; j u l f i i f c ifepasfti of f a r l / Freca.-irt in age. 



Fig . 1I» "Kississippi-Valley" and re la ted(7) d i s t r i c t s of the worltf. 

Fig. 12.- Colored s l ide only - no copy furnished. 
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EJCPLANATION 

• "Miittsiippi Volliy' Jepoiil 

• Poffh/rjr copper Jtpoiit 

• PocpKyry molyliJanuin deposit 

• Boii-onJ/or ;>r«(!ou>-mclal j tpct i l 

-̂ — Coppsr-ltod lint of 

IVilsen on i loinicVo (1972) 

Fig . 1 3 , Some ore d e p o s i t s of Noirth America. 
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MAIN STREAM--

Fig. lli. Alternative p la te - tec ton ic models for 
North America in "Laramide" tirae. 
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Basic theories 

Sir Edward Bullard 
Professor of Geophysics, 
University of Cambridge (United Kingdom) 

Introduction 

In this chapter a brief account is given of the structure of 
the earih and of the processes going on vvithin, particulariy 
of the generation and transport of heat. In the last few 
years there has been a major revolution in geology in which 
new ideas about the history of the earth and the nature of 
the motions in it have been developed and widely accepted. 
Here, the views of the successful revolutionaries are adop
ted : those of the remnant defending the traditional position 
cannot be explained at every point. Briefly the traditional 
position is that there have been no major horizontal motions 
of large blocks of the earth's crust and that the whole outer 
part of the earth to a depth of 3,000 km is essentially a 
solid undergoing only vertical motion; these views have 
been persuasively and ably expounded by Bclousov (1970) 
and Jeffreys (1970). Here a different viesv is taken. 

Crust, mantle and core 

At the surface of'the earth a great variety of rock is found; 
sometimes sediments, such as clays, sandstones or lime
stones; sometimes ancient 'shields' composed largely of 
granite; and sometimes lavas which have poured out from 
volcanoes. The sediments are of great importance for 
geology—they contain all the oil and a major part of the 
mineral resources ofthe earth; they also contain the fossils 
on the study of which our knowledge of the history of the 
earth so greatly depends; for the purpose of this article, 
however, they are not of great significance, 

Bcnealh the sediments of the continents there lies a 
'basement'composed predominantly of granite. Some gra
nites have been fornied by the freezing of molten material 
and some by the metamorphism of sediments by heat and 
by liquids and gases rising from below. Granites are the 
result of complex thermal, mechanical and chemical pro
cesses and have a varied chemical and mineralogical com
posilion. In general it may be said that they represent 

material with a low melting point and a considerable pro
portion of free silica in the form of crystalline quartz. In 
one way or another this material has been separated from 
more basic rocks (i.e. material containing less quartz) 
deeper in the earth. The more basic material oficn appears 
near the surface as basalt dykes cutting the granites; (a 
dyke is a vertical sheet of igneous rock that has forced its 
way upward and solidified). 

It Is likely that the proportion of basalt Increases with 
depth and In some places there may be a layer of almost 
pure basalt underlying the granite. The study of the elastic 
waves from earthquakes shows that at a dcplh of about 
35 km beneath the continents there is a boundary known 
as the 'Mohorovi£i6 discontinuity' or 'Moho' , after its 
discoverer Andrija Mohorovidid. Al this discontinuity the 
velocity of seismic waves suddenly Increases. For compres
sional waves the increase is from aboul 7 to 8.1 km/s. The 
discontinuity represents the lower boundary of the granites 
and basalts which constitutes the "crust' of the earth. On 
the continents the mountain ranges are composed of masses 
of sediments which have been squeezed, heated and dis
torted and have been intruded by molten rocks from below. 
The forms of the mountains as we see them are the result 
ofthe carving of such masses by flowing water and moving 
ice. 

In the oceans everything is dlH-erent. The ocean floor 
is a new geological world. All the rocks are basalts; there 
are no granites either beneath the sea floor or on Islands 
(except for a few'continental fragments', such as the Sey
chelles, and a few patches of granite formed by the sepa
ration of minerals from large masses of molten basalt, as 
on Ascension Island). Beneath the basalts there is a Moho-
roviCic discontinuity just as there is under the continents, 
but it lies only about 5 kn-i beneath the ocean floor, that 
Is 10 km below the sea surface. The structure of the con
tinental and oceanic crust Is Illustrated in Figure I. The 
mountains of the oceans are not carved from folded rocks 
but are volcanoes; when they emerge above the sea surface 
they arc oflen capped by coral, but beneath the coral there 
is always a volcanic core of basalt. 

Uncsco, 1973. Ceol l i rni ial i:nrrg_y {f-arlt i Sciences, 12.) 19 
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Beneath the crust lies the'mantle ' . For forces lasting 
for a few seconds, such as those concerned In the propaga
tion of the waves from earthquakes, its material acts as a 
solid. It also behaves as a solid in the natural vibrations 
of the earth with periods of up to an hour, for tidal periods 
of 12 hours and for .the periods of around a year involved 
in wobbles of the earth about its axis of rotation. For the 
much longer periods involved in geological processes it 
may be expected to 'creep' as do all solids at temperatures 
in excess of a few hundred degrees. The most direct evid
ence for its behaviour for long continued forces is the rise 
of previously glaciated areas, such as Scandinavia, afler 
the removal of the ice. This rise takes a time of the order 
of 10,000 years and is compatible with the material of the 
upper mantle behaving like a fluid with a viscosity of about 
10-' g/cm.s. There has been much discussion of the pro
bable rheology of the upper mantle and particularly as to 
lA-hcther li possesses a finite'strength' below which it does 
not flow. The view taken here is lhat for periods of up to 
a day it is a very 'good' solid which literally'rings like a 
bcir, and that for periods greater than 10,000 years it is a 
'Newtonian fluid' which will move under indefinitely small 
stress difrerences; (for a discussion of the physics, see 
McKenzie, 1968 and for a contrary view see JefTrcys, 1970). 
Its behaviour for periods between a day and 10,000 years 
is doubtless complicated: at the lower end it is presumably 
a solid with some type of imperfect elasticity, and at the 
higher end a liquid whose effective viscosity varies with 
the stress. 

•CONTINENT- -^«. SHELF—>•- .0CEAN-
-SEDIMENTS 

, / f / ( r 
/ CONTINEKTAl. / / 

MOHO 

35 KM 

WATER SKM 
^ \ ' .VVrt ' , ' BASALT .•.•,-•.•.-.•••, 5 KM 

MOHO 

Fio. I. Schematic section through earth's crust at an inactive 
coastline, such as that of eastern North America. Under the 
continent the proportion of basalt probably increases with 
depth, but it does not necessarily form a separate layer. A 
great thickness of sediments usually underlies the continental 
shelf. 

The materia! of the mantle is not directly accessible to 
observation and our knowledge of it depends partly on 
deductions from the velocities of seismic waves and parlly 
on the study of rocks at the surface lhat may be supposed 
to be derived more or less directly from it. Owing to the 
shallowness of the mantle in the oceans the study of rocks 
from the sea floor is of particular importance. The con
sensus of opinion is that at the Moho there is a marked 
change In composition and that the material below It Is of 
ultrabasic composition, a peridotite consisting predomi
nantly of the mineral olivine—iron magnesium ortho-
silicate, (Mg, Fe)2Si04. The composition is probably quite 
similar to that of stoney meteorites. 

With increasing depth in the mantle the pressure and 
temperature both increase and at some point changes in 
crystal structure may be expected. Seismology suggests a 
gradual change at depths in the neighbourhood of 400 km 
which probably corresponds to the changes towards more 
compact crystal structures that are observed at high pres
sures In the laboratory. It is possible Ihal the viscosity 
increases greatly in the transition, but there is little direct 
evidence as to the amount of Ihe change. 

The mantle extends lo a depth of about 2,900 km 
where there is a change lo the much denser and liquid core. 
This is probably composed largely of molten iron. Within 
this liquid core Is an 'Inner core' of radius about 1,350 km 
which may be composed of iron that has been solidified 
by pressure. 

The main facts of the large scale structure of the earth 
are summarised In Figure 2. For the purposes of lhis 
article only the crust and Ihe upper part of tiie manilc ;ire 
of importance. What lies below is too remote to alTcci llio 
surface except on a very long time scale. 

Fia. 2. Crust, mantle and core. The figures arc densities in 
g/cm'. 

Underground temperatures and heat flow 

It has been known since the 17th century that the temper
ature in deep mines exceeds that at the surface of the earth. 
Such a temperature gradient implies a flow of heal out
wards from the Interior to the surface and raises many 
problems concerning the amount of heat involved, iis 
variation from place to place and its origin. If lhe heat is 
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TABLE 1. Some typical measurements of heal flow 

Basic theories 

Place 
Depth Grcmcii 

lemperalure 
' C 

Mean gradicnl 
"C/km 

Mean contluclivtly , , . „ , n 
•O-cal /s , n " " ' , l ° : 

cm "C 10 ' ' ca l /cm' i 

Gerhardminnebron (Soulh Africa) 
Tocketis (Yorkshire, England) 
Adams Tunnel (Colorado, U.S.A.) -
Lat. 48io N.. Long. 17° W. (E. basin of 

N. Atlantic) 
Lat. 464° M-. Long. 27io W. (Central 

Valley of Mid-Atlantic Ridge) 

3,022 
906 
940 

4,670' 

4,109' 

46.4 
35.7 
24.8 

0.116' 

0.87= 

9.5 
27.7 
24.1 

25.4 

315 

13.5 
4.26 • 
8.00 

2.2? 

2.07 

1.28 
1.18 
1.9.1 

0.58 

6.52 

1. Dcplh of wnier. 
2. Measured temperature difTercncc over depth range of 4.6 m for Isl and 2.8 m for 2nd station. 

carried by thermal conduction, the amount emerging per 
unit area Is equal to the product ofthe temperature gradient 
and the thermal conductivity. To Indicate the orders of 
magnitude of the quantities in non-volcanic areas a few 
typical examples are given in Table 1. Table 2 gives typical 
conductivities of some lypes of rock: considerable varia
tions are found depending on lhe composition and water 
content, particularly for sedimentary rocks. 
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TABLE 2. Thermal conductivity of rocks, 10^' cal/cm s °C 

Granite 
Dolerite 
Gneiss 
Gneiss 
Quartzite 
Limestone 
Dolomite 
Sandstone 
Shale 
Rock Salt 
Wet ocean 

6-9 
7-8 
5-9 normal to foliation 
6-11 parallel to foliation 
7-19 
4-7 
9-14 
4-11 
3-6 

13-17 
sediments 1.7-2.4 

•J 

c s. 
E 30 

25 

20 

15 

For more extensive tables see Clark (1966). 

In a place where (here are no shallow sources the 
upward flow of heat should be the same at all depths acces
sible to the drill; the temperature gradient will therefore 
vary with the conductivity, being less in well conducting 
sections than in poorly conducting ones. It is not easy to 
find bores holes or mines in which reliable measurements 
can be made. Time must be allowed for the heat produced 
by drilling to dissipate itself; gas, oil, or water must not 
flow into or out of thehole; and cooling by mine ventilation 

^must be avoided. Moreover in many places Ihe emerging 
^heat is not all transported by conduction: some may be 

carried by circulating water. A striking example Is shown 
In Figure 3. 
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Fio. 3. The variation of lemperature with depth in the Gerhard
minnebron bore in the Transvaal. The dots show the observed 
temperatures and the full line Ihe variation expected for a 
conslant heal flow filling the observations in the lower part of 
the hole. In Ihe dolomite that occupies the upper 4,000 ft, lhe 
observed gradient is much less than expected: Ihis is due lo 
the free circulation of water in the fissures which carries part 
of the heal. (From:/'roc. R.Soc.scr. A. vol. 173,p.489, 1939.) 

At sea there is less possibility of the circulation of 
water in the sediment, and meaningful measurements can 
be made over a much shorter range of depths. Probes, 
2 to 5 m In length, are forced into the bottom and by this 
means a large number of measurements can be obtained 
relatively quickly. 

There are at present a few hundred places on iand and 
a few thousand at sea where bolh temperature gradient and 

21 



Edward Bullard 

conductivity have been satisfactorily measured. The distri
bution of lhe values has been studied by Lee and Uyeda 
(Lcc, 1965); Ihe results are shown in Figure 4. Th'e majority 
ofthe values give a more or less Gaussian distribution with 
a maximum at about 1.1 |xcal/cm-s and with most of the 
measurements between 0 and 2.5 (xcal/cm^s. On the high 
heat flow side of Ihe peak there is a long tail extending 
beyond 8 ncal/cm-s. The distributions for Ihe Individual 
oceans and continents, taken separately, are very similar. 
The mean for Ihc whole earth is 1.4 H^al/cm^s. 

Heal flow (̂  al/cm' lec) 

FlO. 4. Histogram showing the distribution of the measure
ments of heat fiow for the whole world (excluding geothermal 
areas). (From: Lee, 1965.) 

4 X 10'" cal/cm^. If this were produced by the combustion 
of coal it would require the consumption of aboul 4 tons 
under each square centimetre of the earth's surface—that 
is lhe complete burning ofa layer 20 km thick. Clearly the 
heat cannot be produced by burning coal or, indeed, by 
any chemical reaction near the surface, and clearly also 
some very powerful source of heal Is needed lo produce 
the observed flow over geological time-spans. 

Some of the heat may be the original heat with which 
the earth was endowed when it was formed. Since the 
initial temperature is unknown there is some doubt about 
how large a part this may be. Lord Kelvin showed lhat if 
heat is brought to the surface by conduction in a solid earth, 
then, even If it was initially al lhe melting point, after 
IOO million years the original heal would be only a sniall 
fraction of that now observed. If heat is brought up by 
motions In the mantle, Kelvin's argument would need 
modlficallon; it seems unlikely, however, that original heat 
contributes any large part of the observed flow. It is possible 
to suggest a number of other sources, of heat within the 
earth, the outstanding one being the radioactivity of rocks. 

All rocks contain small amounts of radioactive ele
ments of which the only ones giving important amounts of 
heat are uranium, thorium and potassium and ihcir pro
ducts. Uranium has Iwo long lived isotopes; U-''" decays to 
lead (Pb'"") through a long series of intermediaries, and U"^ 
decays similarly lo Pb-"'. Thorium has a single long lived 
isolope, Th-^'-, which decays, again through many Inier-
mediaic stages, to Pb^"". The rare Isotope o( polas.sium, 
K*", decays by two routes—one to Ca-"" and the other to 
A*". The half lives and heat productions arc summarised 
in Table 3. The amounts of heat generated In dlllcrcni 
types of rocks are given in Table 4. 

. When the observed values of the heat flow are exam
ined in more detail it is found that different geological 
regimes have systematically difTerent heat flows. The conti
nental shields give low values averaging about 0.9 ^ical/cm^s; 
the recent mountain ranges lend to give high values around 
2; the values on the crests ofthe ocean ridges are very high, 
often between 3 and 8; high values arc also found in Ihe 
inland seas behind island arcs, such as the Japan Sea. Very 
low values, around 0.6, are frequent in the oceans a few 
hundred kilometres on either side ofthe ocean ridges. Very 
high values are, naturally, found In volcanic and hydro-
thermal areas of the continents. 

TABLE 3. Heat production by long-lived radioactive isotopes 
and their products 

Isotope 
Half life 

10'yr 
Proportion 
of isotope 

•A 

Heal generation' 
cat's y 

U " ' 
L|235 

Th=" 
K " 

4.50 
0.71 

13.9 
1.31 

99.27 
0.72 

100 
0.012 

S:o;!.»-" 
0.20 

27 X 10-« 

1. Per gram of ihc chemical clcmcnr including all isotopes. 

The source of the heat 

A flow of 1.2 ncal/cm's is not a large flux of heat by the 
standards of the kitchen or the factory. In a geological 
setting, however, it is impressive owing to the long period 
over which it is maintained. The earth is 4,500 million years 
old and of this the last 3,500 million years are represented 
by rocks near the present surface. In 1,000 million years a 
heat flow of 1.2 ncal/cm-s implies a total heat flow of 

From the figures in Table 4 it is clear that there is no 
difficulty in accounting for the observed heat How. In fact, 
since a thickness of 14 km of granlle would produce a flow 
of 1 (jLcal/cm ŝ it is necessary to assume that the rocks below 
the crust are much less radioactive than crustal rocks; 
otherwise the heat flow would be much greater Ihan is 
observed. Such an assumption Is quilc reasonable since 
the more basic rocks are nuich less radioactive than the 
granites. 
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TABLE 4. Typical heat production in rocks 

Rock type 

Granite 
Basalt 
Peridotite 

u 
ppm 

4.7 
0.6 
0.016 • 

Concentration 

Th 
ppm 

20 
2.7 
0.004? 

K 
X 

3.4 
0.8 
0.0012 

u 

3.4 
0.44 
0.012 

Heat production (n c:il/g yr) 

Th 

4.0 
0.54 
0.001 

K 

0.9 
0.23 
0.0003 

Total 

8.3 
1.21 
0.013 

K) 

There is some direct evidence that^the heat flow 
lhrough the continental shield areas is, in large part, due 
to radioactivity in the crust. It is found that the heat flow 
is greater in areas of high radioactivity than it is in areas 
where the rocks are less radioactive (Roy el a l , 1968). Some 
results of this kind are shown in Figure 5; by extrapolating, 
the observed values back to zero radioactivity, the heat 
flow for a non-radioaclivc crust can be estimated—i.e. the 
amount of heat coming from the mantle. It seems that on 
the continents this varies from one region to another in the 
range one third to two thirds. In the oceans there is only 
about 5 km of rather feebly radioactive basalt above the 
Moho and most of the heat must come from the mantle. 

there is great uncertainty, but something In the range 500 
to 700°C seems reasonable. If the material below the Moho 

• were static and the heat were transported by conduction, 
the gradient just below the Moho would be 12 "C/km and 
a temperature of about 1,400 °C would be reached at a 
depth of 100 km. The melting point increases with dcpih, 
but it seems likely lhat the temperature increases moic 
rapidly and thai the material of the mantle is near its melt
ing point at depths of about IOO km. Al greater depths lhe 
Increase of melting point may exceed the rise in lemperature 
and the material is probably in less danger of niching. The 
approach to melting at depths around 100 km is perhaps 
the cause of a slight decrease which is found in the velocity 
of elastic waves in this region. 

5 10 IS 20 25 

A, I0-" al/cm' lec 

Fic. 5. Dependence of heat flow,'Q', in Eastern and Central 
U.S.A. on the radioactivity,' A', of Ihe granitic basement rocks. 
(From: Koy et al., 1968.) 

Knowing the heat flow at the surface it is possible to 
make a rough estimate of temperatures all through the 
crust and In the upper part of the mantle, the main un
certainty being the distribution of radioactivity In depth. 
If, in a continental area, the'heat flow is 1.2 ncal/cm-s, and 
If half of this comes from a crust 35 km thick with a con
ductivity of 0.005 cal/cm s °C then the temperaiure at Ihe 
Moho would be 630 "C above lhat at lhe surface. Obviously 

Volcanoes, ridges and island arcs 

The picture of an earlh with a slightly radioactive crust 
and a slill less radioactive mantle gives temperatures greatly 
below the melting point all through the crust. It is therefore 
an earth normally without molten rock near the surface and 
therefore without volcanoes or igneous activity in the crust. 
In a sense this Is a good first approximation. Active vol
canoes are exceptional features that occur In special places; 
Ihcy are not usual features of the land.scapc. 

There are, essentially, two series of volcanoes: those 
around the island arcs and those on the mid-ocean ridges. 
To understand why this should be so is one of the central • 
problems of geology. It is easy to sec why volcanoes do 
not occur everywhere, but why should they occur on these 
two vciy different kinds of lines? Why also should the lavas 
of the two types be different? To understand these mailers 
it is necessary to digress a little to explain the nalure of 
mid-ocean ridges and island arcs and the current theories 
of their origin. 

The mid-ocean ridges arc shovvn in Figure 6; they are 
a great series of submarine mountain ranges which run 
around the world and are by far the longest chain of moun
tains on earth. The mid-Atlantic ridgc Is typical; some cross 
scciions are shown in Figure 7. The ridge is completely 
din-ercnt from a continental mountain range. Mouniains_. 
such as Ihe Alps are carved from great piles of compressed 
and distorted rocks, largely sediments; the mid-ocean 
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FlO. 6. The Mid-Ocean ridges. The heavy line represents the 
crest of the ridge and the ceniral valley: the thin lines across 
the ridge are transverse faulls. (From: D. II. Mallhews, Inicr-
iiatioiuil Dictionary of Geophysics, p. 981.) 

ridges, on Ihe other hand, are composed entirely of sub
marine volcanoes. Along the crest of the ridge runs a steep 
sided, crack-like valley which Is Ihe seal of numerous earth
quakes and also of volcanic eruptions. A study of the earth
quakes has shown that the valley is an opening crack which 
opens a lillle more at each earthquake. As the crack opens, 
lava flows out and forms new volcanoes. It is not possible 
to discuss all the evidence here but there is now no doubt 
that the floor of an ocean behaves as two rigid plates that 
move apart by continual splltling along the axis of the 
ridge; reviews by Bullard (1969) and Menard (1969) provide 
more detail. In many places Ihe ridge consists of sections 
offset along transverse faults, as may be seen from Figure 6. 
The sections of these transverse faults that lie between the 
two ridgc crests have earthquakes; those further out, beyond 

the crests, do nol. In the earthquakes the motion Is pafallel 
to the fault as svould be expected if two plaics arc separating 
along the ridgc axis (Figure 8). 

Outpourings of lava may occur at any point along the 
central valley of the mid-ocean ridge. Most of these will be 
beneath the surface of the .sea and will pass unnoticed, but 
some will form volcanic islands. Such islands arc seen at 
intervals along the whole length of the ridgc; sometimes 
they are on the ridgc crest but more often they are on Ihe 
transverse faults. In the Atlantic there are Jan Mayen in the 
far north; Iceland, one of the few places where Ihe central 
valley can be seen on land; the Azores where the volcanoes 
arc spread out east-west along a transverse fracture rather 
then along the ridge crest; Ascension Island; St. Helena 
(well clear of the crest); Trisian da Cunha and Gough 
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FIG. 7. Three sections across the Norlh Atlantic Ocean, show
ing the mid-ocean ridge and its central valley. The vcriical 
scale is exaggerated 40:1. The upper section passes through a 
transverse ridge from the Azores to Gibraltar: consequently 
the mid-ocean ridgc appears less prominent than in the olher 
sections. (From: D. C. Heczen and H. W. Menard, 77/e Sea, 
vol.»3, p. 274.) 

C e M T B A l 

V A L L E T 

FlC. 8. Separation of plates along the central valley of a ridgc. 
The motion must be parallel to the transverse fault. The earth
quakes (•) are confined lo the central valley and the part of 
Ihe fault between the two scciions of valley. 

Island. From the'Souih Atlantic the ridge sweeps round to 
the South of Africa into the Indian Ocean. Here Marion 
and Prince Edward Islands are recently exiinct volcanic 
cones. Further north Amsterdam and St. Paul Islands also 
lie on the ridge. The section of the ridge running north 
into the Gulf of Aden has no islands; it Is continued in the 
Red Sea and Is probably also connected with the eastern 
branch of the African Rifl valley which shows at least one 
active volcano and many that are recently extinct. In the 
centre ofthe Indian Ocean the ridge forks: one branch goes 
around South Africa and one norlh as already described: 
the third goes south of Australia and New Zealand and 
enters the eastern Pacific. In the Pacific the ridge runs 
norlh and enters the Gulf of California. This section has 
no central valley and no active volcanoes; il has, however, 
a number of islands bearing recently exiinct volcanoes, for 
example, those of Easier Island. The San Andreas fault 
runs from Ihe northern end of the Gulf of California to 
Cape Mendecino where it runs out to sea. This fault is 
probably a transverse fault joining two sections of ridge, 
the southern piece in Ihe Gulf of California and the more 
northerly piece running from near Cape Mendecino roughly 
parallel fo the coast as far as the north end of Vancouver 
Island. 
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The course of the ridge has been described in some 
detail to show what pan of the earth's active volcanoes lie 
on il; of areas that are actually being used for Ihe produc
tion of steam or hot water we have Iceland and the Imperial 
valley of California. There are also a number of places 
where geothermal power could probably be developed if it 
were required; for example the Kenya Rift Valley, the 
Azores and perhaps the area of Abyssinia and Somallland 
to Ihe west of Ihe Gulf of Aden. Unfortunately most of the 
ridge crest is beneath the sea and therefore inaccessible for 
geothermal development; the high heat flows measured In 
the central valley show that temperatures of several hundred 
degrees must be reached at depths ofa few kilometres. 

It has been said above lhat the ocean floors behave as 
rigid plates spreading out from the ridgc axes and being 
continually renewed there by intrusion and extrusion of 
molten rock from below. The rate at which the plates spread 
differs from place to place, but is usually In lhe range of 
1 to 10 cm/yr on each side of the axis. Such rates are, geo
logically speaking, very fast; spreading at 5 cm/yr on each 
side ofa ridge would give a relative motion of 10,000 km In 
100 million years. Since the earth is 4,500 million years old 
it Is clear that plates must be destroyed as well as created. 
There is not much choice for the site of the destruction 
and all those who believe in moving plates believe that Ihey 
are destroyed at the ocean trenches. 

The Tonga trench is typical and has been particularly 
closely studied. The Tonga group of islands Is a north-
south chain of extinct volcanoes with a deep ocean trench 
running parallel to the islands and a little to the east of 
them. A plate is moving westward from the section of the 
ridge running north-south In the eastern Pacific. Spreading 
is fast, and in about 100 million years a piece of lava 
formed on the crest of the ridge would reach the trench. 
Here the moving plate dives down at about 45° and passes 
under Ihc islands. The reality of Ihis description is estab
lished by the earthquakes that occur within the plate as it 
moves and fractures. The earthquakes behind Ihe Tonga 
trench occur al all depths down to 650 km. Earthquakes 
at such great depths occur only in places where there is 
reason to suppose lhat there are sinking plates; most are 
behind island arcs, such as those of Indonesia, Japan and . 
the Aleutians, but ihey also occur beneath the Andes where 
there is an 'ocean trench' and a descending plate, but no 
Island arc. The greatest depth of any earthquake Is aboul 
750 km; by the time the plate reaches this depth it will be 
near its melting point and unable to store the clastic energy 
needed to produce an earthquake. It is probable lhat Ihe 
material of the plate finally becomes mixed again with the 
mantle material from which is was derived. The sediments 
on its surface may be partially scraped ofl" and piled up 
just behind the trench and may contribute to the piles of 
distorted rocks found in the mountain ranges that oflen lic 
along the edges of continents. These mountains frequently 
contain volcanoes producing andesitic lavas, as in the 
Andes; and even where there is no great mountain range 
Ihe volcanoes are oflen present, as In Indonesia, ll is likely 

lhat the andesitic lavas arc derived from the first products 
of melting of the sinking plaics. Such melling would be 
expected at depths of about 150 km: wlih a philc dipping 
at 45" the lava would emerge at about this distance behind 
the trenches, assuming that it works its way vertically up
wards from iis source to the surface. 

The areas of downgoing plates contain, a large propor
tion of the geothermal areas of Ihc world. Many of these 
are around the Pacific and include Indonesia, the Philip
pines, Japan, Ihe Aleutians and the Andes. The New 
Zealand geothermal area Is a southward extension of the 
Tonga trench and is probably associated with a sinking 
plate. Other areas where similar phenomena occur are the 
Caribbean, the Aegean and Ihe Scotia Arc which runs 
between the southern lip of South America and Graham 
Land. There arc some important geothermal areas whose 
positions in this scheme are nol clear. The Mcdlierrnncan 
Is an area in which very complicated events are in progress. 
Africa is moving northwards and colliding with southern 
Europe and the Middle East. In the collision the plaics have 
become fragmented and direciions of motion have changed. 
It is probable that the main, north-going African phiic i> 
going down and being consumed beneath the Cretan island 
arc, but it is not clear what is happening In Ilaly; ll Is 
possible that there Is a small downgoing plate moving in 
from the west. Another area.of doubi is in the mountain 
stales of the U.S.A. The continent has moved westwards 
away from Europe and has probably overrun Its own west
ward boundary trench and also pari of a mid-ocean ridgc. 
It is also possible lhat California is a continental fragment 
lhat had its origin somewhere to Ihe west and has collided 
with the rest of the U.S.A. In view of these complcxiiics, 
which are typical of continental geology. It is dilficuit to 
say what Is Ihe origin of Ihe geolhermal activily in norih-
east California and Nevada. It Is clear lhat It Is connected 
with the great outpourings of lava but il is not clear what 
is the origin and history of these. 

There are many coastlines of Ihe world where there 
are no earthquakes, no volcanoes, no downgoing plate and 
no geothermal areas. These coastlines, such as the eastern 
seaboard of the United Slates, the west coast of Europe 
and bolh the east and west coasts of Africa, arc places 
where the ocean floor and the continent are parts of the 
same plate. The major plates arc shown In Figure 9; they 
are delineated by Ihc earthquakes of the mid-ocean ridges, 
which arc associated with their generation, and those of the 
trenches which signal their destruction. There are In addi
tion smaller plates In areas such as Ihc Mediterranean 
which are imperfectly understood and cannol be shown in 
a small diagram. 

In spile ofthe doubts about the meaning of geothemial 
phenomena in some areas, Ihc suggestion that there are 
two main environments for igneous activity Is a useful 
unifying concept In considering Ihe phenomena. For any 
particular example il Is useful to ask: ' Is this a place where 
the crust is splitting and new material Is being added to a 
plate in the form of basaltic lavas and intrusions, or is it 
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called 'thermal convection'; once it starts, most of the heat 
is transported thereby and conduction Is unimportant 
except In a layer near the surface. As has already been 
explained, It is likely lhat the mantle of the earth behaves 
as a liquid for long continued forces—that is, it has no 
long-term strength and no power to prevent convection 
once the adiabatic gradient is exceeded. The adiabatic gra
dient is 'g a T / C where ' a ' is the coefficient of expansion 
of Ihe material, ' T ' is the absolute lemperature, ' g ' the 
acceleration of gravity and ' C the specific heat. All these 
quantities, except the coefficient of expansion, are quite 
accurately known; the coefficient of expansion of rock in 
the mantle will be less than it is at atmospheric pressure 
and, from extrapolation of experiments at high pressure 
and from theory, may be estimated at about lO-'/^C. With 
this value the adiabatic gradient is about 1 °C/kfn, which 
is certainly less than the temperature gradient in the mantle 
if it were static and the heat were brought up entirely by 
conduction. It is iherefore not unreasonable lo expect con
vective motions in the mantle. The form that these motions 
will take is difficult to predict: it depends strongly on the 
rate of change of viscosity with depth and with temperature 
and on the thickness of the layer taking part In the motion. 
The occurrence of long, narrow, linear features such as 
ridges and trenches suggests that the motion may be In 
long rolls rather than In isolated plumes or jets. A realistic 
theory would be quite complicated since it must allow for 
the lliermai effects of the motions of the plates, for the 
effects of the cold sinking plates on the temperature distri
bution and for ihe differences In the distribution of radio
activity between oceans and continents. The heat engine 
may move the plates and may be the driving force of geo
logical change, but we must also not ignore the effect of the 
moving plates on the heat engine. So far only rather simple 
models have been treated and much remains to be done 
before we have a realistic physical and mathematical theory 
of large scale geological processes. 

The transfer of heat to the surface 

As molten rock approaches the surface of the earth a very 
complicated series of processes will occur. The pressure 
will be reduced, gases and liquids held In. solution will be 
released, the temperature will fall and crystallisation will 

Obcgln. A lava is a complicated mixture of oxides and sili
cates and is capable of producing many different solid 
substances depending on tlie pressure, the temperature and 
the amount of water and other volatiles present. In general 
the first substances to crystallise will be those of highest 
melling point: these will be basic rocks without free quartz. 
The crystals will be denser than the liquid and will tend lo • 
settle to the bottom of the molten material; how far they 
are able lo do so will depend on the size of the crystals, 
the viscosity of the melt and the geometry of the caviiy in 
which it is contained. The composition of bolh the melt 
and of the separating crystals may also be afTccted by the 

eating away and solution of material from the walls of Ihc 
cavity. The details of all these processes form a large part 
of the subject matter of the science of petrology and cannoi 
be discussed in any detail here. In general there will be a 
tendency for anything that will not form high melting com
pounds, or whose atoms will not easily fit as Impurities 
into the common silicate minerals, to be left over as gases 
and liquids in the late slages of Igneous activity. In parti
cular, hot water and steani will be released anci will carry 
away a great variety of olher materials by'steam distilla
tion'. In this way many relatively rare elements may be 
concentrated. Deposits of elemental sulphur may be formed 
and its gaseous compounds, such as HoS and SO. may 
emerge; even extremely rare elements wilh volatile com
pounds, such as mercury and silver, may occur as ores in 
workable concentrations. 

In fact, a large part of the water and sleam emerging 
in geothermal areas is not derived from deep sealed molten 
rock but from the circulation of ground water. Lavas arc 
full of joints and cracks and It is easy for rainwater to 
penetrate deeply and reach the hot lava; here il Is itself 
heated and caused to rise, taking with It dissolved materials. 
When it reaches the surface it may emerge as slcam or hot 
water or as a mixture of the two. 

Some idea of the proportion of 'new' water—lhat Is, 
waler coming from the Interior of the earlh and not derived 
from rainwater—may be obtained from the study of the 
ratio of the isotopes of hydrogen in the water. Hydrogen 
has two stable Isotopes; ordinary hydrogen, H, with atomic 
mass 1, and heavy hydrogen, D, (deuterium) with mass 2. 
The light Isotope is much the more abundant. The ralio 
of the numbers of Ihe Iwo kinds of atoms In .sea water Is 
a little variable but is typically H/D = 6,400. Most of the 
deuterium will be combined in water molecules HDO; 
(since deuterium is so rare, there will be very few DjO 
molecules). Owing to their greater mass the HDO molecules 
have a lower vapour pressure than HoO molecules and, 
when water is evaporated from the sea, a higher proportion 
of the HjO molecules will go into the vapour. Il would 
therefore be expected lhat the waler that falls as rain, 
which is derived from water vapour evaporated from the 
sea, would contain less deuterium than does sea water. 
This is found to be so: the ratio H/D in rain water, river 
water or tap water being typically 6,800. The ratio for 
waler derived from geothermal sleam is close to that for 
rainwater, and this suggests that most of the sleam Is 
derived from rainwater circulating through cracks In the 
rocks. The uppermost stage of a geothermal area Is there
fore a heat exchanger In which the heat of the rocks Is 
transferred to circulating water. A review qf these compli
cated matters will be found in Tongiorgi (1963). 

Conclusion 

Geothermal areas are of interest as sources of heat and 
power and they present imporiant and challenging engi
neering problems which form an imporiant part of the 
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FiJ. 9. The moving plates. The arrows show the direction of 
motion. The plates are bounded by earthquake zones: shallow 
earthquakes are shown by dots, and those deeper than 150 km 
by crosses. Six large plates 'arc shown—Europe/Asia, Africa, 
Eastern Indian Ocean, Antarctic, North and South America, 
and Ihe Pacific. Some, but not all, of the small and medium 
sized plates are also shown—South-cast Pacific, Arabia, 
Caribbean. 

a place where a plate is being destroyed and melted and 
andesitic lavas are working ihclr way to the surface?'. 

During Ihe last year the ideas of'plate tectonics' have 
received important confirmation from drilling in the ocean 
floor by the U.S. projecl J.O.I.D.E.S. (Joint Occanographic 
Institutions for Deep Earlh Sampling). If our Ideas are 
correct, the youngest rocks shouldiappcar at the ridgc crests 
and in the central valley; some way on either side we 
should expect recent sediments at the sea floor wilh older 
sediments beneath. The age should increase with depth till 
sediments are reached that were deposited when Ihe rocks 
at the drilling site were on the ridge axis. Below these sedi
ments there should be lavas of the same age as these sedi
ments. These predictions have been triumphantly verified 
in the 130 holes so far drilled in both the Atlantic and the 
Pacific oceans. The rates of spreading of the plates deter
mined quite Independently of the drilling give very good 
estimates of Ihe ages of the oldest sediments found in the 
bore holes. 

The mechanism of plate motion 

Although we have now acquired a rather definite idea of 
what is happening at the surface of the earth, we know very 
little about the causes. We know how the plates are being 
formed, are moving and arc being destroyed, but what is 
driving them? It seems likely that theearth is, in some sense, 
a heat engine. Heat Is continually being generated by the 
decay of radioactive elemenis and this Is likely to be Ihe 
ultimate source of the energy we see displayed in the mo
tions at the surface. 

If heat is generated in a layer of liquid the temperature 
will rise and heat vvill flow out by thermal conduction. This 
involves no motion of the material; but, if the rale of heat 
generation and thus the temperaiure gradient exceeds a 
limit known as Ihe'adiabatic gradient' the liquid becomes 
unstable and moiion starts. Hot liquid rises towards the 
surface where It cools and sinks again. Such a motion is 
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theme of this Review; but It is well to remember that the 
power extracted from a geothermal area is a manifestation 
of the workings of Ihe great internal heai engine which 
drives the processes of geological change. It Is nol by chance 

that the geothermal areas lie where they do, but only in 
the last few years have wc begun to understand ihe hidden 
workings of the engine and the reasons for what wc see at 
the surface. 
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Deep Mantle Convection Plumes and Plate Motions' 

Abstract Evidence shows Iha l volcanic is land chains and 
:!eiimic r idges ore formed by p la le mot ion over f i xed-
Mnlle "ho i -spots ' - ( Ice land, H a w a i i , Ga lapagos , elc.) ond 
-ew arguments l ink fhese hot-spots wi th Ihe dr iv ing mecha--
,ii in of con l inen la l dr i f t . It Is assumed that the hot-spots 
;re surface expressians of deep mantle plumes rough ly 
150 Vm in d iameter , r is ing 2 m/yea r , and ex tend ing lo the 
lowest part of the m:nt le. The r is ing mater ia l spreads ou l 
i,i the oslhenosphera, produc ing stresses on Ihe plate bot-
racis. Order.of-mog.-. l fude eslimates show these stresses 
ere luFicIenl ly targe to inf luence plate moi ion s ign i f i 
cantly. The tota l up'«ard flow in Ihe plumes Is est imated 
3l 500 cu k m / y e a r , which wou ld require Ihe entire mantle 
13 overturn once each 2 b i l l ion years. 

I .VTRODUCTION 

We may account for the main features of the 
Hawaiian Islands (the long linear chain, the 
uniform progression of ages toward the north
west, the transition from the tholeiitic main 
stage to more alkalic later stages of volcano 
!;rowth) by assuming that the Pacific plate is 
moving northwestward over a fixed-mantle 
-hot-spot." Likewise the Greenland-Iceland and 
Iceland-Faeroe ridges emanating from Iceland, 
and the Rio Grande and Walvjs ridges emanat
ing from Tristan da Cunha and Gough Island, 
iTiay be interpreted as the result of plates mov
ing away from faed hot-spots located on the 
crest of a spreading mid-ocean rise. Wilson 
(1963a, b; 1965a. b) advanced this hypothesis 
lor the origin of island chains and aseismic 
ridges, and in a sequence of papers developed 
iiow these features may be used to determine 
the present motion of each plate, how the 
."i-̂ eismic ridges are important guides in recon
structing pre-drift continental configurations, 
3i;d how aseismic ridges and transform faults 
interrelate. Morgan (in press) has presented 
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three additional lines of evidence supporting 
the concept of rigid plates moving over fi.\ed-
mantle hot-spots; this evidence is summarized 
in Figures 1-3. 

In Figure 1, I quantify observations of the 
parallelism of the Pacific island chains and the 
continuity of the Hawaiian Islands and Em
peror Seamount chains. Four sites of present 
volcanism are noted: (1) the Juan de Fuca 
Rise near Cobb Seamount, (2) Hawaii, (3) 
MacDonald Seamount (for a report on its dis
covery see Johnson, 1970), and (4) the Pacific-
Nazca rise near Easter Island. The four heavy 
lines in Figure 1 vvere generated .by rotating the 
Pacific plate backward in time over these four 
fixed hot-spots, first 34° about apole at 67''N, 
73°W (0-40 m.v.), then 45° about a pole at 
23°N, I lOnv (40-JOO m.y.y.-The close agree
ment of these predicted lines with the trends of 
the Gulf of Alaska seamount chains, the Ha
waiian-Emperor chain, the Austral-Gilbert-
Marshall ch-jin, and the Taumotu-Line chain 
substantiates this hypothesis. Even more e.xact 
agreement can be obtained by removing the 
constraint of fixed hot-spots and allowing the 
hot-spots to migrate at about Vz cm/year—a 
small fraction of the roughly 7-cm/fyear mo
tion of the Pacific plate. 

Figure 2 shows paleomagnetic pole positions 
determined from seamounts in the Pacific. The 
letter shown with each circle of confidence 
identifies the seamount group used by Franche-
teau et al. (1970); the number shows the age 
of the pole in millions of years. The heavy line 
is the Pacific polar^wandering curve predicted 
by the motion of the Pacific plate shovvn in Fig
ure 1. (It is implicitly assumed that, at least 
during the past 100 m.y.,,the geomagnetic pole 
has not wandered relative to-the hot-spots fixed 
in the lower mantle.) The paleomagnetic evi
dence thus verifies the plate motion predicted 
by the hot-spot trajectories. This test should 
be repeated for each of the other niajor plate 
units. 

Figure 3 shows the present plate motion over 
the fi.Ked hot-spots. This figure was constructed 
by finding the relative plate motions deduced 
from fault strikes and spreading rates on the 
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FIG. 1—Hot-spot trajectories constructed by rotating Pacific plate over four fi.xed hot-spots. 

rise boundaries, and then adding a constant ro
tation to make the Pacific plate rotate properly 
over its hot-spots. If the synthesis tabulated by 
Morgan (in press) is correct, and if all the hot-
spots are fixed in the mantle, then the velocity 
vectors shovvn in Figure 3 should predict accu- • 
rately the trends ofthe island chains/aseismic 
ridges away from hot-spots. 

Morgan (1971; in press) proposed that these 
hot-spots are surface manifestations of lower 
mantle convection which provides the motive 
force for continental drift. Assume that about 
20 deep mantle plumes bring heat and rela
tively primordial material up to the astheno
sphere, producing horizontal currents in the 
asthenosphere which flow radially away from 
each plume. The points of upwelling have 
unique petrologic and kinematic properties, but 
1 assume there are no corresponding unique 
points of downwelling—Ihe retul-n flow is uni

formly distributed throughout the mantle. T'ne 
deep convection thus has a thunderhead char
acter, whereas the shallow convection, con
strained by Ihe rigid plates at the top surt'ac-:. 
has a roll or two-dimensional character. 

Some of the consequences of the interaction-
of rigid plates with localized upvvellings and a:i 
interpretation of the observed petrologic differ
ences of oceanic island type basalt and oceanic 
ridge type basalt were presented by Morg-an 
(1971; in press). In this paper I shall ainplii.̂ -
the arguments supporting the claim that th-
hot-spots provide the driving force for conti
nental drift. These arguments fall into thr-:̂ ' 
categories: (1) the observation lhat most hot-
spots are near rise crests and evidence that hoi-
spots become active before continents split 
apart; (2) an interpretarion of the gravity and 
topography around each hot-spot, showing th::'-
the mantle plumes generate moderately lar̂ -e 
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stresses; and (3) estimates comparing the mag
nitude of stresses generated by plumes to the 
magnitude of rise and trench stresses. 

LocA-noN- OF HOT-SPOTS 

The primary criterion for selection of the 
hot-spots in Figure 3 was recent volcanic is
lands not associated with andesitic trench-type 
activity. Several volcanic islands were removed 
from this list based on the assumption that some 
volcanic activity is delayed by a magma-storage 
mechanism somewhere in ihe lithosp'nere. For 
example, the oldest rocks on Heard Island on 
the Kerguelen Ridge are 40 m.y. old, but there 
has been some activity in historic times. I as
sume that the entire Kerguelen Ridge is a hot-
spot feature and that the recent activity on 
Heard Island is a delayed action of hot-spot 
material placed there in the lithosphere 40 m.y. 
ago; thus Heard is eliminated from the present 
hot-spot list. A more puzzling case is the Camer
oon Trend, vvhich lines up with the ridge that 
heads northeast from St. Helena. I have tenta
tively assumed that the Cameroons are a delayed 
action of the St. Helena hot-spot, and that the 
Cretaceous volcanic rocks northeast of Mt. 
Cameroon are the expression of the St. Helena 
hot-spot prior to the breakup of South America 
and Africa. 

Four oceanic centers of volcanism are not 
near mid-ocean rises: Hawaii and MacDonald 
in the Pacific plate, the Canary Islands In the 

FIG. 2—Pacific paleomagnetic pole positions 
(adapted from Francheteau et ai, 1970) and polar-
wander curve predicted by motion of Pacific plate 
shown in Figure 1. 

African plate, and the Comores Islands in the 
Somalian plate. In addition, Yellowstone (and 
the Snake River basalts), Tibesti (in central Sa
hara) , and Mount Kenya have characteristics 
suggestive of continental hot-spots. The Yel
lowstone, Kenya, and Comores hot-spots are 
near present-day breakups in the western 

lantle. The 
head char-
tion, con-
)p surface. 
er. 
iteraciion-
12S and an 
jgic dliTcr-
id oceanic 
V Morgan 
;!l amplify 
1 that the 
for conii-
into three 
most hot-
: lhat hoi-
ents splii 
-avk}- an̂ i 
iwlna thai 
lelv lar-:c 

F'c. 3—Present motions of plates over hot-spots. Relative plate molions were determined from fault strikes 
and spreading rates on rise boundaries: with an appropriate constant rotation added, absolute motions of each 
plate over mantle were determined. Lengths of arrows are proportional to plate speed. 
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United Stales and East Africa, therefore only 
four of the locutions listed are far from present 
spreading a.xes. In contrast, 14 hot-spots are 
near rise axes; four are in the Pacific (Juan de 
Fuca, Galapagos.. Easter, and Balleny) and two 
lesser hot-spots suggested by seamount chains 
are' near the mouth of the Gulf of California 
and the Eltanifi fracture zone. There are four 
in the Indian Ocean (Amsterdam, Reunion, 
.Aiar, and Prince Edward), and six in the Atlan
tic (Bouvet, Tristan de Cunha-Gough, St. 
Helena, Ascension, Azores, and Iceland). One 
may argue that the lack of identifiable hot-spots 
on continents results from continental complex
ities camouflaging their presence. However, the 
rev-erse argument is no less valid; the hot-spots 
are mostly in the open ocean because they haye 
pushed the cmst away. 

More dramatic than the location of the pres
ent hot-spots near the present rises is the evi
dence that the same hot-spots became active 
before the rises vvere formed. This evidence is 
best displayed in the lands bordering the Atlan
tic. The Jurassic volcanics in Patagonia may be 
regarded as the early expression of the Bouvet 
plume. (The even earlier Cape Volcanics in 
South Africa may be an expression of this 
plume. This interpretation depends on how 
Gondvvanaland moved over this plume.) The 
flood basalts in the Parana basin and the ring 
dike complex of Southwest Africa may be due 
to the Tristan da Cunha plume. The White 
Mountain Magma Series in New Hampshire can 
be associaied vvith the same hot-spot that pro
duced the . New England Seamount chain 
(probably the Azores plume). The Skaergaard 

and the Scottish Tertiary volcanic province are 
associated with the Iceland plume. I claim this 
line of plumes produced currents in the asthe
nosphere which led to the continental breakup 
creating the Atlantic. Likewise the Deccan 
Traps (Reunion plume) were symptomatic of 
the forthcoming Indian Ocean rifting, and, If 
my premise is accepted as proved, the Snake 
River basalts (Yellowstone plume) foretell a 
breakup of North America. 

GtiAViTY AN'D TOPOGRAPHIC HICHS 

Figure 4 shows a worldwide gravity map 
computed for spherical harmonics up to order 
16 (Kaula, 1970). Isolated gravity highs are 
apparent over Iceland, Hawaii, and most of the 
other hot-spots (Galapagos is a notable excep
tion). Such gravity highs are symptomatic of 
rising currents in the mantle—the less dense 
material in the rising plume produces a broad 
negative gravity anomaly: but the satellite pas
ses closer to the e.xcess mass in the elevated sur
face pushed up by this current, and the net 
gravity anomaly in the area over the rising cur
rent is positive. The mid-ocean rises are excep
tionally shallow near the hot-spots; note par
ticularly the 10'= sq km areas surrounding the 
Iceland, Juan de Fuca, and Galapagos plumes. 
This regional high topography is another mani
festation of the rising plume, and I shall now 
use the magnitude of the high topography and 
gravity to estimate roughly the size of the rising 
current. 

The formulas following are adapted from de
rivations shown by Morgan (1965). A spherical 
ball of mass deficiency M, located a distance D 

FIG. 4—Isostatic gravity map of earth constructed from spherical harmonic coefficients of degree 6 through 
16. Shaded areas are regions of positive anomalies; heavier shaded areas are regions where anomalies are greater 
than +10 maal. Note correlations of gravity highs with Iceland, Hawaii, and most other hot-spots (adapted from 
Kaula, 1970)^ 
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below the surface, is rising in a fluid of uniform 
viscosity. The Navier-Stokes equations were 
solved for a uniform half-space with rigid-plate 
boundary conditions for the top surface. The 
formulas give the normal stress (T„, the shear 
stress o-j, and the gravity anomaly S^ at the 
rioid-plate boundary. The height the surface is 
pushed up is related to the normal stress by 
cr„ = pgh, and Sp is the gravity anomaly pro
duced by adding the effect of the raised surface 
to the gravity effect of the ball ;V/. In these 
formulas, g is the gravitational field strength, G 
is the Newtonian Gravitational Constant, and r 
is the horizontal distance from the point directly 
above the ball. 

CIJ = GMD 
{2D'- - r') 

(£>' -I- r 'P -
Mg 3D' 
2T W - -{- r ' P -
Mg 2r 
•57 (Z)! -t- r=)'" 

(I) 

(2) 

(3) 

From Figure 4, we estimate lhat Sg over a 
plume is typically +20 mgal and that the 
gravity anomaly falls off with distance, so that 
It is zero at 1,000 km away. Using equation (1) 
vvith these values, I find D = 700 km and M = 
0.8 X 10=' g. If from topographic maps vve esti
mate I km extra height as typical of the region 
near a plume, then equation (2) yields a value 
of M = 3 X 10-^ g. These estimates are based 
on a uniform viscosity model; what effects would 
a more complicated viscosity pattern have? The 
uniform viscosity case yields the result that the 
total mass excess of the elevated surface equals 
the mass deficiency of the rising ball; i.e., the 
stresses produced by the rising ball are balanced 
by the stresses produced by the increased surface 
load. If plumes deep in the earth are rising in 
pipes surrounded by a very viscous mantle 
(much more viscous than the asthenosphere), 
then much of the stress of the rising material 
will be distributed throughout the more rigid 
niantle and will not produce a local elevated 
surface. Thus, a larger mass deficiency may be 
present than that estimated from the uniform 
viscosity formulas. We therefore estimate M = 
10-' — 10" g as a typical mass deficiency of a 
single plume. 

Using plume dimensions to be discussed later, 
the density- of a plume can be calculated from its 
total mass deficiency (M = 3 x 10-̂ ' g). As
suming a cylindrical shape 150 km in diameter 
and assuming that only the top 1,000 km of the 

cylinder contributes to the M estimated by the 
surface gravity and topography, vve find Sp = 
—0.2 g/cu cm, or about a 5 percent density de
ficiency. This density change could be produced 
by a migration of "400-600"-km phase change 
boundary. This magnitude density deficiency is 
ideal; if the mass and dimensions yielded a 
density difference 10 times larger or 10 times 
smaller, the result would be respectively un
reasonable or uninteresting. 

Formula (3) may be used to estimate lhe 
shear stresses acting on the plate bottom. On the 
assumption that M = 3 X I0-' g and D = 
700 km, then at r = 500 km the shear stress is 
80 bars. How the shear stress falls off with dis
tance away from the plume is very sensitive to 
the exact viscosity pattern; however I shall use 
100 bars as a rough estimate of the shear stress 
on a plate near a plume. 

STRESSES AT KISES AND TRE.NCHES 

If the stresses produced by plume currents 
were clearly larger than the push of a rise or 
the pull of a trench, then the problem of find
ing the stresses acting oii^the plates would be 
greatly simplified. I have constructed the 
following mathematical model with three 
sources of stress: (1) stresses on plate bottoms 
falling off as l / r away from each hot-spot, (2) 
a drag stress on the bottom of each plate pro
portional to the plate's velocity over the lower 
mantle and (3) stresses generated by plate-to-
plate Interactions of rises, trenches, and faults. 
The last category would have a moderately 
complicated set of equations predicting the 
stress generated by a specified closing rate at a 
trench or slip rate at a fault, etc., but it vvould 
have Newton's Third Law of action and reac
tion as a simplifying feature. With this model 
the torques on plates with the present boundary-
locations can be determined, and the direction 
and rate of motion of each plate predicted. The._ 
parameters specifying plume size and plate-to-
plate interactions then could be accurately 
found by adjusting them until the present ob
served plate motions -were predicted. If the 
plate-to-plate interactions were smaller than the 
stresses produced by plumes, very elementary 
assumptions could be made about rises and 
trenches, as small errors in this specification 
will not be important. If the push of rises and 
pull of trenches are stronger than the plume-
generated stresses (as appears to be the case), 
the equations relating stress and strain rate at 
boundaries must be known accurately. Thus I 
consider the evidence relating to the magnitude 
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of stresses at rises and trenches, and In particu
lar reexamine the argument that the symmetry 
of rises shows that the rises exert no push on 
the plates. 

Asimple calculation places an upper limit on 
the amount of stress that can be generated by a 
spreading rise. Equate the work done pushing 
the plates apart (the total force on a plate times 
the rate of displacement) with the gravitational 
energy available in the light material rising into 
the spreading area (the buoyant force times the 
rate of upward movement). This calculation is 
performed most easily In a triangular geome
try with a wedge-shaped unit rising and pushing 
two lithospheric plates apart. The calculation is 
independent of the shape of the triangle and 
the spreading rate; it depends only on the thick
ness of the lithosphere and the density defi
ciency of the material entering at the bottom 
compared to the average density of the litho
sphere. If it is assumed that L = 70 km and 
Sp/p = 3 percent, the horizontal compressive 
stress in the lithosphere would be 300 bars. 
Any of the gravitational energy of the rising 
wedge that is dissipated in viscous flow vvill not 
be available to do the work required to push 
the plates apart: thus 300 bars is an upper 
limit. A 1 percent density deficiency may more 
accurately describe the material entering the re
gion below the rise: in this case the horizon
tal compressive stress averaged over the thick
ness of the lithosphere vvould be less than 100 
bars. 

Focal mechanism studies of earthquakes 
along rise axes have shovvn that the lithosphere 
at a rise is under tension in the direction of 
spreading. Wyss (1970b) has concluded that 
this tension has a magnitude of roughly 200 
bars; this result is based on studies of the seis
mic moments of rise earthquakes showing an 
"apparent stress release" of 20 bars, combined 
with an estimate of 10 percent for the seismic 
efficiency of stress release. This tension of 200 
bars can be interpreted several ways. In one in
terpretation, we assume that some distant 
forces are pulling the plates apart and that the 
asthenosphere is rising passively to fill the void 
that would be created by plate separation. The 
lithosphere is very thin beneath the rise crest, 
and this "necking" of the lithosphere acts as a 
stress concentrator. That is, the tensional stress 
may be 200 bars in a region 5 km thick at the 
rise crest, but only 50 bars spread out over the 
entire 70 km thick lithosphere at some distance 
away from the rise. The amount of stress con
centration in the thin lithosphere depends on 

how the stress load Is distributed between the 
cool, strong lithosphere and the hotter, vveaker 
asthenosphere flowing into the broad "gap" be
tween the plates. In an alternate interpretation, 
the rising asthenosphere is pushing the phues 
apart, causing horizontal compression in the 
plates except in the small thin section of litho
sphere at the rise which resists the separation. 
The average compression in the plates thus will 
be reduced by a factor vvhich depends on the 
effective viscosity and thickness of the litho
sphere at the rise crest. The dissipation in this 
thin section of lithosphere may form the major 
part of the viscous dissipation mentioned in 
the preceding paragraph. Therefore, iho 
stresses at rises may be compressive or tensile, 
but in any event have a magnitude less than a 
few hundred bars. 

Why are the mid-ocean rises "mid-ocean", 
and why is the seafloor magnetic pattern sym
metrical about the rise crest? It would bs easv 
to imagine that a rise creates new sea floor on 
one side only, analogous to the one-sided con
sumption of crust in a trench system, and yet 
new sea floor is created in equal amounts on 
the two sides of a rise. As a consequence, rise 
crests cannot be fi.-<ed with respect lo the man
tle; they must migrate over the mantle to main
tain their position midway between continents. 
An example of such rise migration is seen for 
the rise boundaries that enclose Africa on three 
sides. As the Mid-Atlantic Rise spreads sym
metrically, there is ever more sea floor between 
the rise crest and the African coastline. With a 
similar increase in the distance from Africa to 
the crest of the Mid-Indian Rise, the distance 
from the crest of the Mid-Atlantic Rise to the 
crest of the Mid-Indian Rise must be increas
ing. Thus both rises cannot be fi.xed vvith re
spect to the mantle—one or both must be .mi
grating over the mantle. 

The Mid-Atlantic Rise apparently is fixed to 
the mantle, as all the Atlantic plumes are near 
the present crest. Thus It is the Mid-Indian Rise 
that Is migrating east at a rate faster than the 
.African plate is moving northeastward. The 
Mid-Indian Rise has migrated over the Reunion 
plume—this plume vvas once In the Indian 
plate (Deccan Traps, Laccadlve-Maldlve island 
chain), but Is novv on the African side of the 
rise. Similarly, the growth of the Afar Triangle 
on the southwest may be regarded as the plume 
staying fixed while the Red Sea and Aden rifts 
migrate northeastward. 

It has been argued that the symmetrical 
spreading and the migrating rise crest indicate 
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FIG. 5—In these symmetrical and asymmetric models of sea-lloor spreading, left lithospheric plale is con
strained to be fi.xed and right plate to move away at constant velocity, (a) If asthenosphere near rise fills gap 
made as plates move apart, symmetrical sea-floor spreading results, (b) If location df rising current is influenced 
strongly by conditions near bottora of asthenosphere, one-sided sea-floor spreading results. 

that the rises do not drive the plates. If the two 
sides of a rise are moving away from a fi.xed 
rise crest with equal velocities, there is little 
problem; in contrast in Figure 5 I postulate a 
case in vvhich the left plate has zero velocity 
over the mantle and the right plate is moving 
away vvith constant velocity. I do not inquire 
why the plates have these velocities—there may 
be a trench nearby on the right and another 
rise off left, or whatever is needed to produce 
the motions depicted in Figure 5. As the plates 
move apart at the rise crest, material from the 
asthenosphere rises to fill the void that vvould 
otherwise develop. The exact center of the most 
recently injected "dike" is hotter than any other 
part of the lithosphere, and because strength is 
extremely temperature dependent, this is where 
the plates will tear apart and another dike be 
Inserted. Thus if the temperature pattern about 
the rise crest is symmetrical, the temperature 
dependence of strength will assure a symmet
rical pattern of sea-floor spreading. 

Any arguments about symmetrical or asym
metric spreading must thus concentrate on 
those factors vvhich will make a symmetrical or 
asymmetric temperature pattern vvithin a rise. 
It vvas concluded that thi; important factor is to 
have a soft asthenosphere below the plates, and 
'hat material flowing into the "gap" should be 

drawn from very shallow depths to avoid any 
kind of coupling with conditions at the bottom 
of the asthenosphere. It appears that passive 
pulling of asthenosphere into the gap or active 
driving of the asthenosphere upward into the 
gap is not related to the question of symmetry. 
The tensional or compressive nature of rises is 
related to whether or not there is a density in
version between- the lithosphere and astheno
sphere: the symmetrical spreading is related to 
the laws of heat conduction and the tempera
ture dependence of strength. Thus it is thought 
that.earlier conclusions of the writer ( M o r 
gan, 1971) and of Elsasser (1969) relating 
symmetry to passiveness are in error. A two-di^ 
mensional numerical rise model with viscositv 
and density varying vvith temperature could aid 
in answering this question. 

A related problem concerns the existence of 
fracture zones. Objectors to sea-floor spreadin? 
have used the pattern of transform faults as an 
argument against spreading; namely, it is incon
ceivable that convection currents lieneath the 
surface could have the numerous offsets of the 
surface pattern. The notion of a crustal plate 
removes the objection, as the deeper flow mav 
have a smoother, more fluid pattern and onlv 
the "rigid" lithosphere need be broken into the 
irregular pattern observed at the surface. How-
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FlG. 6—Stability of fracture zone is influenced by 
length of offset and spreading rate. Contours are, sche
matically, thickness of lithosphere or, alternatively, 
depth to particular isotherm. If offset is very small, 
obliquelv spreading rise may develop and transform 
fault would no longer exist. Length of offset of mini
mum stable transform lault would be dependent on 
spreadinz rate as with high spreading rates broader re
gion of'"thin lithosphere-' would enclose rise (from 
Vogtef nl., 1969). 

ever, the causative factors behind the mainte
nance of many short transform faults and the 
tendency for the rise to form segments perpen
dicular to the transform faults remain unknown. 

•Vogt et al. (1969) have noted that the mini
mum observed offset of transform faults is less 
in the Atlantic than the Pacific. They have de
vised the model shovvn in Figure 6 to account 
for this difference. The contours in this figure 
schematically represent either isotherms at a 
given depth {.e.g., 10 km), with the hottest tem
perature at the rise crest, or alternatively they 
represent the depth to a given isotherm {e.g., 
1,000°C). We may say arbitrarily that all mate
rial cooler than l,000°C is lithosphere and any 
hotter material is asthenosphere; in this case 
the contours in Figure 6 show the thickness of 
the lithosphere. These contours are patterned 
after heat flow models of rises (see McKenzie, 
1-967) in which it was shovvn that the distance 
between the isotherm contours is directly pro
portional to the spreading rate of the rise. The 
model in Figure 6 also assumes that heat is gen
erated on the transform faults by frictional 
heating. Vogt et al. (1969) used this diagram 
to illustrate that, if the offset of a transform 
fault is "'sufficiently small" (where "sufficiently 
small" is directly related to spreading rate), 

then the regions of thin lithosphere may mersc 
and an oblique spreading ridge replaces the two 
short perpendicular segments and the transform 
fault. Figure 6 also indicates that an offset 
greater than a certain minimum length vvill be 
stable" and will not be replaced by an obliquelv 
spreading rise. 

The flow pattern chosen by nature must min
imize the total dissipation rate. Therefore, the 
friction per unit length along a transform fault 
must be markedly less than the tensile resis
tance of a rise segment, otherwise an oblique 
rise vvould be observed more commonly. Fur
ther, I conclude that there is more tensile resis
tance for an oblique rise than a perpendicular 
rise, or else the dissipation rate of "perpendicu
lar rise and fracture zone" would not be less 
than "oblique rise." The larger resistance of the 
oblique rise must be due to increased heat loss 
through the longer sides resulting in a higher 
effective viscosity for the oblique rise. Several 
models to relate these factors were constructed 
by the writer to attempt to relate the tensile 
stress to the dissipation rate. Hovvever, it vvas 
realized that a constant compressive stress pro
duced by buoyant material would have no 
effect on the model. The buoyant terms are de
termined by the rate of the upflow, which is the 
same in the oblique and normal cases; thus the 
solution of this problem could indicate much 
about the mechanisms at rise crests but cannot 
be used to place a limit on the overall tensile or 
compressive nature of the rises. 

I conclude that we do not really know 
whether rises are characterized by compressive 
stresses aiding the plate motion or by tensile 
stresses acting as a brake to plate motion. Inas
much as tensile stresses at rises would be most 
favorable to the plume driven model, it seems 
conservative to expect all rises to generate com
pressive stresses of about 100-300 bars. 

On the question of the tensile (actively pull
ing down) or compressive (resisting being 
pulled down) character of trenches, the earth
quake mechanism solutions of Isacks et al. 
(1969) show that earthquakes at 100-200 km 
depth indicate tensile stress along the sinking 
slab; the slab above is being pulled down by a 
density excess at or below this depth. Deeper 
earthquakes, from 300-700 km, show com
pressive stresses along the slab; the deeper part 
is resisting being driven deeper into the mantle 
by stresses generated above. From earthquake 
seismic moments (Wyss, 1970a), from surface 
gravity anomalies (Morgan, 1965), and from 
calculations based on assumed temperature 
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profiles in the sinking slab (McKenzie, 1969), 
;he stress produced by the sinking slab has been 
estimated at from a few hundred bars to a 
thousand bars. The motion of the sinking slab 
is resisted by the material on the slab bounda
ries, particularly on the boundary of the highest 
siismic activity, where the two lithospheric 
riiates rub together. Wyss (1970a) found that 
:00-bar stresses are indicated by the shallow 
cirthquakes at trenches, the same magnitude 
oi stress as found at rises. There are many ques
tions about the magnitude of the stresses at 
!,-cnches. How much of the pull of the sinking 
slab is cancelled by the shallow friction of the 
cvo lithospheric plates? Do deep trenches pull 
with more tension than intermediate depth 
trenches, or does the deeper slab push into a 
verv resistant media which tend to reduce the 
puli of the slab? Do areas of continental under
thrusting, as in the Zagros and Himalayas, e.xert 
anv pull at all, or are all stresses in these regions 
compressive, resisting the closing motions? 

I add one new point to the discussions of 
irenches. Figure 3 (and more precisely if not 
more accurately, Table 1 of Morgan, in press) 
<hows the absolute rate of each plate over the 
niantle, as determined by relative spreading 
ntes plus the trajectories of hot-spots. The 
Sazca plate is moving eastward toward the 
Pem-Chile trench at about 7 cm/year, whereas 
•.he South American plate Is moving westward 
'.•3ward this trench at about 1.5 cm/year. -When 
-*-e examine the velocities of plates at other 
t.tnch systems, we find the following to be a 
-•̂ neral rule: both plates move toward the 
French vvith the underthrusting plate moving 
.̂ bout four times faster than the overriding 
plate. (This claim is made with great reserva
tions, because, to establish it a much more ac-
-iirate determination of absolute plate motions is 
.-.eeded.) However, note the special situation of 
'he Philippine Sea. It is moving westward to
ward .Asia and thus is not moving toward the 
•^Isrianas trench. Also, the Indian plate does 
j>5t have a component of motion toward the 
Tonga trench. It thus appears that the areas of 
Momalous spreading behind trenches (Karig, 
y O ) can be identified if the absolute motion 
Oi the plates is known. Moberly (in press) and 
-j-usser (1971) have given theoretical explana-
•:>>ns of this phenomenon; they suppose the 
'•-•ospheric slabs are not exclusively sliding 
'••''liquely into the mantle but also have a verti-
-i' '-.inking component. The sliding and sinking 
'••••i:ic lhe irench axis to migrate "seaward," 
-̂'•J lhe overthrusting plate must migrate to

ward the trench or a gap will open behind the 
trench. 

This motion of both plates toward a trench 
appears to clinch the argument in favor of ten
sile stresses at trenches. In the following discus
sion I shall assume this horizontal tensile stress 
has a magnitude of a few hundred bars. I shall 
neglect the stresses produced by plates rubbing 
together at great faults, partly because such 
stresses must surely be reactive and not drive 
plates, and partly because the model of Vogt et 
al. (1969) on transform faults shows the dissi-
pative stresses on faults must be much less than 
on rises. 

ESTIMATES OF PLUME M.-VGNITUDES 

Estimates oc stresses, heat flow, and lead iso
tope data are now used to estimate the sizes of 
plumes. A self-consistent set of relations is 
found if each plume is 150 km in diameter, 
vvith an average upward velocity of 2 m/year; 
20 such plumes vvould bring up a total volume 
of 500 cu km/year. Other values used in this 
model are a lithosphere 70 km thick and an 
asthenosphere 200 km thick, with an average 
viscosity of 3 X 10-' poise. No exactitude 
should be placed on any of these numbers, as it 
is the overall effects of the parameters and not 
the precise value of any one vvhich is significant 
in the ensuing discussion. My purpose in the 
use of this model is to show that plumes can 
provide the stresses needed to move the surface 
plates and have important implications in the 
interpretation of heat flow and age of the man
tle, and at the same time do not violate any of 
the "known" values of the earth. 

Using equation (3) I found that the shear stress 
500 km away from a .plume vyas about 100 bars. I 
obtain this same magnitude of stress in the plume 
and thin asthenosphere model specified above. 
The average velocity Ca of the asthenosphere at a 
distance J? from the plume is related to the upward 
velocity of the plume Dp hy 2-irRDi)a = -ircPop/4, 
where D and d are the thickness of the astheno
sphere and diameter of the plume respectively. 
Using the model values given above, I calculate 
that the average asthenosphere velocity 500 km 
from the plume is 5 cm/year. The asthenosphere 
flow is channeled between the rigid upper plate 
and the lower mantle (assumed to be slightly more 
viscous), and the velocity profile in this channel 
takes the well-known parabolic shape. (If the 
upper plate is moving, a linear velocity profile will 
be superposed on this pattern.) The stress at the 
top boundary (a) is related to the average velocity 
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in the asthenosphere (f̂ ) by (r = 6rfia/I>, giving 
0- = 150 bars at 500 km radius. 

Integration of the effect of this stress on the 
bottom of a plate determines the total force one 
plume can exert on a plate. I assume that a rise 
a.xis passes right over a plume and integrate the 
component of force directed away from the 
rise. I choose as limits of my integration 75 km 
(the radial velocity is zero directly above a 
plume and increases to a maximum value a 
plume radius away) and 1,500 km (roughly 
half the distance between plumes). This inte
gration yields F = 1 X 10'--* dynes for the total 
force exerted on a plate. 

I then compare this magnitude with the stress 
created by a plate moving over the astheno
sphere. With the properties of the asthenosphere 
given above, a plate moving 3 cm/year over the 
mantle creates a shear stress of 15 bars. If vve as
sume the plate is a square about 5,000 km on a 
side, then the total drag on a plate is F = 4 X 
10'-̂  dynes. Another comparison is with the 
stress generated by plate-to-plate interactions. I 
assume a stress of 100 bars on a plate 70 km 
thick along a boundary 10,000 km long; the total 
force acting on the plate is F = 7 X 10-' dynes. 
The plume generated stress is smaller than the 
other two, but it could be increased by changing 
the valufes of the viscosity and thickness of the 
asthenosphere, or by increasing the flow up a 
pipe. My conclusion is that, given the uncer
tainty in these factors, all three mechanisms 
(plume, drag, and plate-to-plate) should be 
considered in a model of plate motion. 

The key estimate is the volume of flow up 
the pipes. There is a clear-cut way to obtain a 
lower limit on the rate if the plumes are driving 
the plates. From roughly 40,000 km of rise axis 
with an average (half) spreading rate of 3 cm/ 
year, I-can determine how.much new crust is 
generated each year. An accurate summing of 
the spreading rates along each rise yields 2.5 sq 
km/year for this rate (Deffeyes, 1970, p. 214). 
If this is multiplied by the thickness of the 
lithosphere, it is apparent that lithosphere is be
ing generated at a rate of 170 cu km/year, and 
of course destroyed at an equal rate at the 
trenches. Suppose I had concluded lhat the to
tal volume brought up by the plumes was only 
10 cu km/year, or some ofh-cr equally small 
number. Then asthenosphere currents of total 
flux 10 cu km/year would be spreading hori
zontally away from several points on or near 
rise crests, whereas 170 cu km/year vvould be 
flowing toward the rises as a counterflow to the 
lithosphere motion. The net stresses on plate 

bottoms would be such as to close up ihe 
plates. Thus the total volume emanating from 
the plumes must be several times larger than 
170 cu km/year. The value of 500 cu km, 
year specified in the model is three times this: 
one may like a larger multiple, but this value 
does satisfy the lower bound and fits the leavi 
isotope criteria to be discussed subsequently. In 
this light, even small plume flow aids the sh.-;]-
low convection in a way not noted in tlie pre
ceding paragraph, where I found that a plai-: 
spreading at 3 cm/year created a v'iscous dra-: 
of 15 bars. If I include in this calculation ihe 
assumption that the 200-km-thick astheno
sphere must have a net flow to counter the 
mass transport of the lithosphere, then tho 
stress on the bottom of the plate is 50 bars in
stead of 15 bars. 

These numbers have interesting consequences 
for the interpretation of heat flow data. Suppose 
500 cu km/year (< )̂ brought up by the plumes 
is on the average 300°C ("AT) hotter than the 
nonplume mantle at the same depth. Then usin; 
Cp = 0.25 cal/g°C, I find that the total upward 
heat available from the plumes 'isQ = pCj. -\T6 
= 1.5 X 10-° ergs/sec. This number is half the 
total heat flow of the earth. Here is a mech:;-
nism for concentrating all the deep mantle's 
heat production into predominantly oceanic re
gions. The correct interpretation of this may 
show why the oceanic and continental heat flo-.^ 
averages are so nearly equal. There is another 
surprise in these numbers: the return flow of 
the plumes, involving the slow sinking of lhe 
entire mantle, is at a rate of 0.1 cm/year anJ 
downward convection at 0.1 cm/year can domi
nate over conduction or radiation mechanisms 
of heat transport. For example, if I assume a 
temperature (7) of 1,500»K at the base of ihi: 
asthenosphere, then the downward flux of hea-. 
by convection is 9 = p C^ T o = 3.7 ,ucali 
sq cm/sec. Thus, heat could leave the iowcf 
mantle only at the plumes. How much heat re
cycles compared with the amount of heat lost ai 
the upper surface is a measure of the efficiency 
of the heat engine—thus the earth could be re
garded as being a moderately efficient he.̂ i 
engine. 

The isotopic composition of lead from Tris
tan da Cunha and St. Helena has been dis
cussed by Oversby and Gast (1970) togelhî r̂ 
with earlier results from Ascension and Gougn 
They showed that the lead data cannot be inter
preted with a simple one-stage growih mod---. 
i.e., a mixing of lead and uranium isotop--5 -*-'" 
b.y. ago, when the mantle vvas formed, with ni? 
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^̂ ŷ̂ TV^&^̂ ^mŝ t̂̂ ieTjfftmiiisifsiV^ 

ise up the 
ating from 
larger than 
)0 cu km/ 
times this; 

: this value 
its the lead 
:quently. In 
ds the shal-
in the prc-

;hat a plale 
'iscous drac 
culation the 
:k asthcno-
counter the 
i, then lhe 
1 50 bars in-

onsequenccs 
ata. Suppose 
y the plumes 
Iter than the 
1. Then usin;; 
total upward 
= p Cp A Jo 

ier is half the 
is a mecha-

leep mantle-j 
V oceanic re-
of this may 

ntal heat flow 
,'re is another 
eturn flow of 
inking of ihe 
cm/year and 

ear can donii-
n mechanisms 
if I assume a 
he base of thv: 
d flux of heat 
= 3.7 .ucal/ 

ave the lower 
much heat re-
of heat lost at 

f the efficiencv 
;h could be re-

efficient heal 

:ad from Tri.'-
has been di>-

[970) toseth'--' 
on and G'oud' 
;annot be inter
growth moJel. 
im isotopes -1--
ormed, with n*-' 

Deep Mantle Convection Plumes and Plate Motions 213 

separation or mixing since (except perhaps in 
the last few million years as the rocks were 
brought to the-surface). Instead, they found a 
iwo-stage growth history w.ith lead events at 4.5 
b.y. and 1.8 b.y. (plus possible changes in the 
last few million years). That is, they inter
preted their data to show that there was an ho-
m.oaenization and then separation of the lead 
aniTuranium isotopes I.S b.y. ago in the mate
rial that novv makes up these islands, and that 
no further mLxing or separation occurred until 
very recently. 

I incorporate this observation into the plume 
model as follows—I assume that the rocks 
which novv make up these islands were last near 
she earth's surface 1.8 b.y. ago; i.e., that 1.8 
h.v. is the cycle time required for a particle to 
Mnk slowly in the mantle and then to rise in a 
rlunie back to the asthenosphere (or in this 
case, for part of the plume to reach the sur
face). The rate of upwelling of 500 cu km/ 
year fits these data: the total volume of the 
:iiantle, 1 X 10'- cu km, divided by this rate 
jives 2 b.y. If the lead isotope data are inter
preted in this manner, it makes two restrictions 
on the plume model. First, this is evidence that 
the entire mantle is involved in the overturn— 
lhat the plumes extend all the way down to the 
core-mantle boundary. Second, the rale of up-
•kelling may be estimated most accurately by 
'<nosving the period of the mantle overturn—a 
\erv' straightforward' estimate if lead isotope 
data from other plumes far from the South At-
Iwiic also show the I.S b.y. lead event. 

In conclusion, the mid-ocean position of 
'Tsosi of the plumes and the land evidence of 
pitiine activity prior to continental breakup sug-
:---st lhat the plumes produce the stresses which 
'•'rive the plates apart. An order of magnitude 
i-'wimate shows that stresses produced by plume 

•'-"irrents are comparable'to olher stresses. The 
•Tiodel implies that the entire mantle overturns 
cice each 2 b.y., a conclusion which would re-
'.;i-'ire a new interpretation of heat flow and 
•--hemical evolution problems. 
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ABSTRACT 

The evolution of folds and the origin of 
mineral orientations and schistosity are analyti
cally related to the deformation paths or his
tories in deforming rocks. The several different 
finite and incremental methods of representing 
deformation paths are connected by matrix 
algebra, and graphical presentation in natural 
strain space is found to be particularly clear. 
New methods permit calculation of various 
components of deformation paths from boudin-
age, pressure shadows, and inclusion trails in 
naturally deformed metamorphic rocks. In 
coaxially accumulating deformation paths the 
principal strains remain paraUel to the same 
material lines in the rock and have been re
ferred to inappropriately as irrotational. 
Straight inclusion trails in metamorphic min
erals may be produced by synkinematic grain 
growth during a coaxially accumulating path 
and do not necessarily indicate postkinematic 
grain, growth. Synkinematic inclusion trails 
can be produced by growth of the grain 
through its pressure shadow rather than matrix 
schistosity, and the quartz protected from re
crystallization by being included in snowball 
garnets may sometimes form this way. 

. INTRODUCTION 

A given finite deformaiiim can be reached by 
an infinite number of different paths only one 
of which actually occurred. A deformation his
tory or path indicates the states through which 
a deformation progresses cn route to its final 
value. 

Familiar fluids such as water, air, tar, and 
plasticine preserve none of the history bf the 
deformations they have been through. Meta
morphic rocks are different, as ihcir texture may 
be utterly dominated by the cllccts of deforma
tion history. 

Understanding the history of deformation 
plays a crucial role in structural geology, yet lhe 
concept was not discussed in any definite way 

until Flinn (1962). To work out the develop
ment of a particular fold, for example, one has 
to know either the deformation history for a 
sufficient number of points, or the history of 
velocity boundary conditions and there is 
simply no way to get velocity boundary con
ditions a priori. 

This paper outlines new ways of defining de
formation history in naturally deformed rocks 
and critically reviews methods in current use. 
In order to accomplish this in a unified way, it 
is necessary first to extend and review the 
mathematical formulation of deformauon paths 
and then to relate this in turn to folding, 
boudinage, pressure shadows, inclusion traus 
in minerals, and the formation of schistosity or 
cleavage. This paper, then; is an attempt to in
terpret deformation paths directly from ob
servations in the field and in thin section; two 
other different approaches can also be used to 
determine deformation history. One of these 
approaches is to assume all the material proper
ties and boundary conditions as given, and then 
produce the folds by performing computer 
experiinents (for example. Chappie, 1969; 
Dieterich, 1969). The results may then be com
pared to the natural structures. Another 
possible way is to seek special situations, such as 
ductile shear zones where the deformation is 
restricted lo simple shear paths by the unde-
formed rock on both sides (Ramsay and 
Graham, 1970). All of these different methods 
have important common ground and are com
plementary. 

DEFORMATION PATHS AND 
COORDINATE FRAMES 

The next six sections of this paper deal with 
the mathematical framework behind the con
cept of deforniation paths. Unfortunately, not 
much of ibis iii:itcrial is available in the 
geolDgical liii:r;iuirc, and il isonly partly avail
able and wiilrly .scattered in the mechanics, 
literature. Aii;ilyiit-;il relations arc established 
between the v:iri<iii.s ways of defining and 

describing deformation history and several new 
terms are introduced. Much of the treatment 
is two-dimensional for ease of presentation, but 
extension into three dimensions is straight
forward. First vve must examine the matrix 
algebra in three different types of coordinate 
frames. 

Fixed External Frame 

Externally fixed coordinate axes can be 
viaialized as east-west and north-south grid 
Unes scratched on a sheet of glass. VVe arc in
terested in what is happening in a particular 
BOass of rock, so as the riock deforms beneath 
the glass the coordinate origin is kept fixed over 
the same material point but the coordinate 
firame maintains the same east-west and north-
south grid lines and scale. Let the mass of rock 
be small enough that the strains remain homo
geneous. A homogeneous but otherwise per-
fecdy general rotational strain will be called 
deformation, and can always be represented by 
a matrix D . . 

The deformation path is the history of D and 
can be analyzed as two separate components: 
the pure strain history and the rotation history. 
This is because any deformation matrix can be 
factored by left polar decomposition (Elliott, 
1970a): 

D = T R . (1) 
The simplest description of the symmetric 

left stretch matrix T is when it is in diagonal 
form Td (all diagonal forms are distinguished 
.by d). 

T - exdo-' 
Td [o- T„] (2) 

Ti and T n are the long and short semiaxes of 
the strain ellipse. 

The orthogonal matrix d in equation (2) is an 
orientation matrix defining the angle 0 of the 
long axis of the strain ellipse to the externally 
fixed X coordinate (Fig. 1). 

From (1) and (2): 

D =. e Td e- ' R. (3) 
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When a rock deforms, an original embedded 
sphere changes progressively through a se
quence of continuously varying finite 'Strain 
eUipses, and each instant is characterised by a 
unique ellipse. We can see that the left stretch 

Figure 1. Oiigiiul unit drde rocatti R and thco 
ilraiiu Td at an a n ^ 9 to the X oni, dieo ratatcs an in-
crcmcnt Ri and is strained an increment Tdi a> an ans&t 
0i. The total final strain eOipK Tdf is oicmal tL This 
is a geometric inteipretation of drfmimion in a fi»~< 
extemal Ccame of aptation (6b). 

matrix T is concerned with this finite strain 
ellipse. The pure strain history is the history of 
the magnitudes of the axes of the finite strain 
ellipses T i , T n , and also the history of the 
orientation $ of the finite strain ellipse. 

The orthogonal rotation matrix R is con
cerned with the l o u t b o through an angle R of 
a material line in the undefoimed rock into 
parallelism with the long axis of the strain 
ellipse in the deformed rock. The history of the 
angle R is the rotation history. 

Let us specify at the outset that the deforma
tion path must be smooth and continuous 
during one period of deformation. No sudden 
reversals in principal direction or jimips in 
amount of finite strain occur. Different de
formation periods arc probably separated by 
changes in physical conditions, so each period 
should be described by its own unique deforma
tion path. 

Deformation history is frequently composed 
of information on successive portions, or in
crements, of the total deformatbo. After a 
general initial deformation D allow a sub
sequent deformation increment Di (incre
mental matrices are distinguished by i). In 
general, this increment Di can be any size. 

The total final deformation Df (final or total 
deformation matrices indicated by f) from the 
original geometry into the current shape is 

Df = Di D , (4) 

Note that the deformation Di premultiplies 
the earUer deformation D, following the 
standard convention that matrices represent
ing later events accumulate toward the left 
(Truesdell and Toupin, 1960, p. 246; Elliott, 
1970a). 
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Any given finite deformation can be regarded 
as a product of incremental deformations suc
cessively compounded according to equation 
(4). Each new increment modifies the total 
deformation. Assuming that the rock was unde-
formed at the beginning, then a sequence of 
superimposed incremental deformations (in
dicated by subscripts) is 

Df=Din DijDijDii, (5) 

and Df is tbe total finite deformation at time /. 
Equation (5) is the finite deformation ac

cumulation equation for a general path and 
represents the enure history of deformation 
increments. One must multiply all the incre
ments and ..there is no shortcut except for 
special deformation paths. In :ainunary, de
formation history b completely known if one 
has either the history of the total finite defor
mation Df or the sequence of incremental 
deformations Di. 

Equauon (4) can be expanded by left polar 
decomposition, from (1) and (2): 

Df = Tf Rf = 

ftfTdf«-'Rf = 

T i R i T R ; 

. « T d i « - ' R i e 
Tdfl-»R. 

(fia) 

(6b) 

Equauon (5) can be expanded the same way: 

Df = «a Tdiafto-' Rio- • - O i T d i j O r ' 
SiiftiTdiiAi~'R>i. (7) 

With time the incremental strain ellipse is 
continuously changing its axial lengths, ori
entation, and rotation. There is a geometric 
interpretation of this Incremental deformation 
history (Fig. I). 

Clearly, the incremental deformation history 
can be determined if tbe finite deformation 
history is available, and vice versa. 
Now 

Di = TiRi = D f D - ' , 

Multiplying each side of the equation by its 
transpose: 

(TO '= DfD-«(D-') '" o r . 

Having Ti from this equation vve can now cal
culate Ri: 

Ri = T i - ' D f D - ' . 

Rather surprisingly, to calculate the pure 
strain Ti (or the rotation Ri) we must not only 

have the finite pure strains T and Tf, but alsb 
the rotations R and Rf. 

Frame of Incremental Principal Direcdons 

There is another way of interpreting in
cremental deformation history. Adjacent ortho
gonal matrices can always be compwunded into 
one orthogonal matrix, so defining 

Rl' - 6 p Rii; Kt = fla-' Riz Of, 
Ra' - flj-' Ria As, etc. 

Substituting into (7), the finite deformation 
accumulation equation (5) now becomes 

Df - i 'd i Rn' • • •• Tdia Rj' Tdij Rj' 
f̂  TdiiRi ' , (8) 

A perfectly general finite deformation path 
may be interpreted as a sequence of incremental 
rotations interspersed with incremental strains 
whose strain ellipses are all oriented parallel to 
the coordinate frame (Fig, 2). 

Rigidly Moving Frame 

There is often no particularly useful way of 
choosing a coordinate frame which maintaiiu 
constant spatial orientation throughout the 
deformation, such as the east-west x coordinate 
used up to now. In many cases the equations 
show more of the physics with a rigidly moving 
coordinate frame undergoing all the solid body 
motions of the rock. Choose the rigidly moving 
x coordinate as the one which is eventually 
oriented in the east-west direction in the final 
deformation state, and defining 

0f = df; i/)i = fli; (̂  = Ri fl; Rm = Rf R-» Ri"'; 

substitute these equations into equation (6b) 
and after rearranging 

<f>{ Tdf (̂ f-* Rm 1= 0i Tdi i^i"' tft Td tp'^, 

Figure 2. Deformation in a frame of incremental 
prindpa] directions. The progress of the deformation ii 
geomctricaUjr interpreted by reading the sequence of 
matrices toward the kft in Df - Tdf R'f = K,' Tdi| 
Rl' Tdii R|' (Equatioa 8). 

the left and right sides of this equation define 

Dfm = Tim Tm ; 

the deformation accumulation equation now 
becomes 

Dfm = Tim„ Tima Timj Timi. 

The horizontal sheet of glass is novv keeping 
the grid origin over the same material point and 
turning from one direction to another with the 
solid body rotations of the rock (Fig. 3). De
formation matrices calculated in such a frame 
clearly cannot "see" incremental rotations. In a 
rigidly moving coordinate frame all the solid 
body motions are removed and greater at
tention is focused on changes of shape and size. 

-The calculation of the pure strain increment 
is a Httle simpler than before 

Tim = Tfm Rfm Tm"' . 

Yet another type of coordinate frame is one 
in which the x axis is kept always parallel to 
the same material line throughout the deforma
tion history. A special case where the chosen 
material line is also a simple shear direction has 
received considerable attention in structural 
geology and is not considered further here {see 
Ramsay and Graham, 1970). 

There is an infinite choice of coordinate 
frames which could be used to describe defor
mation history and from a mathematical point 
of view it does not matter which is used, but 
some coordinate frames lend themselves to a 
simpler physical interpretation of the processes. 

NATURAL TIME 

Even if the increments making up a defor
mation path are known, it is still not possible 
to plot the path unless the order in vvhich 
successive increments occur is known. History 
implies time ordering and some sort of time 
unit must be considered. 

The time unit could be true time but it is 
difiicult to imagine geological information 
which could provide a record of true time 
during deformation under metamorphic con
ditions. Order-of-magnitude estimates of real
time deformation rates, such as the often 
quoted e :^ lO"'^ to 10~'* per sec, are in
teresting but cannot be defined around in
dividual folds. In natural folds deformation 
rates must be based on suitable continuously 
increasing parameters other than true time. 

Suppose some scalar parameter t ("natural" 
time) increases continuously during deforma

tion. The total deformation at a particular 
instant has a specific value of /, and increasing 
values of/ unambiguously order the progress of 
the deformation. The continuously increasing 
arc length of growing quartz fibers is used later 
in this article as an appropriate time-like 
parameter /, and if 

/ = 
current arc length 
typical arc length ' (9) 

then the natural time t is used in a dimension
less sense. The growing radius ofa metamorphic 
mineral, a steadily increasing strain axial ratio 
near a boundary of a region being studied, or 
the increasing dip of a bed could also be used 
as dimensionless time-like parameters. Indeed, 
any monotonically increasing quantity which 
can be correlated with the progress of the de
formation provides a built-in clock. The 
parameter / takes on a broader meaning than is 
usual in geology, but this broader interpreta
tion is widespread in mechanics. 

DIFFERENTIAL DEFORMATION 
AND RATES 

The initiation or development of a structure 
depends upon what is happening at an instant. 
The concern is with the rate of change of finite 
deformation. The derivative with respect to 
natural time / of each of the elements of the 
finite deformation matrix in an externally 
fixed oriented frame defines the deformation 
rate matrix D at that instant. For example: 

6u = 

or as a matrix 

limit 

6 = 

ADn 
A/ 

-y 
dt 

Du, 

Consequently, the finite deformation up to a -
natural time / can be determined by inte
grating in a common externally fixed frame 
each of the elements of the deformation rate 
matrix 6 , 

Df = f'tydt. 
J 0 

This integral only applies lo a . region of 
homogeneous deformation. 

The deformation rate matrix D is most 
suitably factored by Euler-Cauchy-Siokcs de
composition (Truesdell and Toupin, 1960, p, 
362). 
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Figure 3. Deformation in a rigidly moving frame. 
Progress of the deformation is geometrically interpreted 
by reading the sequence of matrices toward the left in 
Dfe - <̂f Tdf (̂ "' = *i Tdi <̂ i~' <t> Td *"'. 

iy = t + ' ^ where 26 = 0 4- O' ' , 

and 

2 ^ = t ) - i y . 

The strain rate matrbt t is symmetric, and 
any principal value, say e'l, b defined as 

. Ide d . ( t \ 
' ^ ' " c ' d i ° d t ^ \ e o ) ' 

when In b the natural logarithm, t and to are 
original and final lengths. 

The strain-rate matrix b represented by a 
strain-rate ellipse whose longest semi-axb (1 -f 
Ci) has an orientation angle flr to the externally 
fixed coordiiiate frame. 

The spin W b the rate of rotation of material 
lines parallel to the axes of the strain-rate ellipse 
at a particular instant t. The spin matrix is 
always skew-symmetric. 

If a rigidly moving coordinate frame is used, 
then similarly 

f)m = Cm = 7 Dfin . 
d/ 

The strain rate ellipse b oriented at an angle 
<f>i to this coordinate frame. 

Paths of constant deformation rate I^ when 
the parameter t b true time are particularly 
important for experimental determination of 
material properties because stress strain-rate 
relations are then largely free of the effects of 
previous hbtory or memory. Such paths are 
known in mechanics as constant stretch hbtory, 
viscometric, or substantially stagnant flows. 
The constant strain-rate test widely used in 
experimental structural geology can only 
qualify insofar as one accepts that 

di dt 
^ ^ ' ^ K ^ — ^ 

to~ t 
b.sufficiendy accurate for the strain considered. 

• A deformation increment can have any size. 

as it is .simply the toial deformation which has 
occurred over some interval. If the increment 
Di is relalively .small compared with the total 
final deform:ition Df, then a good approxima
tion to the irue deformation increment Di b 
the diffcrciiii:il deformation increment dD: 

Df = dD -H D 

where D and Df are now the finite deforma
tions at the beginning and end of a short in
terval. This equation for a differential in
crement b simpler than for a finite increment 
and is widely used. We can now analyze the 
deformation Df into what has happened (D) 
and what is now happening (dD). The matrix 
algebra of dD is similar to D , and 

dD = e - | - W 

where the Cauchy strain matrix C has as 
principal values the ratio of change in length 
At over the current length / during the dif
ferential deformation; for example 

ci = - 7 
4f 
t 

"Infinitesimal" deformation is often used in the 
sense of a differential deformation (for example, 
Flinn, 1962, 1965; Ramsay, 1967). 

The small masses of material making up a 
structure each have deformation rates or dif
ferential deformations related to the velocity 
field or small displacement field at that instant; 
an aspect thoroughly reviewed by Hsu (1966) 
in mechanics and Howard (1968) and Ramsay 
and Graham (1970) for structural geology. 

NATURAL STRAIN SPACE 

A particularly useful measure for longitudinal 
strain ofa material Une is natural strain 

H = trt 

The Hencky strain matrix H with respect to 
the deformed state has the same principal 
directions as the left-stretch matrix (equation 
3). and its principal values, Hi , H n , and H m 
in three dimensions, are defined by the last 
equation. This matrix will only be used in a 
diagonal form in this paper: 

Td = e" or In Td = H . 

The rate of change of the natural strain H b 
precisely the longitudinal strain rate e: 

dH 
dt l'"(^) 

For small strains the Cauchy strain is ap
proximately the same as natural strain: 

l - l o 
H In —=s: • 

to lo 

The hbtory of the magnitude of strain is most 
clearly interpreted on a suitable graphical plot. 
In three dimensions plot the finite strain at an 
instant by the three principal natural strains 
H I , H I I, H m as cartesian components of a 
strain vector h (Fig. 4). Thb representation 
will be called natural strain space. 

Volume change is measured by mean natural 
strain hm which is the projection of the strain 
vector onto the space diagonal. The shape of 
the strain ellipsoid measures the deviatoric 
component of the strain matrix and is the 
projection O'P of the strain vector onto a 
plane normal to the space diagonal and called 
the deviatoric plane (Fig. 4). All finite strain 
ellipsoids with given axial ratios have the same 
shape and lie on the same straight line in natural 
strain space. . 

The strain vector h always has its tail at the 
origin of the natural strain space and its tip at 
the current value of the finite strain. As / ad
vances, the deformation progresses, and the tip 
of the strain vector traces out a curved line in 
three dimensions as a graph of the strain history 
(Fig. 5). 

Principal stresses and strain rates can be 
plotted in the same way as finite strain, and. 

these types of representation are all examples of 
Haigh-Westergaad Space (for stress references 
see Hill, 1950, p. 17), Haigh-Westergaad space 
b an outstanding graphic representation of 
second order tensors and b as useful as the 
Mohr Diagram, Algebraic manipulations in
volving invariants lose their fussiness and re
duce to simple geometry. Observational and 
experimental results are clear and can easily be 
transformed into various invariant formula
tions. 

One of the attractive features of the Hencky 
strain matrix and natural strain space is its 
close analogy with stress. Mean natural strain 
measures volume changes in the same way that 
mean stress measures hydrostatic pressure. 
Deviatoric natural strain and stress both 
measure shear and distortion. This correspon
dence does not hold with any other conunon 
strain measure. 

In structural geology only Hossack (1968) 
has used natural strain space to date, and most 
workers use a more complex graph due to 
Flinn (1962) and originally proposed by Zing 
(1935) for use in sedimentology. 

Information on the strain path in structural 
geology is often restricted to a plane section 
containing two principal directions, so only-
the plane in natural strain space containing the 
appropriate principal values b used; often this 
is the HiHii i plane. The two-dimensional de
formation path is the projection of the three-
dimensional path (Fig. 5). Nothing is implied 
about the third strain in this tyjje of plot. 
Information on variation of the third strain 

Figure 4. The space diagonal SD is the line at equal 
angles from the three coordinate axes Hi, Hn, Hm. 
Projection of the strain vector b onto the space diagonal 
is the nuan natural strain hm. The deviatoric plane DP 
is normal lo the space diagonal and projection of h onto 
the deviatoric plane gives the deviatoric strain vector 
O'P. 

Figure 5. The current strain veaor h has principal 
vaiucs HI, Hu, Hm- The short axis of the strain 
ellipsoid has been compressed throughout tbe strain 
path so that Hm is negatiTc. Note that tbe strain path 
observed in the Hi Hm plane can be derived by pro
jection from the three-dimensional path. 
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can be determined either from differently 
oriented plane sections or from the volumetric 
strain hbtory if known. 

The two-dimensional deformation path of a 
particular material plane which has not re
mained a principal plane can be shown in a 
similar way. 

PRINCIPAL STRESS DIRECTIONS 

A widely used technique attempts to identify 
principal stress directions at a particular instant 
from features formed inside a crystal at this in
stant, such as twins, kinks, and deformation 
lamellae {̂ see Carter and Raleigh, 1969). More 
deformation Di generally follows and unless the 
deformation Di b known it b impossible to 
determine what the orientauon of the principal 
stress direction was at the time the parucular 
stress state was active, so any attempt to deduce 
principal stress directions with thb method 
must always make some assumption about the 
deformation path. 

Further, individual crystab can start and 
stop deforming throughout the history, and 
there is no way of dbtinguishing when a par
ticular lamella or twin was fonned. The fabric 
diagrams composed from a large number of de
formed crystals record some complex cumula
tive effects with no necessary or unique rela
tion to any stress or strain principal directions 
(Dieterich and Carter, 1969). 

However, if the deforming rock is essentiaUy 
isotropic, the orientation <j>r of a principal 
strain rate b the same as the principal stress 
direction at that instant. Consequently, if the 
curve of 0r versus t can be found, the hbtory of 
principal stress directions is known. Some 
methods will be discussed later in thb paper. 

LINEARITY AND COAXIAUTY 
OF PATHS 

If the same material lines remain axes of all 
the finite and strain rate ellipsoids during an 
interval, then this portion of the deformation 
path is defined as coaxial (Hsu, 1966). The 
material line parallel to a strain ellipse long 
axb might at a later time become a short axis, 
but the change would be smooth, and one of 
the strain ellipses in berween vvould have to be 
a circle. 

Coaxially accumulating deformation paths 
can sometimes be recognized by inspection; 
several striking examples in blueschist grade 
rocks from the Cordillera Coast Ranges are 
illustrated by Misch (1969, Figs. I, 4, 5, 10; 

1970). These crystals show several successive 
pull-aparts, each separated by optically dis
tinctive grain growth and fracture filUng, and 
if all the differently oriented crystals in the 
thin section show similar features, then through
out the increasing deformation the same 
material lines always remained parallel to the 
principal strains. 

The most common type of coaxial path bone 
in which the finite strain ellipsoid short axb 
has always been a shortening material line. In 
such a path it would not be possible to dis
tinguish whether cleavage formed normal to 
the maximum compressive stress or to the 
short axis of the finite strain ellipsoid, since they 
would remain parallel. A noncoaxial path b a 
better place to investigate the origins of 
cleavage, both experimentally and in the field. 

In an externally fixed coordinate frame the 
orientation of the accumulating finite strains 
can vary even though successive strain in
crements are coaxial, as a result of rotation Ri: 

Ri = ef e^ ' . 

The rotation accumulation equation for 
several increments is simply the product of the 
incremented rotation 

Rf = Ria Ri; Ril. 

Coaxially accumulating paths have usually 
been referred to as "irrotational." Thb is an 
inappropriate description because (as many 
have realized) material lines acting as axes for 
all the finite strain and strain-rate ellipses can 
still be rotating in an externally fixed coordinate 
frame by the last two equations. 

The calculation of a final pure strain after an 
increment is 

Tdf = Tdi Td , 

using the Hencky strain matrix gives an even 
simpler version 

Hf = Hi -I- H . 

We shall now see that the special nature of 
coaxial paths gives rise to an important graphi
cal visualization, some aspects of which have 
also been discussed from the point of view of 
mechanics by Hsu (1966). The equation above 
can be re-expressed using the principal strains 
as cartesian components of a final strain vector 
hf in natural strain space (Fig. 6): 

hi = hf - h . 

Therefore, finite pure strain increments have a 

geometric interpretation as chords nn the strain 
path (Fig. 6). 

The chords begin and end at true p(jints on 
the deformation path, but as the increments 
get larger there b increasing uncertainly about 
the curve between the end points. 

The strain accumulation equation for a 
coaxial path b 

Tdf = Tdin TdiaTdijTdii , 

or, in natural strain 

hf = hin -I- hij -f hij -1- hil, 

so that coaxially accumulating strain incre
ments may be computed by vector addition in 
natural strain space. The simplicity of coaxially 
accumulating deformation paths leads to par
ticularly clear representation. 

Since h = / ( / ) , one can take the derivative 
of the vector function with respect to the 
scalar variable /. 

dt 
limit Ah 

A/-»O"AJ ' 

The strain-rate vector e in natural strain 
space is a vector tangential to the path, but to 
determine rhe magnitude of the strain rate 
vector requires the values of the principal 
strain rates. 

/ e / = (e i2- l -e i i i2) l . 

In a coaxial path the maximum principal 
strain rate ei b the rate of change of the long 
axis of the finite strain ellipse. 

dHi 
dt ' ej = 

similarly. 

eiii dt 

The angle of slope y of the strain-rate vector 
e at a particular point on the path b the ratio of 
the principal strain rates (Fig. 6). 

rfHiir dWin dt 
tan 7 = em 

ei dHi dt dHi 

To determine the magnitude of the principal 
strain rates one must know the values of / 
along the path, but the ratio of the principal 
strain rates can be determined knowing only 
the succession of finite strains. 

Several important measures of the degree of 
coaxialily arc available, and in some cases it is 

possible to determine them in naturally de
formed rocks. We will now define three mea
sures of path coaxialily. 

1. It a coaxial path has the finite, incremental, 
and strain rate eUipses all parallel at any one 
instant in a rigidly moving frame, 0i = <̂ r = 
0f = constant at any t. So one measure of 
coaxialily is the angle between current finite 
and strain eUipses (0f-^r) and its hbtory with /. 

2. The angle between two successive finite 
strain ellipses is Aî f, and the rate at which new 
material lines became axes of successive finite 

strain ellipses b —r-. In other words, as the 

finite strain ellipse develops, the ends (or 
vertices) of the ellipse move around occupying 
new material points on the perimeter at a 

d<t,i 
d t • 

3. New strain-rate ellipses are forming at 
each instant, and the rate with which new 
material lines become axes of the strain-rate 

ellipses — ^ b a third measure of coaxiality. 

The concept of coaxiality has important im
plications for the material properties of rock. 
For example, Lifshitz (1963), Green (1970), 
and Weertman (1970) argue that purely dif
fusive flow laws of the Nabarro-Herring or 
grain-boundary diffusion type can never lead 
to steady-state flow, because the shape of the 
grains changes with time. Green (1970) and 
Weertman (1970) considered the special case 
of a coaxial deformation path. Now an in
cremental strain on the grain is reflected by 
an incremental change in the grain's shape and 

rate -

Figure 6. The linear plane strain path OL separates 
the HI Hm plane into rwo sectors, and all strain states 
found above or below OL have an area increase or de
crease. Since H| > Hm, strain states in the stippled 
region are impossible. 
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size, and the largest possible alteration to a 
grain's (.linicnsions vvith a given number rjf 
Increments Is accomplished in a coaxial de
formation path. Consequently, the approxima
tion to steady-state flow gets better and better 
as the path becomes more and more noncoa.vial. 

Linearity Is the approach of the strain path 
til a straight line in natural strain space, and 
ideally is specified by the radius of curvature of 
the strain path. Linear coaxial deformation 
paths have constant axial ratios, of the strain-
rate ellipsoids as well as being coaxial. 

Hii eii . r 11 
— = --- = constant tor all L 
H, ^i 

Such paths plot as straight lines through the 
origin in natural strain space (Fig. 6). 

Linear coaxial deformauon paths have been 
aptly called the "simplest possible strain paths" 
by Fhnn (1962, 1965) and have been more 
precisely defined by Ramsay (1964, 1967). In 
the mechanics literature such paths are 
described as "proportional," "radial," or 
"linear." 

It b apparent that a coaxial path is very 
much simpler than a noncoaxial one. For non-
coaxial paths the finite strain path can still be 
plotted in natural strain space and the linearity 
described, but strain increments are no longer 
chords to the strain path, and strain rates can
not be shown as vectors tangential to the strain 
path. The matrix equations must be used. 

FOLDING AND PLANE STRAIN 

Let us apply the preceeding analysis of de
formation paths to the important and fre
quently assumed case of folds growing in plane 
strain. In the widest sense of plane-strain flow, 
the normal to a flow plane b a principal strain 
(vhich b of constant magnitude everywhere at 
my one instant. Rotation b only possible about 
in axb normal to the flow plane. All lines 
normal and all planes parallel to the flow plane 
remain straight. Folds developing in such a 
general plane-strain field are cyUndrical vvith 
hinge Unes parallel to the rotarion axb. The 
hinge-Unc direction remains a principal di
rection throughout and b a coaxially ac
cumulating principal strain. Consider two-
dimensional deformation paths on the profile 
plane of symmetrical folds developing in a 
general planc-.strain field. From symmetry, 
material p<ilius lying on a fold-hinge surface 

must be undergoing coaxially accumulating 
deformation paths, whereas the limbs have new 
matcri.il lines becoming principal strains at 
each in.stant, and the paths are noncoaxial. 

Plane strain is frequently used in a stricter 
sense, with no volume strain and the principal 
strain normal to the flow plane specified as a 
direction of unchanged length throughout the 
deformation. If the Hn principal direction is 
parallel to the hinge line of a fold, then in the 
stricter sense of plane strain Hii = 0, and Hi = 
— Hill . So although the strain paths are every
where linear it is only at special spots that the 
deformation paths are coaxial. 

Theoretical and computer studies of folding 
have always assumed cylindrical folds whose 
hinge lines parallel the axb of rotation in plane 
strain. But the cylindrical nature ofa fold b by 
itself insufficient to prove plane strain, and one 
must use the addirional evidence provided by 
grooves and striations on bedding planes 
(Wegmann and Schaer, 1957) or fibrous syn
tectonic mineral growths (Wickham and El
liott, 1970). 

Why are deformation paths so important for 
the study of natural folds? Consider a bed with 
a nonlinear flow law in a more ductile medium. 
The folds developed in the bed will have a 
different geometry every time a different hb
tory of velocities at the boundaries is used. Con
sequently the history of velocity boundary 
conditions is amongst the most important 
features to be determined on a natural fold 
(Chappie. 1969), 

Examine the profile of a symmetrical fold 
growing in a plane-strain field. The local velo
city v' (in natural time) of one point Q relative 
lo another point P a distance away ds b (Fig. 7) 

v' = (b - 1] ds . 

Any convenient length s will serve; for ex
ample, the arc length measured from the hinge 
along any particular bed. The velocity varies 
smoothly from point to point along the bed, so 
considering the hinge h as staticmary, the ve
locity vi of the inflection point on the limb is 

VI = / ; i b - . | d s . 

Clcady, if the deformation paths at a suf
ficient number of points in a fold arc known, 
the history of the velocity boundary condilions 
may be determined. This result holds regardless 
of the type of material properties of the rock. 

Velocity boundarv- conditions cannot be de
rived a priori from folding theory; they must be 
measured from the deformation paths. It is not 
an intractable problem, but something which 
can be measured with careful field work and 
thin-section study. Even a very few points with 
known deformation paths have enormous 
agnificance for the theoretical interpretation of 
a fold. 

DEFORMATION PATHS FROM 
MICROBOUDINAGE 

The remainder of thb paper shows how many 
features of deformation hbtory can be cal
culated in a practical way from boudinage, 
pressure shadows, and inclusion trails, and that 
the concept b important in any dbcussion of 
the origin of folded boudins and of cl^vage 
and schbtosity. An interesting field example 
described by Badoux (1963) illustrates some of 
the possibilities of measuring deformation 
paths. Because hb paper inight not be readily 
accessible, some of his data is reviewed along 
with the further conclusions derived here. 

Badoux measured 300 deformed belemnites 
from a small area in the Morcles Nappe. The 
belemnites all Ue in bedding surfaces approxi
mately parallel to a strong cleavage (Fig. 8). 
Let us assume that thb cleavage b developai 
parallel to the intermediate and long axes of the 
total finite strain elUpsoid. A mineral lineation 
on the cleavage b paraUel to both the long axb 
of the finite strain ellipsoid and the fold hinge 
Une. The belemnites have all been fractured, 
and because belemnites break after very small 
extension, the original and final lengths (a, t 
are measured. From the orientation ot and 

ratio ̂  for each belemnite the arithmetic mean 

7- for each 5° of orientation a b calculated, 
lo 
then the total strain eUipse constructed (Fig. 
9). The eUipse is well defined, demonstrating 
that the area over which the belemnites were 
measured is small enough for the strain to be 
homogeneous. 

Badoux deduced that the fractures were in
itially filled by quartz segregating into the 
neck, then metamorphic conditions changed 
and calcite started crystallizing into the grow
ing crack between quartz and belemnite. It is 
possible to construct the finite strain eUipse for 
two separate events: the quartz infilling, and 
the calcite infiUing (Fig. 9). 

Figure 7. Rdaiion betwiecu vdodty boundary con-
ditions and defiormatiaii paths on a symmetrically folded 
bed. 

Figure 8. Boiidifle bekmnite (black) of current 
length t lying in a cleavage plane at an angk a to a 
mineral lineation quartz (sti|^iled) and calcite (white) 
infilling boudin necks. (Roitawn after ^̂ Atat-ŵ  1963, 
Fig. 1.) 

The axes of the two strain ellipses are paral
lel; therefore, the two-dimensional deformauon 
path was coaxial. When the results are plotted, 
we see that the strain path b linear as weU as 
coaxial (Fig. 10). 

The belemnite fragments are only sUghtly 
squashed normal to the cleavage; however an 
independent estimate of the third principal 
strain b provided, as Badoux considers that the 
density of the rock remained constant during 
the deformation. Consequently, if the quartz 
and calcite are locaUy derived from adjacent 
host rock there b no volume change and 
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Figure 9. On a polar graph the radius vector is in. 

dicated by dot* ^pw-t^fiting the arithmetic toan (-y-f 

of all bcknuiites after the calcite finished infilling for 
each 5° Kctor of a. The outer strain eUipse for the 
calcite infilling fits the data wcIL The inner strain 
cDipse Cor the quartz iwfilBng is shown without data 
poiiitt (redrawn o/itr Badonx, 1963, Fig. 3). 

t u 

0-V 

• 0 0-1 

,._—- • — 
o-'s . 

— m 

1-0 

Figure 10. Linear strain path in Gi Cn plane 
defined by the unstrained state at the origin and the 
strain states after the quaitz and after the calcite 
finished infilling. Without further infonnation it is not 
possible to define the correspondence between C| Cn 
and the Hi Hm planes. / 

Hu-»-H22-f Has = Oforallt. 

When the strain perpendicular to cleavage b 
calculated, it appears that very large com
pressive strains are not recorded by belemnites, 
probably due to their greater resbtance to 
compression than to extension. 

In summary, we know the three finite 
.principal directions and strains after the in-
filUng of calcite if we assiune cleavage b a 
principal plane. For the earUer deformation 
.recorded by the quartz infilUng we have the 
principal dirccuon and magnitude of the strain 
j)araUel to the fold hinge Une, but the angle of 
cleavage to bedding at thb time b unknown, so 
the two other principal directions and values 
are unknown. The deformation path in the 
profile section might be evaluated by the 
pressure shadow method discussed below. Suit
able boudinage and microboudinage b avail
able from a wide variety of areas which can be 
analyzed in similar fashion (Mbch, 1969,1970). 

DISTRIBUTION OF FOLDS 
AND BOUDINS 

It has been suggested that noncoaxial de
formation paths inight be indicated by the 
angular dbtribution of folded boudins. This b 
because in an area undergoing homogeneous 
deformation, layers in some directions may be 
extending and necking down while in other 
direcuons they wiU be shortening and folding 
(FUnn, 1%2; reuieived in Ramsay, 1967). With 
coaxial deformation paths, any layer imder-
going shortening always moves toward that 
sector of the strain eUipsoid where it wiU be 
extended. However during noncoaxial de
formation it b possible that layers undergoing 
extension can later undergo shortening, but 
even then only in that sector of the finite 
strain elUpsoid which the long axb has been 
moving away from. Thb is where folded 
boudins should be found (Ramsay, 1967, p. 120, 
175). 

Talbot (1970) devised an ingenious way cA 
determining the orientation and shape of the 
finite strain elUpsoid using only the orientation 
of folded and boudind veins. Folded boudinis 
produced during one period of deformation 
were never found, and he concluded that the 
deformation paths are coaxial in all the areas 
he investigated. 

A layer must undergo appreciable extension 
for a boudin to be finite and observable, and 
the path must be sufficiently coaxial for the 
layer to remain in the extension field during 
thb interval. Similarly, for a fold to become 
visible, the layer must be shortened for an 
appreciable time along a path sufficiently 
coaxial not to remove the layer from the 
shortening field. As a result, the path required 
for folded boudins b an initial finite strain on a 
nearly coaxial path followed by an increment 
of finite strain on another nearly coaxial 
portion of the path, with a large angle between 
the two finite-strain elUpsoids. The overall path 
necessary to produce folded boudins is a non
coaxial path of a very special type, and the 
absence of folded boudins only means that this 
special type of noncoaxial path b unconunon 
cluring one period of deformation. During tttn 
periods of deformation the two finite strain 
eUipsoids are frequently at a large angle, and 
the combined path may approach the one rt-
quited. Folded boudins produced during two 
periods of deformation have been observed by 
Talbot (1970). 

Figure II, Pressure shadow on a magnetite crystal, 
crossed nicols. Thin section cut perpendicular to the 

It appears that the distribution of folds and 
boudins is not sensitive enough to be of help in 
distinguishing coaxial and noncoaxial paths, 

PRESSURE SHADOWS 

Relatively rigid particles such as small 
pebbles, phenocrysts, porphyroblasts, mag
netite or pyrite crystals are often present in a 
rtKk at the outset of a deformation. The rigid 
particle b deflecting the streamlines of the 
flowing matrix, introducing inhomogeneity 
into the flow pattern, and giving rise to db-
sipative forces and a boundary layer about the 
rigid particle. The deformation path being 
recorded by growing pressure shadows b that 
of the boundary layer adjacent to the rigid 
particle but will show the same trends as in the 
matrix outside the boundary layer. 

The -interface between rigid particle and 
ductile matrix is a siiarp discontinuity in 
material properties. During a deformation in
crement, any part of the rigid particle's surface 
whose normal is a direction of incremental 
extension tcnd.s to unstick from the matrix. 

hinge line of an •'~*nal fbld in the Weaverton Forma
tion, South Mountain, Maryland. 

and this b where crystal growth occurs (Miigge, 
1930). 

Segment boundaries separate the pressure 
shadow into portions within which the min
erals have similar angular relations to a face of 
the rigid grain (Spry, 1969, p. 240). Quartz, 
for example, always tries to grow normal to the 
face of magnetite crystal, and as the crystal 
imoves during deformation the quartz fiber 
grows curved to remain normal to the face 
(Figs. 11 and 12). A sharp curve or junction of 
two faces on the rigid grain boundary traces out 
a segment boundary as thb point slowly drifts 
away from its previous positions (smaU black 
circles on Fig. 12). Pressure shadows, then, are 
swept out by the boundary ofa rigid grain, and 
certain points on the grain boundary leave a 
recognizable path line (Fig. 13). The arc length 
of the path line b a convenient time-like 
quantity («v equarion 9). 

Successive orientations of the rigid grain can 
be traced by (1) maintaining a uniform angle 
between the rigid grain and the adjacent min-
erab within the segment while (2) keeping 
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Figure 12. Growth from the initial state without 
pressure shadow (step 1 not shown) through to final 

points of the grain boundary on their path lines 
(Figs. 12, 13). At any instant the pressure 
shadow is limited by two points on tne rigid 
grain boundary- outside of which minerak do 
not grow. The norinal to the grain boundary at 
these two points are directions of zero longi
tudinal strain rate. The variation of the angle 
between these directions (2V') in a plane strain 
situation b ideally the 2V of the strain rate 
elUpsoid (Fig. 14). Because axes of the strain 
rate ellipsoid are of very amilar length the 2V 
should in principal be close to 90°. The mea
sured 2V' b about 15° smaUer than the ideal 
value. Thb discrejiancy could be either a result 
of seeing a finite increment rather than a 
strain rate or to complex boundarv- effects, but 
the trend of 2V' may be indicative of how the 
true 2V b varying. 

The principal directions of strain rate bisect 
the 2V'. In the example iUustrated the deforma
tion path b clearly noncoa.\ial. .-\ccuracy may 
be established by comparing pressure shadows 
from both sides of the same gtain and from dif
ferent grains in the same slide. 

result (6) shown in photograph (Fig. 11). 

Publbhed iUustrations of pressure shadows 
suggest that coaxial paths are not rare; good 
examples are in Burger and others (1970), and 
Ramsay (1967, p. 181). Pressure shadows sug
gesting noncoaxial paths around folds are 
iUustrared by Zwart and Dele (1966) and 
Langheinrich (1964), but unfortunately these 

Figure 13. Path Unes traced out by two points on 
boundary of magnetite (small solid circles in Fig. 12). 
Bars show principal strain-rate directions, and M is the 
history of re-orientation of tbe line P Q. 

two examples arc not really detailed enough to 
allow analysis in depth. 

INCLUSION TRAILS AND 
FORMATION OF SCHISTOSITY 

Garnets and many other porphyroblastic 
minerals may show inclusion trails running 
through them. Inclusions in garnet are com
monly made up of rounded or elongate tapered 
blebs of quartz in discontinuous stringers, flat 
bands, or lines of flattened groups of crystab. 
Several inclusion trails are usually present in 
one garnet and all trails curve sympathetically 
with one another. 

The garnet grows by extending fingers 
among the trails of quartz in the surrounding 
matrix, and these quartz trails are then incor
porated into the garnet (Spry, 1963; 1969, p. 
255). The orientation of the trail at the time it 
was swaUowed by the growing garnet is thus 
preserved. 

The continuously increasing ratio 
current radius , 
—7—j—-7: of a growing garnet serves as a 
dimensionless time-like parameter / with which 
to mark the progress of the deformation. 

Changes in color of the garnet or breaks in 
inclusion trails show up any discontinuities in 
grain growth and are aptly termed "meta
morphic unconformities" by Rosenfeld (1969; 
1970). They represent discontinuities in the 
deformation path as weU. 

The orientation of the inclusion trail at a 
particular radius b measured with respect to a 
coordinate xi embedded on fixed material par
ticles of the garnet. However, this is not the 
straightforward angular measurement it would 
appear to be; an aspect treated in some detail 
by Powell and Tregus (1970), and Rosenfeld 
(1970). 

The maximum angular difference A^ be
tween the innermost and outermost part of 
inclusion trails reaches values for individual 
garnets as high as 540° in the Scottish High
lands (Flett, 1912; see Spr)-, 1969, p, 256) and 
625° in the Northern Appalachians (Rosen
feld, 1968). 

An inclusion trail clearly tells something 
about the deformation path, but what it tells 
depends upon interpretation of how the quartz 
trail orientation formed in the matrix before 
it was enveloped by the growing garnet. Thb is 
summarized in Table 1. Many quartz trails 
seem to form as part of a schistosity which de

velops in the matrix as the garnet grows, so the 
inclusion traik preserved in the garnet record 
the orientation history of the current schisto
sity. The problem now is to determine the 
cause of the schistosity. 

Most strain determinations measured from 
snowball garnets involve the assumption that 
schistosity is a set of finite simple shear planes. 
An equarion derived originally by Schmidt in 
1918 was somewhat modified by Spry (1963; 
1969, p. 256), but Rosenfeld (1970) shows that 
aU these formulas are incorrect and that the 
amount of finite simple shear ys is 

ys = 2A^. 

If the schistosity planes have always been 
the simple shear planes, then a simple shear 
deformation path is indicated. But can schis
tosity be regarded as forming parallel to simple 
shear surfaces, and what is the origin of schb
tosity? 

There is very strong evidence for rocks de
formed once that schistosity develops normal to 
the short axis of the finite strain elUpsoid. In 
pardcular whenever it is possible to calculate 
the strain from deformed ooUtes, fossils, and 
conglomerates, schistosity is always found nor
mal to the short axis of the total finite strain 
elUpsoid (evidence reviewed by Ramsay, 1967). 

Figure 14. Variation with ( in 2V', orientation of 
principal strain-iates ^r, and orientation of the mag
netite crystal. Angular datum ii arbitrary (^, - 0, 
M - 0). 

file://-/ccuracy
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TABLE 1. INCLUSIOH TRAILS III NnAMORPHIC HlNtRALS 

Origin of Includad fabric Asstcnptlons Riiulti 

Older Sch l i tml ty or 

Inherited Lithological 

Layering 

Principal directions of f i n i t e strain 

Principal directions, coaxial path 

Finite single shear on known shear planes 

Sintile shear defonnatlon path on known shear planes 

Attitude of schistosity versus t 

Axial rat io 

Axial rat io versus t 

Current 

Schistosity 

erovth over 

Pressure Stiado* 

Finite simple shear on schistosity planes 

S1iit)le shear defonnatlon path on schistosity planes 

Schistosity parallels current f i n i t e principal s t re ln i 

Schistosity parallel current increnental principal strains 

Analyse as Pressure Shadow 

TS 

YS versus f 

9f versus t 

01 versus t 

Pr and 2V' versus t 

Further evidence b provided from the strain 
dbtribution across ductile shear zones (Ramsay 
and Graham, 1970j. If schbtosity is always 
normal to the short axis of the strain eUipsoid 
then the garnet inclusion traib give a hbtory 
of Unes which have been in principal planes of 
the finite strain eUipsoids, and a graph of the 
coaxiaUty of the deformation path can be con
structed, <t>f versus t. 

In rocks that have been deformed by two 
separate periods the total finite strain eUipsoid 
in general has a different orientation from 
either individual strain eUipsoid. From the 
theory above only one schistosity shoidd be ex
pected, normal to the total finite strain eUip
soid. I only know of one instance when this 
effect b claimed to occur (Ramsay, 1963, p. 
375), and in all other areas each individual de
formation phase develops its own schistosity 
and cross-cuts any earlier ones. It appears that 
schbtosity cannot always be normal to the 
shortening direction of the total finite strain 
eUipsoid, 

There are three other independent possible 
causes of schistosity: (1) After a certain definite 
amount of finite strain, deformable grains and 
clastic particles suddenly and discontinuously 
acquire a preferred orientation and cleavage as 
a result of the "shape factor" (Elliott, 1970a). 
(2) Schbtosity b sometimes due to rigid body 
reorieatauon of platy minerals through a 
ductile matrix, and thb has no necessary 
simple relation to any stress or strain eUipsoids. 
(3) SubpaiaUel pressure solution surfaces con
tribute toward a visible cleavage and are the 
dominant process in some rocks. 

.\nother possibility is that schbtosity may ap
pear normal to the short axb of the last in
cremental strain elUpsoid vvhich was just suf

ficiently large to produce the three above ef
fects to a noticeable degree. In this case the 
mineral inclusion trails record the material lines 
which have been axes of the incremental strain 
eUipse, so <tti versus / could be measured. Thb 
incremental strain elUpsoid may even be large 
enough to approximate the orientation of the 
total finite strain ellipsoid. 

The quartz traib in the matrix could be part 
of a lithological layering such as bedding, or ati 
old foliation inherited from an earlier period oJF 
metamorphism. The inclusion trails give us th^ 
history of orientation ofa Uthological layer but 
without further information nothing more can 
be said. If the finite principal direcuons at any 
instant can be identified, the axial ratio of the 
total finite strain elUpse can be calculated from 
Harker's formulae (Ramsay, 1962). 

It b not clear whether cleavage and schis
tosity are tracking stress, strain rate, finite 
strain, or an incremental strain of some finite' 
magnitude. Distinction between the various 
hypotheses b only possible in a region of non
coaxial deformation paths. 

Several authors have noted that internal in
clusion traib do not look like remnants of the 
schbtosity presendy seen in the matrix as the 
shape and size of the quartz in the trails b 
different (Spry, 1963). It b weU estabUshed 
that garnet and other porphyroblasts have re
mained essentiaUy rigid during deformation, 
and quartz-fiUed pressure shadows are found on 
garnets (Harker, 1939, p. 219; WUson, 1971, 
Figs. 1 and 3). The garnet growing over the 
pressure shadow would include the quartz fi
bers and a new pressure shadow vvould form at 
the end of the newly enlarged garnet (Fig. 15). 
Inclusion traib which were "frozen" pressure 
shadows could be interpreted in the same way 

as the shadows di.scii.'i.'ii-il earlier, but there is a 
practical difficulty as they are much less com
plete. Approximnlii)ns have to be made, such 
as assuming that the fibers grew roughly in the 
direction of current incremental principal ex
tension. 

If inclusion trails in snowball garnets are 
remnants of fibrous growth in pressure shadows 
this is one of the few biisof direct evidence that 
diffusion-flow laws might be operative under 
fairly high-grade metamorphic conditions— 
evidence that usually would be destroyed by 
the annealing recrystallization so widespread at 
these temperatures (Elliott, 1970b, 1972). 

An important case arises when the deforma
tion path is coaxial during the garnet growth. 
The inclusion trail within the garnet would 
then be straight and parallel to lhe external 
schbtosity—regardless of whether the quartz 
inclusion trails formed as a schistosity paraUel 
to the strain eUipse or as quartz fibers in a 
pressure shadow. But such textures have 
traditionaUy been interpreted as postkinematic 
(Fig. 16a). Posttectonic recrystalUzation epi
sodes postulated on this evidence alone can be 
reinterpreted as synkinematic grain growth 

Figure 15. Photo of coarse quartz (c) in pressure 
shadow at upper left and bottom right of garnet, sur
rounded by fine-grained quartz (fg). Garnet (G) is 
engulfing the pressure shadow quartz. Crossed nicols. 
Garnet-mica gneiss collected by R. Balk in the Bcoard-
ston quadrangle, Massachusetts. 

during a coaxiaUy accumulating deformation 
path. 

A particulariy strong case for synkinematic 
grain growth arises when the inclusion traib 
and the porphyroblast composition are either 
smoothly varying or constant (Fig. 16a, b). 

Inclusion trails which change from curved to 
straight are conventionaUy interpreted as indi
cating a change from synkinematic to static 
postkinematic grain growth. Alternatively, the 
grain growth could be entirely synkinematic 
and reflect the change from a noncoaxial to a 
coaxial deformation path (Fig. I6c). 

The initiation and development of structures 
in higher-grade metamorphic terrains may be 
followed by an extended interval of approxi
mately homogeneous flattening (Ramsay, 1962; 
Mukhopadhyay, 1965). Homogeneous flatten
ing implies a coaxiaUy accumulating deforma
tion path. Is it possible that the straight 
portions of inclusion trails recorded from such 
terrain as "static postkinematic" are in fact 
evidence of the coaxial portions of such paths.!" 

In the spectacular snowbaU garnets of south
eastern Vermont—some of the finest in the 
world—Rosenfeld (1969) reports that inclusion 
trails in garnets measured around the major 
Ascutney fold have different senscsof curvature 
on each limb, except at one place where the in
clusion trails are straight. At this locality he 
concludes that there was static postkinematic 
grain growth, although synkinematic grain 
growth holds everywhere else. Unlike the sym
metric folds discussed earlier, material points 
which have coaxial deformation paths in an 
asymmetric fold will not lie on the hinge sur
face; if they exist they are somewhere on the 
long Umb side of the hinge. Is it possible that 
the straight inclusion trails found at one spot 

—>—c 

Figure 16. Typical patterns of inclusion traib in 
metamorphic minerals when ihin section is cut nonnal 
to the rotation axis. 
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on the major Ascuiiny fold are at a point of 
coaxiaUy accumulating deformation path, and 
that the garnet growth here b synkinematic as 
it is everywhere else? 

There are stiU valid criteria for distinguishing 
synkinematic from postkinematic grain growth. 
Straight inclusion traib produced during syn
kinematic grain growth along a coaxially ac
cumulating path should only occur in re
stricted zones bordered by regions with op-
fwsitely curved synkinematic inclusion traib. 
The habit remains useful, for true postkine
matic crystab raay grow randomly across the 
schbtosity, while synkinematic grains often are 
elongated in the schbtosity. 

DISCUSSION 

Analysb by means of matrices and natural 
strain space gives a clear picture of the various 
aspects of deformarion paths. Linearity and 
coaxiaUty emerge as two paiticularly important 
properties which are significant not only for the 
evolution of cleavage, boudinage, and folds 
but also have ramifications on the flow laws or 
stress-strain rate relations. There b a clear need 
for many more field observations from a 
variety of rocks to see which of the various 
possible systematic patterns of deformation 
hbtory are important in naturaUy deformed 
rocks. 

One of the most powerful ways of comparing 
computer experiments on folding with natural 
"foldsis by means of their deformation paths, 
something which has not as yet been attempted. 
Several new methods for determing deforma
tion paths from boudinage, pressure shadows, 
and inclusion traib are proposed. Unfortunately 
some of the methods in current use, such as 
interpreting principal stresses within crystals or 
the dbtribution of folded boudins, do not ap-
{)ear to have much promise for describing de
formation paths. Suitable material might be 
available in metamorphic rocks of most grades; 
examples noted in this paper range from green-
schbt and blueschist up to garnet-grade rocks. 
Inclusion traib in metamorphic minerals may 
be more valuable for measuring path coaxiality 
than they are for defining the time relations 
between metamorphic and deformation periods. 
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SUBJ ' A Plate Tectonic Model for the Origin of 
3 ĵ:|ĵ  •' Poiphyry Copper Deposits 

: PTM i r. « c 
R I C H A R D H . S I L L I T O E 

I A b s t r a c t 

The theory of lithosphere plate tectonics, embodying the concejits of sea-fioor spread-
' ing, transform faulting, and undcrihrusling at coniincnttil ni:irgins and ishind arcs, is 
'_ employed as a basis for an :ictu;ilistic, though sjicculative, niodel for the origin and 

sii:ice-time distribution of jiorphyry co)iper and porjibyry iiiolylp(k-iiiim deposils, 
Porpliyry ore deposits, occurring in the western .-\iiitricas, .southwest Pacific and 

-•Mpide orogenic belts, are thought to constitute a iif>rm;il facet of calc-alkaline ma.i,'nia-
tism. Chemical and isotojiic dala cited ;ire. consistent with the generation of the com
ponents of calc-nlkaline igneous rocks and jiorphyry ore deposits by partial melting of 
oceanic crustal rocks on underlying subduction zones at the elongate compressive junc
tures between lithospheric plates. 

1 It is proposed that the metals contained in jioriihyry ore deposits vvere derived from 
j the niantle at divergent plate junctures, the ocean rises, as associates of basic magmatism, 
t and trans])orted laterally to subduction zones as components of basaltic-gabbroic 

oceanic crust and small amounts of suprajacent pelagic sediments; evidence supporting 
the presence of significant amounts of metals in the oceanic crust is listed. 

It is suggested that the temporal and spatial distribution of porphyry ore deposits is 
dejiendent on two principal factors, namely the erosion level of an intrusive-volcanic 
chain. ;ind the time and location of magnia generation, and the availabilily of nicials, on 
an underlying subduction zone. The erosion factor is believed to offer an exphinalion 
for the paucitj- of porphyry ore deposils in pre-Mesozoic orogenic belts, and for the 
relative abundance of exposed porphyry dcjiosils of Upper Cretaceous-Paleogene age in 
post-Paleozoic orogcns. Provinces vvith a high concciitrntion of jiorphyry copper de
posits, such as southern Peru-northern Chile and the southwest United Stales, may be 
interpreted as regions beneath which anomalously cojiper-rich oceanic crust vvas sub
ducted at the time of jiorphyry cojiper einjilacemenl: one jio.esihle explanation for the 
episodic fonnation of volumes of coj^jier-rich oceanic cru.st is the presence of a hetero
geneous distribution of metals in the lovv velocity zone of the upper mantle. Porphyry 
ore deposits seem to have formed during a series of relalively short, discrete pulses, 
perhaps correlable with changes in the relative rales and directions of motion of 
lithosjjheric plates. In some regions, such as Chile, jjorphyry ore deposits are arranged 
in parallel, linear belts, vvhich may be explicable in terms of shifting loci of magma and 
included metal generation on a subduction zone, and vvhich seem to be largely indepen
dent of control by tectonic lineament intersections. The time intervals during vvhich 
the formation of porphyry deposits took place are shown to be broadly coincident with 
periods of lithosphere plale convergence, and porphyry deposils m.iy still be forming 
above currently active subduction zones. 

A number of potential regions for the discovery of jiorphyry ore deposils are sug
gested, and the importance to e.xpkiration of analyzing orogenic belts in terms of plate 
tectonics is emphasized. 

I n t r o d u c t i o n into si.x large and several smaller lithospheric plates 

T H E sea-fioor spreading hypothesis of Dietz (1961) ( ^ 'S - 2 ) , which accrete at ocean rises by uprise of 
and Hess (1962) has recently been further developed subcrustal basic magmas, slide past one another 
by Isacks, Oliver and Sykes (1968) , L e Pichon along trnnsforn-i (horizontal shear) faults, and are 

; (1968) , McKenzie and Parker (1967) and Morgan destroyed at trench systems by descent into the 
• (1968) , resulting in the theory of li thosphere plate asthenosphere down inclined subduction (Benioff) 
' tectonics ( the new global tectonics), the only exi.sting zones (F ig . 3 ) . 
i . global tectonic niodel compatible vvith much recently T h e concepts of the new global tectonics liave 
1 accumulated geological and geophysical data. T h e rendered the slabilist geosynclinal theory of orogeny 
\ model considers the Ea r th ' s surface to be divided outmoded ; it is now realized that a generalized model. 

• 184 
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for geosynclinal development, commencing with the 
accumulation of a thick volcanic and sedimentary 
pile, and followed by plutonism and deformation and 
finally by epeirogenic uplift and volcanism (e.g., 
Beloussov, 1962) does not satisfactorily explain the 
evolution of most orogens (Coney, 1970). In terms 
of the theory of plate tectonics, geosynclines may be 
equated vvith oceans and continental margins, and 
oceans and island arcs. Mountain systems are gen
erated as a consequence of the underthrusting of 
oceanic lithosphere beneath an adjacent plate at con
tinental niargins (e.g., the cordilleran systeni of 
Xorth and South America), or at island arcs (e.g., 
Japan). In some instances, eventual continent-con
tinent collision (e.g., the Himalayas) or continent-
island arc collision (e.g.. New Guinea) are involved 
in orogenic development (Dewey and Bird, 1970; 
Dewey and Horsfield, 1970). It should be stressed, 
however, that each orogenic belt displays an essenti
ally unique sequential history, even though certain 
sequences of events arc more commoii than otliers. 

Currently accepted concepts of the metallogenesis 
of post-Precainhrian orogenic belts are based on 
stabilist geotcctonic doctrine (Bilibin, 196S: Mc
Cartney am! Potter, 1962: McCartney, 1964), and 
support the association of distinct types of mineraliz
ation vvitli each stage of geosynclinal development. 
Porphyry copper deposits, for instance, are considered 
to typify the post-orogenic, late tectonic stage (Mc
Cartney and Potter, 1962). In view of the recent 
advances in geotectonic theory, it would therefore 
seem opportune to reexamine the metallogenesis of 
orogenic belts in terms of the new global tectonics. 
This paper outlines a plate tectonic model to account 
for the genesis and distribution in both space and 
time of one important class of mineralization, the 
porphvry copjier and porphyry molybdenum deposits. 
Some aspects of the model vvere presented elsewhere 
as an abstract (Sillitoe, 1970). It should perhaps 
be stressed that the proposed model is ot a speculativ e 
nature, and does not purport to embody rigorous 
proofs of its validity. 

Geological and Genetic Characteristics of 
Porphyry Copper Deposits 

Over one half of the world's copper production is 
currently derived from porphyry copper deposits, 
large tonnage (commonly e.xceeding 500 m tons), 
low grade, roughly equidimensional deposits of dis
seminated and stockvvork-veinlet, pyrite-clialcopyrite 
mineralization, carrying at least trace amounts of 
molybdenum, gold and silver. They are spatially 
and genetically related to passively-emplaced hypabys-
sal felsic stocks, commnnly porphyries. The geologi
cal characteristics of the porphyry molybdenum de

posits, from which molybdenum is the~ principal 
metal recovered, are similar to those of the porphyry 
coppers. Hypogene ore grade in the porphyry cop
pers rarely exceeds I'̂ o Cu, and is commonly below 
0.5% Cu. 

The host intrusions of porphyry copper deposits, 
and their various types of country rocks, may botli be 
ore-bearing, and are characterized by widespread, 
zonally-arranged hydrothermal alteration, commonly 
of potassic, phyllic, argillic and propylitic types 
(Meyer and Hemley, 1967; Lowell and Guilbert, 
1970), and by hydrothemial brecciation. 

The close association of intrusion and mineraliza
tion in porphyry copper and molybdenum deposits 
is emphasized by K-Ar dating which has demon
strated the two processes to be temporally indis
tinguishable in several instances (e.g., Livingston, 
Mauger and Damon, 1968; Moore, Lanphere and 
Obradovich, 1968; Laughlin, Rehrig and Mauger, 
1969). In at least some deposits, part of the 
mineralization may in fact be syngetietic with respect 
to the a.ssociated intrusive rock (e.g., Ely, Nevada; 
Fournier. 1967). The intimate temporal association 
of intrusion and mineralization lends support to the 
orthomagiiiatic model of porphyry copper genesis 
(Nielsen, 1968; Lowell and Guilbert, 1970). Ac
cording to this model, a felsic magma, becoming 
vvater-.satnrated as it intrudes towards the surface 
zone, undergoes crystallization of its outer parts, 
which are subsequently brecciated by the release of 
.accumulated fluids, vvhich also produce the alteration 
and mineralization. Meteoric waters are involved in 
the formation of the outer zones of liydrothermal 
alteration and mineralization. 

The Origin of Calc-Alkaline Igneous Rocks 
and Porphyry Copper Deposits 

VVorlil Distribution oj Porphyry Ore Deposils 

Figure 1 shows the location of the majority of ex
ploited jjorphyry copper and molybdenum deposits, 
and of ii-i;iny important prospects, which in Figure 2 
are related to Mesozoic-Cenozoic orogenic belts ami 
currently active lithospiieric plate boundaries. It 
can be appreciated that the majority of the vvorld's 
porphyry deposits are located in the circum-Pacinc 
orogenic belts and in the central portion of the 
.•\lpide orogenic belt. The western' .Americas belt, 
containing most of the known porphyry copper de
posits, extends from western Argentina and central 
and northern Chile, through Peru, Ecuador, Panama, 
Mexico, the western United States (Arizona, New 
Mexico, N'evada, Utah, Colorado, Idaho, Washing
ton and Montana), to British Columbia, the Yukon 
and Alaska. Marked concentrations of deposits occur 
in Sonora-Arizona-New Mexico anrl in British 
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FlC. 1. Porphyry copper and molybdenum deposits and 
prospects in the western .Americas, southwest Pacific and 
.•\lpide bells. 

Columbia. Deposits in the Dominican Republic and 
Puerto Rico may be considered as an offshoot of the 
vvesfern Americas belt. Two cither belts, for vvhich 
published information on the porphyry deposits is 
scant, are located in the Taiwan, Philijiipjines, Borneo, 
^^'est Irian, Papua-New Guinea and Solomon Isl.'inds 
region (the southwest Pacific belt), and in tbe South 
Banat district of Romania, Yugoslavia, central Bul
garia, Armenia, Iran and West Pakistan (the Alpide 
belt). The only well-authenticated occurrences of 
porjjhyry deposits outside of these post-Paleozoic 
orogenic belts are those in Uzbekstan and Kazakh
stan, USSR. 

Relationships between Calc-Alkalhie Igneous Rocks 
and Porphyry Copper Deposits 

The post-Paleozoic history of the continental mar
gins and island arcs where porphyry copper deposits 
are located was characterized by widespread calc-
alkaline volcani.'̂ m which gave rise to basalts, ande
sites, dacites, rhyolites and, in some parts, felsic 

ignimbrites. These volc:iiiic rocks are commonly ob
served to be intruded or underlain by extensive 
batholilhs and .smaller intrusions of a similar com
posilion. Hamilton and Myers (1967) and Hamil
ton (1969a, b) have convincingly demonstrated the 
consanguinity of the calc-alkaline volcanic suite and 
the sjiatially related felsic plutonic rocks, the latter 
interpreted as the roots of major eruptive chains. 

The location of porphyry copper orebodies in the 
cupolas of plutons of intermediate composition vvas 
emphasized many years ago (Emmons, 1927), and 
.=:ub.«eqiicnt work tends (o confirm the high-level, sub
volcanic nature of their environment of formation. 
Some ]:ior]:ihyry cop]ier deposits may have been em
jilaccd at very shallow rlcpllis. perhaps at less than 
1.500 m (Fournier, 1968). This is emphasized hy 
the occurrence at Bingham, Ulah of a porphyry-
copper slock and nearby jK-necoiiteinporaneous. 
con-iagmatic volcanic rocks (Moore, Lanphere and 
Obradovich, 1968). 

It is suggested that the accumulation of copper and 
molvbdenum in iiigh-level felsic stocks vvas a normal 
part of calc-alkaline magmatism in post-Paleozoic 
orogenic belts. 

The Origin oj Calc-Alkaline Igneous Rocks 

Many workers (e.g., Benioff, 1954; Co.ats, 1962; 
Dickinson and Hatherton, 1967; Dickinson, 196S: 
Ringwood, 1969) agree lhat the magmas vvhich have 
given rise to calc-alkaline volcanic rocks—and by 
analogy- their plutonic equivalents (Hamilton, 1969a) 
—vvere generated ori subduction zones which under
lay the eruptive chains. The niagmas vvere probably 
generated by partial fusion con.<:ecjucnt upon fric
tional heating of subducted, water-saturated oceanic 
lithosphere which originally was generated at ocean 
rises, and transported laterally into ocean trenches 
(Fig. 3) . Restricted volumes of fused oce.-m-noor 
sediments (layer 1) and the lowest melting fractions 
of layer? 2 ;iiid 3 of the ciceanic crust sccin to be ihc 
-mo.=t likely source materials for calc-alk.-diiie magma? 
(Oxburgh and Turcotte, 1970). Several chemical 
and isotopic parameters detennined for c;ilc-alkaline 
volcanic and inlrusive rocks are now ciled in support 
of an origin by partial melting on a subduciion zone. 

Recent volcanic rocks in the circum-Pacific belt 
show a sy.steniatic increase in their potash to silica 
ratios landwards from the trench (Dickinson and 
Hatherton, 1967; Dickinson, 1968); these ratios 
correlate vvith the depth from the site of eruption to 
the Benioff zone dipping beneath the island arc or 
continental margin, suggesting an origin on the 
Benioff zone, and the absence of widespread crustal 
contamination. A comparable landward increase in 
potash has also been demonstrated for post-Paleozoic 
volcanic and intrusive rocks in parts of western 

-r.—w^.**—r-
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Accreting plale marqins 

Consuming plale marqins 

Mesojolc-Cenojolc mcu'ioin belJs 

. — __ Aciive troni/orm faults 

Plole mofqins of indeterminate nglure 

w. Regions wi lh oorphyry coDoer and rr .ol j ibde^um deposi ls 

( Ptole boundories token (rom Dewey ond Bird, 1970 ) 

FlC. 2. The western Americas, southwest Pacific and .-Klpide porphyry belts in relation lo Mesozoic-Cenozoic 
orogenic belts and accreting and consuming plate boundaries 

~1£Z 

Xorth .America (Moore, 1959, 1962; Moore, Grantz 
and Blake, 1963; Bateman and Dodge, 1970). 

Iniliai Sr^'/Sr^^ ratios (0.703-0.706) obtained for 
andesitic volcanics (Ewart and Stipp, 1968; Pushkar, 
1968: Petcrni;ui, Carmichael and Smith, 1970), and 
those (0.705-0.709) obtained for felsic rocks from 
the British Cohunbia, Sierra Nevada and Boulder 
batlioliths (Fairbairn, Hurley and Piiison, 1964; 
Hurley et al., 1965; Doe et al.. 1968) are incom
patible with an origin by partial melting or wholesale 
assimilation of continental crust, but would seem to 
be in accord vvith a derivation by partial melting of 
oceanic crust on a subduction zone. The trace ele
ment content of andesites is also consistent vvith a 
Benioff-zone origin (Taylor, 1969; Taylor et al., 
1969). 

The Origin oj Porphyry Copper and Molybdenum 
Deposits 

In view of the close temporal and spatial relation
ship between the genesis of porphyry ore deposits 

and calc-alkaliiie magmatism, summarized in the 
preceeding sections, the components of porphyry-
coj^per stocks, including the contained metals, are 
likewise postulated to possess an origin by partial 
melting of oceanic crust on a subduction zone. Initial 
siroiitiuin isotope ratios in the range 0.706-0.708 ob
tained for several porphyry-copper stocks in the 
southwest United States and for liie stock associated 
with the Oiiesta. New Mexico porphyry molybdenum 
deposit (Moorbath, Hurley and Fairbairn, 1967; 
Laughlin, Rehrig and Mauger. 1969) support this 
contention. A deej), homogenized, prolxibly mantle-
source for sulfide sulfur in porphyry copper and 
molybdenum deposits in the southwest United States 
is suggested by 8S^^ values close to the meteoric 
standard (Field, 1966; Jensen. 1967; Laughlin, 
Rehrig and Mauger, 1969). 

In summation, therefore, porphyry copper and 
molybdenum deposits are considered to be confined 
to orogenic belts characterized by calc-alkaline 
magmatism, and resulting from phues of oceanic 
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FlG. 3. Schematic representation of the genesis of porphyry copper deposits in the context of plate tectonics. 

lithosphere underthrusting adjacent lithospheric 
plates, in some cases with ensuing continental col
lision—the compressive type of elongate contact be
tween two lithospheric plates. 

The Source of Metals in Porphyry Ore Deposits 

The source of metals in post-magmaiic .sulfide ore 
deposits has long been a topic of contention. For 
the porphyry copper deposits in particular, a con
tinental crustal provenance of copper by extraction 
from andesitic volcanics (Ney, 1966), geosynclinal 
sediments (United Nations, 1970), or shale horizons 
(Jensen, 1971), during igneous intrusion, has been 
inferred. Hovvever, considering the- wide spectrum 
of host rock types of porphyry copper deposits, 
namely calc-alkaline volcanics, intrusive and meta
morphic rocks, and marine sediments, partially cal
careous, and taking into account the probable absence 
of certain of these source rock types from beneath 
some porphyry copper provinces, the provision of the 
metals by a specific rock type in the continental 
crust seems improbable. Furthermore, the only 
source of metals available to all porphyry copper 
deposits, vvhich takes into consideration tbe thin 
crust and almost total absence of sialic crust beneath 
some porphyry copper provinces (e.g., the Solomon 
Islands; Coleman, 1966), would seem to be the upper 
mantle. 

-An important aspect of the model outlined above 
for the origin of porphyry ore deposits, is the im-. 
plication that a large percentage of the metals were 

extracted from oceanic crust during partial melting 
as it sank into the mantle on a subduction zone. 
Collection of metals by saline fluids expelled from 
oceanic crust during subduction may also be opera
tive. Initially, the metals were largely derived from 
the mantle at the ocean rise systein and carried to 
th margins of ocean basins as components of layers 
1, 2 and 3 of the oceanic crust (Fig. 3 ) . The wedge 
of mantle above a Benioff zone may also act as a 
source for basaltic magmas (Oxburgh and Turcotte, 
1970), and minor quantities of copper and molyb
denum. The metals released during partial melting 
ascended as components of calc-alkaline magmas 
(Fig. 3 ) , and were ultimately concentrated in chlo
ride-rich fluid phases associated with the roof-zones 
of certain intrusions. The fluid phase was released 
upwards during consolidation of the magma to give 
rise to the typical upright cylinders of porphyry-
copper and molybdenum mineralization. 

A corollary of this premise is that regions possess
ing high concentrations of porphyry copper deposits, 
such as the southwest United States and southem 
Peru-northern Chile, and coiisidered as copper-rich 
metallogenetic provinces (e.g., Turneaure, 1955), 
are not regions of the Earth where the subjacent 
continental crust or upper mantle are enriched in 
copper, but regions beneath which anomalously cop
per-rich oceanic crust, including pelagic sediments, 
has been subducted. Variation in the amount of cop
per consumed in a zone of subduction, and therefore 
potentially available for mineralization, may depend 
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on the rate of sea-floor spreading and hence the 
volume of oceanic crust entering the subduction zone, 
or tlie intensity of volcanism and metal production at 
the ocean rise, or, more fundamentally, may reflect an 
inhomogeneous distribution of this metal in the upper 
mantle, perhaps in the low velocity zone (Fig. 3) ; 
chemical heterogeneity of the mantle has recently 
been demonstrated (Peterman and Hedge, 1971). 

Evidence Bearing on the Derivation oj Melals from 
Oceanic Crust 

The following points are thought to provide evi
dence favoring the oceanic crust as a source for the 
copper and molybdenum contents of porphyry ore 
deposits: 

1. Recent workers (Cann, 1968;' Oxburgh and 
Turcotte, 1968; Thayer, 1969; Christensen, 1970) 
have proposed that the third layer of the oceanic 
crust has a gabbroic composition, perhaps with dole
rite dike complexes in its lower part (Dewey and 
Bird, 1970). It is overlain by basalts of layer 2. Basic 
igneous rocks have average copper and molybdenum 
contents of the order of 100 ppm and 1.5 ppm, 
respectively, five times that of granitic rocks in the 
case of the former element (Turekian and Wedepohl, 
1961; 'Vinogradov, 1962). Oceanic basalts (layer 2) 
in the Atlantic and Pacific Oceans average 77 ppm 
Cu (Engel, Engel and Havens, 1965). 

2. Sulfide phases containing up to approximately 
10 percent copper are present-in vesicles and as 
globules in pillow basalts from layer 2 on the ocean 
rises (Moore and Calk, 1971). 

3. Sulfide grains of a similar nature to those oc
curring in ocean-floor basalts (but with up to 25 
percent copper) have been discovered in recent 
Hawaiian basalt flows (Desborough, Anderson and 
Wright, 1969), and in basaltic oozes which flowed 
into a drill hole in the crust of Alae lava lake, Hawaii 
(Skinner and Peck, 1969). The Hawaiian islands 
are mantle-fed volcanoes in the center of the Pacific 
lithospheric plate (Menard, 1969). 

4. Large alpine-type mafic-ultramafic (ophiolite) 
complexes such as those in Cyprus, Turkey, Papua 
and elsewhere are thought to represent fragments of 
surficial rinds of ancient ocean-floor plates (Dietz, 
1963; Thayer, 1969; Bird and Dewey, 1970). Sup
port for such a belief stems from records of similar 
rock types on the mid-Atlantic, and Indian Ocean 
ridges (Bonatti, 196S; Engel and Fisher, 1969). The 
Mesozoic Troodos ophiolite complex of Cyprus is 
thought to correspond to layers 2 and 3 , . formed 
Deneath an ocean rise in the Tethys Ocean (Gass, 
1968). The well-known cupriferous pyrite deposits 
oi Cyprus are interbedded in a succession of.basaltic 

pillow lavas, which, according to Gass (1968), would 
represent a part of layer 2 of the oceanic crust. The 
close genetic relation between the basaltic volcanics 
and the copper deposits (Yokes, 1966; Hutchinson' 
and Searle, 1970) is evidence that concentrations of 
copper are present in the oceanic lithosphere.^. 

5. Manganese nodules on the ocean floors have 
copper contents as high as 2.5%. Analyses of nodules 
from the Pacific Ocean showed from 0.03 to 1.6% 
Cu (United Nations, 1970a). 

6. Normal pelagic clays (layer 1) possess metal 
contents in excess of most sedinientary rocks, and 
average abundances of 323 ppm Cu and 18 ppm Mo 
have been recorded for Pacific clays (Cronan, 1969). 

7. Base metals, including copper and molybdenum, 
of probable mantle derivation are concentrated on the 
East Pacific Rise (Bostrom and Peterson, 1966, 
1969), and on the rest of the ocean rise systein 
(Bostrom et al., 1969). Layer 1 sediments on the 
flanks of the East Pacific Rise (and presumably, 
away from the rise beneath a blanket of normal 
ocean-floor sediments) have average copper and 
molybdenum contents of 990 ppm and 100 ppm, 
respectively. 

8. The floor of the Red Sea, also a locus for the 
generation of new oceanic crust (e.g.. Vine, 1966), 
possesses a series of metal-rich brine pools and sedi
ments (Miller et al., 1966; Degens and Ross, 1969), 
possibly also charged directly from the mantle. 

9. The early Pliocene Boleo bedded copper de
posit in Baja California (Wilson and Rocha, 1955) 
may possibly represent another, albeit somewhat 
older, example of copper vvhich has risen directly 
from the mantle, in this case related to the north
westward rotation of Baja California away from the 
rest of the North American continent, along seg
ments of the East Pacific Rise mutually offset by 
transform faulting, a process initiated in the late 
Miocene to middle Pliocene (Moore and Buffing-
ton, 1968; Larsen, Menard and Smith, 1968). The 
high manganese- and iron oxide contents of the Boleo 
ores (Wilson and Rocha, 1955) provide a further 
similarity to the metal concentrations of the East 
Pacific Rise and the Red Sea. 

It is also conceivable that the metals (6 ppm Cu; 
White, 1968) in the brines of the Salton Sea geo
thermal system, lying just north of the Gulf of 
California, and possibly underlain by the East Pacific 
Rise, have a comparable mantle source, although 
their derivation by low-grade metamorphism of 
clastic sediments has been proposed (Skinner et al., 
1967). 

' This suggests the possibility that other massive pyritic 
sulli.de deposits associated with basaltic pillow lavas may have 
formed on the crests and flanks of ocean rise systems. 
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TABLE 1, Ages of Porphyry Copper and Molybdenum Dejwsits 

Name of Pdriihyry Dt;j>osits or Regions Age' of PorjjhjTy Dejx>S)ta Source of Data 

British Columbia 
Most porphyry copjjer arid molybdenum deposits 

•Vancouver Island 
Western United States and Sonora 

Most porphyrj' copfjer deposits 
Bishee, -Ariiona 
Ety and Yeringtort, Nevada 
Bingham, Utah 
Front Range porphyry molybdenum deposits 

Pan.ima 
Botija 

Ecuador 
Chaucha 

Peru 
Southern Peru 
Midiitjuillay 

Argentina 
Farell6n Negro, Catamarca 

Chile 

Bougain>'ilte Island 
Panguna 

Taiwan 
Che mei 

Philippines 
Atlas 

West Pakistan 
Chagai district 

Iran 
Kerman region 

Armenia 

Upper Triassic-Middle Jurassic 
Upper Jurassic 
Late Lower Cretaceous 
Upper Paleocene-Upf^r Eocene 
Lower Eocene-Lower Oligocene 

X.'prier Cretact-oos-Paleocene 
Middle Jur.issic 
Lovver Cretaceous 
Lower 01 igoce ne 
Upfier OligDcehe-Lower Miocene 

Lower Oligocene 

Upper Miocene 

Paleocene 
? Lower Miocene 

Tertiary (S) 
Upper A! iocenerPliocene (S) 

Upper Cretaceous -
Paleocene 
Upper Eoc:ene-01igocene 
Upi^er Miocene-Pliocene 

? Pliocene (S) 

Miocene or later 

Tertiary (S) 
Upper Paleocene-

? postTOligocerie (S) ' 

Upper Oligocene-Miocene (S) 

Upper Eocene 
Lower Oligocene 
Lower Mic»ene 

White, Harakal and Carter (1968); 
Brown (1969) 

Car-son (1969) 

Creasey and Kistler (19,62); 
McDowell and Kulp (1967); 
Moorbnth, Hurley and Fairbairn 
{1967}; Livingston, Mauger and 
Damon (1968); Moore,,Lanphere 
and Obradovich (1968); Tweto 
(1968); Wallace et al. (1968); 
Laiighlin, Rehrig and Mauger 
(1969) 

Ferencic (1970) 

Mailer-Kahle and Damon (1970) 

Laughlin, Damon and Watson 
(1968); Stewart and Snelling Cm 
prep.) 

United Nations (1970) 
Llambias (1970) 

Sillitoe I Quirt, Clark, Farrar and 
Neomaiin (in prep.) 

Macnamara ((968) 

Po and Lee (1970) 
Brj-ner (1969) 

Schmidt (1968) 

Bazin and Hubner (1969) 

•Bagdasaryan, Gukasyan and Kara-
myan (1969) 

* Time scale according toiHarland, Smith and WilcOck (1964), 
(S) Stratigraphic estimate. 

The Distribution of Ages of Porphyry 
Ore Deposits 

Published ages for the main groups' of porphyry 
copper and molybdenum deposits are summarized in , 
Table 1. I t is apparent that deposits were. emplacei3 
at intervals throughout the Mesozoic and Cenozoic, 
•wdth a particularly large number of deposits of late 
Cretaceous-Palebgene age. • • 

I t is suggested that two principal factors control 
the space-fiine distribution of porphyrj' ore deposits.. 
These are: 1. the level of exposure—largely depend
ent on erosion rate-—of a plutonic-volcanic chain; and 
2. the time ahd location of niagma generation, and 

the quantity of metals incorporated in magmas, on a 
subduction zone. I t is, of course, recognized that 
additional variables, such as the quantity of chloride-
rich fluid present during the final stages of consolida
tion of an intrusion, are of considerable irnpdrtance. 

Evidence has been advanced to show that me
chanisms implicit in the new global tectonics were 
operative in pre-Iklesozoic times (Bird and Dewey, 
1970). Nevertheless, -with the exception of Uzbek
stan and Kazakhstan, porphyry ore deposits have not 
yet been definitely described from the older orogenic 
belts. This apparent absence is tentatively attributed 
to the effects of Mesozoic-Cenozoic erosion, which 
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has been sufficient to remove the upper parts of 
batholiths, the loci of porphyry deposits. However, 
it is predicted that porphyry deposits will be en
countered in parts of certain pre-Mesozoic orogens 
where erosion has been less severe.* The apparent 
predominance of late Cretaceous-Paleogene ages of 
porphyry deposits (Table 1) might also be dependent 
on the erosion factor, whereby many early Mesozoic 
deposits have been eroded away, and sonie post-
Paleogene deposits have yet to be e.xhumed from 
beneath their volcanic cover. Support for this pro
posal is derived from conditions in Chile north of 
latitude 30°S, where the erosion level becomes pro
gressively deeper from the recent volcanic chain on 
the Andean crest westwards to the Jurassic intrusions 
on the Pacific littoral (Sillitoe and Sawkins, 1971). 
The majority of the exposed porphyry copper de
posits are Paleogene in age; Jurassic deposits, if they 
ever existed, have been lost by erosion, and deposits 
yet to be exposed may exist in the recent volcanic 
chain. However, the second factor, discussed below, 
may also be an important contributary, or even the 
dominant, cause of the relative abundance of Paleo
gene deposits in northern Chile. 

If the importance of the erosion factor has been 
correctly evaluated, then porphyry deposits in re
gions with a high erosion rate, such as the south
west Pacific belt characterized by a tropical climate, 
could be expected to yield a predominance of particu
larly young ages; more radiometric dating is needed 
in order to test this proposal. 

Explanations of many features of the distribution 
of porphyry copper and molybdenum deposits can 
be attempted in terms of the second factor, the lateral 
and secular pattern of magma generation, and the 
availability of copper and molybdenum, on subduction 
zones. In northern Chile, discrete post-Paleozoic 
intrusive episodes are manifested by a series of north-
south-trending belts of batholiths and stocks. The 
ages of these belts decrease from Lower Jurassic 
near the coast to late Tertiary in the Andean Cordil
lera (Ruiz et al., 1965; Farrar et al., 1970). The 
ages of porphyry copper deposits in this region 
possess an analogous space-time distribution, al
though Jurassic deposits are as yet unknown. Thus 
the possibility arises that each discrete pulse of 
niagma generation had the potential to give rise to 
porphyry ore deposits; the extended time interval 
and episodicity of porphyry deposit genesis, particu
larly in western_ North America, as reflected by the 
ages in Table 1, support this conclusion. The data-

* Pre-Mesozoic porphyry copper-type deposits have been 
reported from northwest of St John. New Brunswick 
(Ruitenberg, Shafiquallah and Tupper, 1970). and from east-
central Queensland..-(Cornelius, 1969), but no particulars 
of the occurrences vvere given. 

presently available suggest that the periods of 
porphyry copper formation in Chile were separated 
by quiescent intervals with durations of about 15-25 
m.y. Similar pulse-like igneous intrusion has also 
been reported from parts of western North America, 
pulses lasting approximately 10-15- m.y. and being 
separated by 30 m.y. intervals (Damon and Mauger, 
1966; Evernden and Kistler, 1970; Gabrielse and 
Reesor, 1964). Such magmatic periodicity may be 
correlable with changes in the thermal regime on 
subduction zones induced by variations in the relative 
spreading rate or motion pattern of the plates. In 
this conte.xt, changes in the relative motion of plates 
every 10-20 m.y. in the northeast Pacific, deduced 
by Francheteau, Sclater and Menard (1970), might 
be significant. 

The eastward migration of the foci of intrusion 
and porphyry copper emplacement evident in north
ern Chile, which perhaps reflects a parallel trend in 
the position of magma generation on the underlying 

. subduction zone, whether or not caused by. a change 
in its position or inclination relative to the con
tinental margin, is less well defined in the western 
United States. In the latter region, Gilluly (1963) 
recognized an overall decrease in the age of Mesozoic-
Cenozoic intrusion landwards from the continental 
margin, but subsequent programs of radiometric 
dating have shovvn many exceptions to this gen
eralization. A broadly comparable pattern of east
ward younging is apparent from the porphyry de
posits. The belt of mid-Tertiary porphyry moly
bdenum deposits in the Front Range lies east of the 
main cluster of late Cretaceous-Paleocene porphyry 
copper deposits in Sonora-Arizona-New Mexico 
(Fig. 1) , and the Lower Cretaceous porphyry de
posits at Ely and Yerington, Nevada are located in 
the western part of this porphyry province. The 
great concentration of late Cretaceous-Paleocene 
porphyry copper deposits in the southwest United 
States is visualized as being due to the subduction of 
areas of exceptionally copper-rich oceanic crust. This 
contention is supported by the occurrence in the 
same province of unmineralized (with the exception 
of Bingham, Utah) mid-Tertiary stocks, which I 
consider to have been intruded at a time when lesser 
amounts of copper were available on the subjacent 
subduction zone. Theories invoking the extraction 
of copper from the continental crust or upper mantle 
fail to account for the concentration within a limited 
time period of most' of these porphyry copper de
posits; furthermore, post-Paleozoic stocks of all ages 
in the province would be expected to be similarly 
endowed with porphyry copper deposits. Continuing 
the same line of argument, large amounts of moly
bdenum, and only minor copper, are thought to have 
been available on a subduction zone vertically 
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beneath the Front Range in mid-Tertiary time. If 
the lociis of magma generation on a subduction zone 
does not migrate systematically with time, then no 
clear pattern of porphyry copper ages is to be ex
pected, a situation -w-hich may explain the apparently 
random distribution of ages in British Columbia. 

Porphyry Copper Depos i t s /P la te Tectonics 
Interrelationships 

Details of the world distribution .of the evolving 
system of oceaii rises and trenches \yhich existed 
during ^lesozoic and early, Cenozoic times are not 
yet well known. Nevertheless, evideiice derived 
from both continents and ocean basins has enabled 
the establishment of some aspects of plate tectonics 
at this time. The distribution of porphyry deposits 
in selected regions will now be related in general 
terms to the plate tectonic model: • 

Wesiern South America 

Evidence derived from the interpretation of mag
netic anomaly patterns in the Pacific Ocean b'asin 
(Heirtzler et a!., 1968; Morgan, Vogt and Falls, 
1969) and the paleontological study' of sediment 
cores in the South Atlantic Ocean basin (Maxw'ell 
et al., 1970) has demonstrated the convergence of the 
American and East Pacific plates along the western 
margin of South America (Fig. 2) since at l^ist the 
late Cretaceous. This interval of active underthrust
ing embraces the period of formation pf porphyry 
copper deposits in ChiJe,. Argent ina, Peru and Ecua
dor! In western South America, porphyry copper 
deposits may v̂ Tell be forrn ing still beneath the active 
volcanic chains, for underthrusting is continuing 
(e.g., Plafker and Savage, 1970). 

Central. America and the Caribbean 

The Panama trench is sediment-fit led, and under
thrusting is inactive (LePichon, 1968). The trench 
was abandoned in the Miocene when the pattern of 
sea-floor spreading in the North Pacific changed 
(Vine, 1965; Le Pichon, 1968), but ,was part of a 
continuous trench system bordering the west of the 
American continent inlerrnittently during the 
Mesozoic and early and-middle Cenozoic, diifjng 
which time the Cerro Petaquilla and Botija 
pprphyry copper deppsits of Panama were emplaeed. 

In Puerto Rico, porphyry- copper formation seems 
to have been associ at ejd with a phase of igneous in
trusion of Eocene age (Mattsori, 1965)^ Although 
present-day eastward movement of the American 
plate nearly parallels the Puerto Rico trench (Chase 
and Bunce, 1969; Molnar and Sykes, 1969), re
constructions of plate motions in this region indicate: 
that underthrusting normal to the trench prevailed 

in mid-Cretaceoiis-carly Tertiary times ( F reel and 
; and Dietz, 1971). 

Western North America 

It is now' generally accepted (Vine, 1966; Yeats, 
1968; Hamilton, 1969b; Page, 1970) that thnistihg 
of the East Pacific ocean floor beneath the American 
plate in western North America took place at times 
during the Mesozoic and early and middle Tertiary. 
Underthrusting lernainated in the western United 
States in the Miocene (\ 'ine, 1966; Atwater, 1970) 
by the overrunning of the East Pacific Rise by the 
trench sv'stem. Porphyry copper and molybdenum 
deposits in the western United States range in age 
from middle Jurassic to Lower Miocene'(Table 1), 
in excellent agreement -with the time of plate con
vergence. In view of the absence of ati active sub-

• duction zone ofif this coast, it is concluded that 
porphyry copper formation is not currently active in 
North America, north of the tip of Baja California, 
except in the Alaska Peninsula where a trench sys
tem is still active^ and possibly landward of the Juan 
de Fuca plate. It is noteworthy that calc-alkalirie 
volcanism, typical of convergent plate junctures, 
ceased in the western United States south of Oregon 
in the Miocene (Christiansen and Lipman, 1970; 
Lipman, Prostka and Christiansen, 1970). 

The character of Mesozoic-irjiddle Cenozoic plate 
interactions off British Columbia cannot be elucidated 
from studies of magnetic anomaly patterns (Atwater, 
1970), but it is noteworthy that calc-alkaline volcan
ism in British Columbia terminated in the Eocene 
(Souther, 1970), at about the same time as the de
cline in the formation of porphyry copper deposits-— 
excluding those on Vancouver Island. 

The: small Juan de Fuca plate, sandwiched be
tween North America and the northeast Pacific (Fig, 
2) , has d esc en ded,, and may still be descending, along 
a trench system paralleling the coast of Oregon, 
Washington and Vancouver Island (Morgan, 1968; 
Tobin and Sy4-es, 1968) giving rise to calc-alkaline 
magmatism in the Cascades. Tlie Lower Eocene-
Lower Oligocene porphyry deposit's on Vancouver 
Isla.nd (Carson, 1969) do not fit well into the over
all space-time distribution pattern of porphyry de
posits in British Coltimbia, and might be ascribed 
to earlier activity in the vicinity of this localized 
compressive system, as might apparently young 
porphyry coppers; iri Washington. Extrapolation of 
plate motions back into the early Cenozoic (Atwater, 
1970) has shown that subduction of the Juan de 
Fuca plate was preceded by more rapid under
thrusting of the Farallon plate, at a.trench which did 
not extend further north than Vancouver Island. 
Hpwever, h e r ' model approximately predicts the 
commencement of subduction in the Upper Eocene, 
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mid-way through the interval of formation of the 
porphyry deposits. . • •* 

Lineament Intersections and Porphyry Copper De
posits in Western Atnerica-

The locations of several southwest North American 
porphyry copper deposits have been attributed to 
major orogen- and fault-zone intersections (Bill
ingsley and Locke, 1941; Mayo, 1958; Schmitt, 
1966). More specifically, the locations of several 
porphyry copper deposits (e.g., A jo, Pirria-Mission 
and Silver Bell) have been considered to hav-e been 
influenced by elements of the west-northwest- trend
ing, Texas lineament, particularly by its intersection 
with the Wasatch-Jerome orogen (Mayo, 1958; 
Schmitt, 1966; Guilbert and Sumner, 1968; Wertz, 
1970). Schmitt (1966) and Guilbert and Sumner 
(1968) have iriterpreted the Texas lineament as a 
continental manifestation of now-extinct transforra 
faults io the North Pacific basin. Although several 
porphyry copper deposits outside of the southwest 
United States (e.g., Chuquicamata, Chile; Taylor, 
1935) lie adjacent to important faults, none have 
been described as being located by major structural 
intersections. It is suggested that the control of 
porphyry copper emplaceriient by extinct transform 
faults and major structural intersections is npt uni
versally applicable, and is subordinate to a funda-
nienta! dependence on elongate zones of plate con
vergence. In Chile, for example, the linear, longi
tudinal array cif porphyry copper deposits- (Fig. 1) 
provides strong support for a sub duet ion-zone origin, 
and no indication of control by structural intersec
tions is evident (Sillitoe, unpublished). In the 
southwest United States, the less regular, disperse 
pattern of porphyry copper deposits may be ex
plained in terms of partial fusion and consequent 
magma and metal generation over a greater down-
dip extension of the underlying subduction zone; 
this situation might be e-xpected if the subduction 
zone were flat-dipping and imbricate as invoked by 
Lipman, Prostka and Christiansen (1971). It is not 
denied, however, that lineaments rnay have influenced 
locally the uprise of magraa and included iiietals. 

The Sotitlkuest Patrific Belt * 

In view of the young ages (Table I ) suggested ior 
the porphyry copper deposits in Bouga inv-ilie and 
Taiwan, it seems probable that their formation is 
linked to Benioff zones occupying positions closely: 
similar to those currently-active- (Fig. 2 ) . If the 
pdrphyry copper deposits in. West Irian and Papua-
New Guinea prove to be post-Miocene in age, then 
they would seem to be related to the southward 
underthrvistiiig of the Pacific.plate (Fig. 2 ) . On the 
other hand, if the deposits' we're formed in pre-

Miocene times, they would be related to a north
ward dipping subduction zone, which became ex
tinct during the Miocene, by the collision of its 
overlying island arc (Bismarck arc) with the Aus
tralian continent (Dewey and Bird, 1970). 

The Alpide Belt 

The Alpide belt,, in terms of the new global tec
tonics, is bne of the least known and most complex 
of the compressive plate boundaries. On a global 
scale, the ,cQmp res sive forces in the Alpide belt have 
been attributed to relative movements between the 
African and Eurasian plates related to sea-floor 
spreadirig in the Central and North Atlantic Oceans 
(Hsii, 1971; Smith, 1971), Lithosphere was con
sumed .along the northern and northeastern edges, of 
the Arabian plate at the Zagros thrust zone in Iran 
and West Pakistan and its westerly continuation in 
Turkey (Dewey and Bird, 1970). Porphyry copper 
deposits in Iran and West Pakistan, north of the 
Zagros zone, were emplaeed while subduction was 
active. The porphyry deppsits in Romania, Yugo
slavia and Bulgaria appear to be related to a Meso
zoic-Tertiary subduction zone which, according to 
Dewey and Bird (1970; Fig. 14), is marked by 
ophiolite complexes, and extended westwards from 
the southern shore pf the Black Sea. It might be 
conjectured that, all the porphyry ore deppsits in the 
Alpide belt were generated during phases of sub
duction related to the closure pf the western Tethyan-
Indian Ocean. 

In the, case of prpgenic belts in which the collision 
of continents with island arcs or with other con
tinents has contributed to their development, as in 
the Alpine-Mediterranean system, calc-alkaline 
igneous rocks and associated ore deposits may have 
been cpncealed by overthrust slices or by fiysch de
posits during or after collision. 

Concluding; Remarks 

In terms of the plate tectonic rriodel outlined above 
for the genesis of porphyry ore deposits, several 
suggestions for exploration may be made. A con
sideration of the distribution of Mesozpic-Cenozoic 
subduction zones (Fig. 2) indicates several areas as 
pptential porphyry provinces, in addition to the, oro
genic belts of western America and their southward 
continuation intp the Antarctic Peninsula. Prpbabiy 
the most obvious of these- regions are Japan * and 
New Zealand where porphyry deposits have not yet 
been discovered despite e-xtensive exploration. A re
cent compilation of ages of magmatism in island arcs 
(Mitchell and Bell^ 1970) shows that Upper Cretan 
ceous-Eocene or mid-Tertiary periods of volcanism 
accompanied" by intrusion are represented, in addi
tion to in island arcs where porphyry copper de-

Mr~. 

^_S!--<;̂ -» 

pi>>--; 
i^.yi.i ^ 

v-^i P • 

_j t ^ — J * ' "1 

i y - i 'rJ 

:'' -'^- -
f .J'.Jlx.̂ '* i „ ^ 

f = , t 

. - T V -

" ' J ' 
\ - • ' 

f 'p 

I 

• 4 J ^ / 
' • ^ 



194 RICHARD H: SILLITOE 

posits are already known, in the Aleutians, Izu-
Eoiiin, Sumatra-Java, Banda, North and South' 
Celebes, New Hebrides and Fiji; these areas are 
considered important for porphyry copper explora
tion. The Lesser Antilles island arc, Kamchatka and 
Burma and Thailand are also considered to be 
promising targets. 

In the Alpide zone, Turkey,* Greece and Afghanis
tan seem to be likely areas for porphyryr copper dis
covery. A detailed analysis of the Alpine-Medi
terranean orogen in terms of the new global tectonics 
Would provide a cogent tool in the search for 
porphyry copper deposits. For exan-iple, if a sub
duction zone existed during Mesozoic and early 
Tertiary times at the contact of the African and 
European-Asian plates, as depicted by Dewey and 
Bird (1970; Fig. 14), then porphyry copper deposits 
inight be expected in' the north of Morocco and Al
geria. If the Indus suture marks the site of the 
subduction zone active during the closure of the 
eastern part of the Tethyan-Indian Ocean (Mitchell 
and Reading, 1969), then porphyry deposits might 
be present on its nprthern side. 

It is hoped that this model for the origin of 
porphyry copper and molybdenum deppsits, though 
liable to modification in the light of further informa
tion relating to porphyry deposits and plate tectonics, 
will stimulate confirmatory research, and attempts to 
apply the new global tectonics to other classes of ore 
deposit, A number of the stages in the proposed 
model would seem to be amenable to testing by 
further work. Potentially important research might 
indude age-det erm in at ion and Sr^VSr** studies of 
porphyry deposits, and isotopic and chemical studies 
of oceanic crustal rocks. These should be accom
panied by investigations to elucidate the magmatic 
and metal-concentrating processes operative, at the 
ocean rise system, and the nature of lithosphere 
sinkingj • arid partial meltirig. and metal extraction, in 
subduction zones. 
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Abstract 
Volcanogenic sulfide deposits raay be described as stratabound, lenticular bodies of 

massive pyritic mineralization, containing variable amounts of chalcopyrite, sphalerite, 
and galena in layered volcanic rocks. Often they are found to be immediately overlain 
by thin-bedded siUceous and iron-rich sedimentary rocks, and they are commonly under
lain by extensive zones of altered, sulfide-impregnated lava. They are believed to have 
formed subaqueous!/ by volcanic-fumarolic activity which occurred periodically during 
volcanism. 

Three distinct varieties of such deposits can be distinguished by their compositions, 
relative and absolute ages, and rock associations. Pyrite-sphalerite-chalcopyrite bodies 
are found in differentiated, mafic-to-fdsic volcanic rocks; pyrite-galena-sphalerite-chalco-
pyrite bodies occur in more felsic, calc-alkaline volcanic rocks, and pyrite-chalcopyrite 
bodies occur in mafic, ophiolitic volcanic rocks. 

The time-tectonic-stratigraphic interrelationships of these varieties can be related to 
evolutionary processes of crustal development. Deposits of the pyrite-sphalerite-chalco
pyrite variety are numerous, important, and best developed in Archean greenstones, sug
gesting that they were generated tmder conditions of thin "proto-crust,"possibly by de
gassing of as yet poorly differentiated "proto-mantle." Although they recur in yoimger 
volcanic successions, they become scarcer and smaller in later geologic time. However, 
their place is taken by the two other varieties which are notably rare or absent in the 
Archean. Thus, in Proterozoic volcanic rocks the pyrite-galena-sphalerite-chalcopyrite ' 
type appears. In Phanerozoic orogens, pyrite-chalcopyrite bodies are common in the 
ophiolites that typify an early stage of orogenic activity and are probably generated . 
in oceanic ridge-rift environments during the initial stages of separation of continental 
crustal blocks. Both of the earlier varieties reappear in Phanerozoic belts; the pyrite-
sphalerite-chalcopyrite type in early stages of subduction along continent margins, and 
the pyrite-galena-sphalerite-chalcopyrite type in later, more felsic, calc-alkaline volcanics 
that characterize somewhat later tectonism. 

In addition to their obvious application in mineral exploration, these concepts may 
have certain scientific applicability. If, on a very broad or general basis, mineral de
posits (like fauna) are products of evolutionary change, then in the absence of fossils 
or other correlation aids they might be used as gross-scale indicators for correlation or 
age determination purposes. This could be particularly applicable to highly meta
morphosed Precambrian terrane throughout the world. 

Introduction most enigmatic of ore deposits." Subsequent work 
A mind nimble and versatUe enough to catch the re- ^ ^ substantiated Lindgren's view but still has not 
semblance of things, which is the chief point, and at the entirely resolved the enigma to which he referred. 
same time steady enotigh to fix and discern their subtle More recently, H. C. Gunning (1959) considered 
differences:... Francis Bacon in "The Scientific Mind." the question of the origin of these ores one of the 

major unresolved problems facing ore deposits geolo-
WALDEMAR LINDGREN (1919, p. 819) considered gists, 
certain massive base metal sulfide bodies to be "the Differences among massive base metal sulfide de-
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posits have previously been noted and discussed. 
Stanton (1958) was one of the earliest to present data 
on the different base metal contents of various de
posits.' • Both Saager (1%7) and Waltham (1968) 
classified the numerous deposits of, the early Paleo
zoic Norwegian Caledonide belt into various types 
ba.sed mainly on their metal content, sulfide min
eralogy, and texture. Grabe (1972) attempted to 
explain the differences in base metal content and 
mineralogy by variations in surficial processes, in
cluding differences in their paleotopographic, litho
facies, and Eh environments of deposition. Gilmour 
(1971) related differences in the deposits to differing 
conditions of sedimentation or erosion, to differing 
petrochemistry and character of igneous activity, and 
to evolutionary tectonics, an approach similar to that 
followed here. 

One purpose of this paper is to review briefly re
cent ideas concerning the origin of certain of these 
ore bodies and to summarize the broad similarities 
which identify them as members of a major family. 
A second purpose is to outline a number of im
portant differences among these deposits that permit 
division of the major family into distinct types. A 
final purpose is to consider the significance of these 
differences and to interpret them in relationship to 
evolutionary processes of crustal tectonism and re
lated volcanic activity. 

'Volcanogenic Massive Base Metal 
Sulfide Deposits 

Latest studies of the massive, pyritic base metal 
sulfide deposits in volcanic rocks suggest that they 
are of volcanogenic origin, formed in recurrent epi
sodes of sea-floor fumarolic activity during prolonged 
periods of subaqueous volcanism (Horikoshi, 1969, 
p. 322; Schermerhorn, 1970, p. 277-278). All mem
bers of this major volcanogenic family of ore de
posits are therefore broadly related, comparable to 
one another, and identifiable by their common char
acteristics. All occur as irregularly shaped but 
stratabound lenses of dense pyritic sulfide containing 
various amounts of zinc, copper, and lead as well 
as important silver and gold in layered subaqueous 
volcanic sequences. These lenses are accompanied 
by two other types of mineralization. The lenses are 
commonly overlain by thin, siliceous iron- and 
manganese-rich sedimentary strata (Hutchinson and 
Searle, 1971, p. 199 and fig. 3 ; Anderson and Nash, 
1972, p. 853-855) and are usually underlain by ex
tensive zones of altered and sulfide-impregnated lava 
(Purdie, 1967; Suffel, 1948, p. 760). Metal zoning 
is prominent and the stratigraphic tops of the mas
sive lenses are pyritic and-Izinc- or zinc-lead rich, 
whereas their stratigraphic bottoms are copper-rich 
and often pyrrhotitic (PricS^^and Bancroft, 1948, p. 

749-750; Scott, 1948, p. 774; Hutchinson and Searle, 
1971, p. 202; Horikoshi and Sato, 1970, p. 188; 
Anderson and Nash, 1972, p. 855 and fig. 6 ) . So 
consistent is this relationship that it apparently pro
vides a reliable means of top determination in 
deformed sequences, as, for example, in the Ming de
posit at the Rambler Mme in Bale Verte, Newrfound-
land where zinc-rich mineralization occurs on the 
footwall of the body (Heenan and Truman, 1972, p. 
3) , but where structural information suggests that 
the section is overturned (Kennedy, 1972). Primary 
breccia textures are also common, particularly at the 
tops of the massive bodies. These are apparently 
related to some form of irruptive volcanic activity, 
such as steam explosions (Horikoshi, 1969, p. 322) 
in the underlying lavas, with accompanying frag
mentation of earlier deposited sulfides. This was 
apparently followed by redeposition involving turbi-
dite activity, gravity-induced sedimentary slump, and 
downward movement on the old volcanic paleoslope 
(Schermerhorn, 1970, p. 276). Sharp contacts are 
also remarkably common and may be present at the 
top of the massive bodies, within the bodies between 
the zinc-lead- and copper-rich massive mineralization, 
or at the base of the massive lenses (Hutchinson 
and Hodder, 1970, p. 35; Hutchinson, 1965, p. 976 
and 985). 

These primary relationships, which characterize 
all members of the family, are commonly disrupted 
and complicated to varying degrees or even obliter
ated by subsequent metamorphism (Suffel et al., 
1971; Vokes, 1969; p. 1130; Kalliokoski, 1965). 
"Where metamorphism has been minimal, however, 
evideiice for a synvolcanic or intravolcanic origin is 
compelling. This evidence includes soft-sediment 
slump and deformation structures in the overlying 
sedimentary strata in which the sulfides clearly be
haved as heavy, primary components and also graded 
bedding within pyrite-rich beds (Hutchinson and 
Searle, 1971, p. 201). Brecciation in the tops of the 
massive lenses and in the underlying lavas is of "pri
mary synvolcanic" rather than "tectonic" generation 
(Sinclair, 1970) ; primary structures, for example pil
lows in the nearby lavas, although fractured and brec
ciated, are not otherwise dislocated (Duke, 1971, p. 
74). Moreover, the ores in undeformed successions, 
as on the north flank of the Troodos complex in Cy
prus are cut by postmineralization dikes (Hutchin
son and Searie, 1971; p. 201; Bear, 1960, p. 97, 99). 
These are chilled against ore and occasionally can be 
traced upward where they become feeders to fresh 
lavas overlying the sulfide bodies. The dikes are petro
graphically similar to the. overlying lavas, and com
monly the lavas above massive ore bodies are ex
tremely fresh, unaltered, and barren of sulfides, as in 
Cyprus and at the Lake Dufault mine near Noranda, 
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IS 
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• iH 

i 

BASE METAL 
TYPE 

" • -^ pyrite 

Zn -Cu -
pyrite 

( D Pb-Zn-
^ ^ C u -

pyrila 

Pb-Zn-Cu 
pyrite 

® Cu-pyrile 

PRECIOUS 
METAL 

ASSOCIATION 

both -Au 
( w i l h highCu) 

and Ag 
(w i lh highZn) 

d i t to 

mainly Ag 

dit to 

mainly Au 

A-S-SOCIATED 
VOLCANIC ROCK 

- TYPES 

-fuily differentiated 
suites of intermediale 
bulk coinposllion{7)-, 

-Iholeiilic ID calc-alkaline 
- bosolt -andesite- dadle -

rhyofile,elc. 

d i t t o 

-inlermediole to felsic 
colc-olKaline volconic 
suites: 

-andesite-docite-rhyolile-
porphyry-crystol luff, etc 

di t to 

- poorly iSfferertioted mofic-
ultromofictophiomiclsuires: 

-tholeiitic 
-basolllc pillow lovos, 

serpentinite, etc. 

TYPE OF 
VOLCANISM 

-iniliol deep, 
suboqueous mafic 
plalform; with 
differentiation 
loword felsic 
vo Icanism, Ijuilding 
domical centres 

d i t t o 

-felsic centres of 
eiiplasive,pyroda5lic 
ond ignimbrilk: 
oclivily,subaqueous 
to subaerial 

ditto 

-deep suboqueous. 
qiiesceni fissure 
eruptions 

TYPE OF* 
SEDIMENTAnON 

-chemical; churls, iron, 

-clastic: immature,first 
cycle, volconogenic 
greywockes, 
volconoclostics 

d i t to 

-epickistic predominoles; 
immature volconogenic 
gieywackes,rnangonfe!Ois 
shales,gRi|iiiiic !^oles and 
argillites, siltstones 

-chemicol minor, cherts, 
iron formations 

•sulphate gongues 
common 

d i t to 

-chemical predominates: 
cherts, ironstones, 
mongonstones 

-dastic insignificant 

TECTONISM 

-early eugeosynclinal-

orogenic stage; 

- mojor subsidence 

ditto: early subduction 

-later eugeosynclinal-
orogenic stage: 
infilling wilh uplift 
bolonces subsidencetil 

ditto: later subduction 

-earty stage of 
continental plate 
r i f t ing: tension, 
separation, graben 

AGE 

Archean 

FVoteroioicf?] 

pre-Ordovtoon 

mid-Oevonian 

Proteroioic 

Ordovician 

Triassic 

Tertiary 

l.-Ordovicion 

Jun-CMooeous 

Crel.-Eoeene 

EXAMPLES 

-timmins. Ont. 

Norondo. Cue. 

Uhited Vtode. Ariz. 

FtamMer. Nfld. 

W.Shosto.Cdit 

M t l s a , 
Queensland 

Errington, 
Vermilion, 

(Sudbury Bosin) 

Bathurst, 
New Brunswick 

EShosta,Calif. 

Kuroko, Japan 

WNewfoundlond 
Cyprus 
Island Mountain, 
Colifornia 

Philll pines 

Ftc. 1. Comparative Chart: Some geological characteristics of difTerent volcanogenic sulfide deposits. 

Quebec (Hutchinson and Searle, 1971, p. 201; 
Purdie, 1967). 

Differences Among Volcanogenic Massive 
Base Metal Sulfides 

Despite these broad, unifying similarities of all 
members of the family, there are readily recognizable 
differences among the various deposits which serve 
to divide the family into three distinct types. The 
distinguishing geological features include: first, the 
base metal and precious metal assemblages present 
in the ores themselves; second, the petrographic 
character of the associated volcanic rocks and the in
ferred nature of the volcanism that deposited them; 
third, the nature and proportion of intercalated sedi
mentary strata within the host volcanic succession; 
fourth, the tectonic environment in which sulfide 
bodies, volcanic rocks, and sedimentary rocks alike 
were originally laid down; and finally, but not least, 
their greatest abundances through time and also their 
ages relative to one another within Phanerozoic 
orogenic belts. These criteria are tabulated in 
Figure 1 which also lists examples of the types. 

The zinc-copper type 

The earliest type of massive, volcanogenic base 
metal sulfide deposits recognizable using these cri
teria is rich in either or both zinc and copper. They 
contain only minor lead but produce b()th gold and 
silver, usually accompanying zinc-rich sulfides; gold 
being relatively more important,in copper-rich de
posits (Table 1). 

Their host volcanic rocks include broadly dif
ferentiated suites that span the entire compositional 
range from basalt to rhyolite. The exact petrochemi
cal nature and derivation of these lavas is not certain 
despite considerable investigation. Wilson et al. 
(1965, p. 170-174) considered these volcanics to be 
of calc-alkaline affinity, as did Goodwin and Ridler 
(1970, p. 22). Other work (Baragar, 1968) suggests 
that they are of tholeiitic descent. Baragar and 
Goodwin (1%9, p. 140) suggest that the "average" 
Archean volcanic rock is slightly more salic than 
tholeiitic basalt and more mafic than andesite, thus 
perhaps resembling island-arc tholeiites more than 
oceanic tholeiites (Jakes and 'White, 1972; Gill, 
1970). Further clarification of these relationships is 
necessary, but present data suggest that these vol
canic rocks may have affinities to both tholeiitic and 
calc-alkaline families with chemical properties inter
mediate between the two. 

Whatever their petrogenesis, these lavas were ap
parently deposited in successions ranging up to 
40,000 feet in total thickness (Goodwin, 1968, p.. 3 ) . 
At the base of the successions are broad mafic plat
forms, generally of basaltic composition, probably 
formed mainly by widespread fissure eruptions from 
deep fractures (Goodwin and Ridler, 1970, p. 23). 
Subsequent volcanism became increasingly domal 
with differentiation toward the later felsic stages 
(Goodwin, 1965). The intercalated sedimentary 
rocks include chemical sediments, particularly cherts 
and the various facies of iron-formation, siliceous 
tuffs, and immature first-cycle volcanogenic gray-
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TABLE 1. Base and Precious Metal Content of Three Types of -Volcanogenic Massive 
Base Metal Sulfide Defxisits 

Type, District. Name %Pb %Zn %Cu Ag Au Ag/Au Remarks—Reference 

1. Zn-Cu Type 

Horne Mine; 
Noranda, Quebec 

Quemont; 
Noranda, Quebec 

U k e Dufault "A"; 
Noranda, Quebec 

Waite; 
Noranda, Quebec 

Amulet Lower A; 
Noranda, Quebec ' 

Amulet C; 
Noranda, Quebec 

Amulet F; 
Noranda, Quebec 

Mattagami Lake; 
Matagami, Quebec 

Manitou Barvue: a) 
Val d' Or, Quebec 

b) 

Mattabi; 
Sturgeon Lake, 
Ontario 

Flin Flon; 
Flin Flon, Manitoba 

Cupi;us Mine; 
Flin Flon, Manitoba 

Stall Lake Mine 
Snow Lake, Manitoba 

Rod Deposit No. 2 
Snow Lake, Manitoba 

Chisel Lake Mine 
Snow Lake, Manitoba 

Jerome District; 
Arizona 

UVX Mine; 
Jerome, Arizona 

n.8. 

n.s. 

n.s. 

n.s. 

n.s. 

n.s. 

n.s. 

n.s. 

0.38 

n.s. 

0.84 

n.s. 

n.s. 

n.s. 

n.s. 

0.7 

n.s. 

n.s. 

n.s. 

2.69 

7.2 

4.47 

5.69 

14.30 

10.88 

10.4 

4.74 

n.s. 

7.67 

4.24 

6.4 

O.S 

2.88 

12.00 

? 

n.s. 

2.3 

1.52 

4.0 

7.11 

5.13 

2.62 

4.28 

0.69 

0.03 

0.9 

0.91 

2.99 

3.75 

5.2 

7.1 

0.39 

8.5 

? 

n.s. 

0.92 • 

2.2 

0.70 

1.41 

4.19 

1.48 

1.13 

2.57 

0.068 

3.13 

1.25 

0.84 

0.31 

0.47 

1.23 

2.50 

<2.0 

0.18 

0.17 

0.03 

0.03 

0.041 

0.020 

0.017 

0.014 

0.034 

0.012 

0.007 

0.089 

0.038 

0.44 

0.05 

0.49 

0.068 

0.04 

very 
. low 

5.4 

73.3 

23.3 

34.4 

209 

87.0 

81.0 

76. 

5.5 

447 

14.0 

22.1 

7.0 

9.4 

25.1 

37 

<50 

Approx. grade 60 m.t. ore produced. 

Ore reserve estimate, 9 m.t. 1947; 
Taylor, 1957, p. 406. 

Initial ore reserve estimate 2.3 m.t.; 
Purdie, 1967, p. S3. 

Total production 1.1 m.t.; Price and 
Bancroft. 1948, p. 748. 

Millhead ore assays, 2.1 m.t.; Suffel, 
1948, p. 757. 1 

Millhead ore assays, 240,000 t.; 
Suffel, 1948, p. 757. 

Millhead ore assays, 150,000 t.; 
Suffel, 1948, p. 757. 

18.7 m.t. ore reserves 1966; Canadian 
Mines Handbook 1967-68, p. 213. 

Prod, from 6.1 m.t zinc-lead ore; 
Ramsay and Swail, 1967, p. 19. 

Prod, from 3.1 m.t copper ore; 
Ramsay and Swail, 1967, p. 19. 

12.8 m.t. ore reserves, 1970; recover
able lead; Canadian Mines Hand
book. 1972-73. 

26 m.t. ore reserves, 1946; Geology 
Staff, Hudson Bay Mining and 
Smelting Co.. Ltd., and Stockwell, 
1948, p. 295. 

Avg. grade 510,000 t. ore mined; 
Geological Staff, Hudson Bay Min
ing and Smelting Co.. Ltd., 1957. 
p. 253. 

2.1 m.t reserves, 1968; Coats et al., 
1970. p. 971. 

0.3 m.tl reserves. 1968; Coats et al., i 
1970, p. 971. 

3.2 m.t reserves, 1968; Coats et al., 
1970. p. 971 

Avg. of 5 different mines, 19.2 m.t. 
produced 1908-51; Anderson and 
Creasey, 1958, p. 100. 

Ave. grade 3 m.t ore; Anderson and 
Creasey, 1958, p. 136. 

All Wafa frnm Kinkel <>«- al.. 19.Srt 
California 

Balaklala 

Early Bird 
Golinsky 
Iron Mountain 
Iron Mountain 
Keystone 
Mammoth 
Mammoth 
Shasta King 

Rambler Mine; 
Bale Verte, Nfld. 

a) 

b) 

n.s. 
n.s. 
n.s. 
n.s. 
n.s. 
n.s. 
n.S; 
n.s. 
n.S. 

1.3 

n.S. 
8.9 
3.50 
2-S 
8.0 
4.20 

21.10 
? 
2.16 

2.8 

3.4 
3.57 
2.00 
7.50 
6.0 
3.99 
2.40 
2.29 

1.30 

2.67 

1.0 

2.0 
4.61 
1.00 
1.00 
2.7 
2.24 
5.79 
1.01 

0.85 

0.57' 

0.028 

0.034 
0.134 
0.02 
0.04 
0.06 
0.038 
0.078 
0.034 

0.15 

0.08 

35.8 

58.8 
34.4 

50 
25 
45 
59 
74.2 
30 

5.6 

7:1 

1.2 m.t 
bodies. 

production, several ore 

35,000 t. prod. 
3,000 t. prod. 
380,000 t. flotation ore. 
i.6 m.t. prod. Old Mine Orebody. 
122.000 t prod. 
3.3 m.t. copper ore 1905-25. 
84,000 t Zn ore 1914-15. 
69,000 t prod. 1918-19. 
Main Zone prod. 440,000 t ; Heenan 

and Truman, 1972, p. 2. 
Ming^Zone ore reserves 905,000 t ; 

Heenan and Truman, 1V72, p. 7. 

:''iii-'^-

• ' i ^ i ' i b j 
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TABLE 1.—{Continued) 

Type, District Name %Pb %Zn %Cu Ag Au Ag/Au Remarks—Reference 

2. Pb-Zn-Cu-Ag Type 

Errington Mine; 
Sudbury Basin 

Vermilion Lake Mine 
Sudbury Basin 

M t Isa; 
Queensland 

Iron King; 
Prescott, Arizona 

Buchans; 
Newfoundland 

Heath Steele; 
New Brunswick 

Brunswick # 6 

Brunswick # 12 

. 

a) 

b) 

c) 

a) 

b) 

a) 

b) 

c) 
Afterthought; 

E. Shasta. California 

0.75 

1.10 

8.3 

2.50 

7.85 

2.90 

1.20 

2.20 

3.52 

n.s. 
2.17 • 

3.24 

4.56 

7.2 

7.34 

15.5 

7.10 

3.50 
6.01 

8.60 

n.s. 
16.S 

1.02 

LIO 

n.s. 

3.5 

0.19 

1.45 

1.10 

1.30 
0.39 

0.30 

LII 
3.23 

1.49 

1.78 

6.3 

130. g 

8 g 

3.69 

3.52 

3.20 

1.90 

2.02 

2.47 

1.85 

0.85 
5.55 

0.017 

0.020 

n.s. 

0.03 

0.06 

0.123 

0.05 

0.02 

0.02 

n.s. 

n.s. 

0.011 

n.s. 
0.03 

88 

89 

very 
high 

(>300?) 
4.300 

133 

30 

70 

160 

95 
high 
(>100?) 

high 
(>100?) 

165 

? 
185 

Bully Hill-
Rising Star; 
E.-Shasta. California 

Blue Moon; 
Foothill Belt 
Caiifomia 

Penn Mine; 
Foothill Belt. 
California 

Sufficid; 
E. Tps., Quebec 

Matsumine. Japan 
black ore 
sub-black ore 
yellow ore 
pyritic ore 

Lake George Mines; 
Captains Flat N.S.W. 

Blow Orebody; 
M t Lyell, Tasmania 

Tasman and Crown-
Lyell Extended Co. 
Lode; Mt. Lyell, 
Tasmania 

Rosebery and Hercules 
deposits; Tasmania 

2.2 

0.48 12.29 

4.2 

0.37 

3.82 

3.75 

0.066 

0.062 

28. 

n.s. 

20. 

20. 

1.28 

0.5 

0.95 

2.67 

17. 

0.065 

6. 0.1 

58 

61 

5.58 

0.59 

high 
med. 
low 
low 

6. 

7.89 

6.45 

high 
med. 
low 
low 

10. 

2.05 

1.28 

med. 
high 
high 
low 

0.67 

2.37 

2.40 

209.3 (g) 
64.3 fe) 
27.9 (i) 
9.8 (g) 

1.80 

0.07 

0.018 

1.27 
0.66 
0.47 
0.32 

0.055 

34 

134 

165 
97 
60 
31 

33 

41 

very 
high 

60 

Ore reserves 7.5 m.t after 15% dilu
tion; Martin, 1957. p. 365. 

Ore reserves 2.8 m.t after 20% dilu
tion; Martin, 1957, p. 365. 

19.2 m.t lead ore mined to 1964; 
Bennett, 1965, p. 233. 

Lead ore; personal commun., R. L. 
Brown, M t Isa Mines Ltd., 1972. 

Copper ore; personal commun., R. L. 
Brown, M t Isa Mines Ltd.. 1972. 

Based on metal recovered from 5 m.t 
prod.; Gilmour & Still, 1968. p. 
1241. 

Average, all ore bodies to 1962; 
Swanson and Brown, 1962. p. 623. 

Ore reserves 4.2 m.t. 1965; Pb-Zn 
ore; Canadian Mines Handbook. 
1965. 

Ore Reserves 3.0 m.t., 1965; Cu ore. 
6 m.t. ore oreserves in pit, 1972; 

Canadian Mines Handbook. 1972-
73. p. 57. 

16.8 m.t ore reserves, above 1,500 
level. 1971. 

Avg. of 28, 10-foot samples across ore 
wxly. ddh. 1,275; personal commun. 
P. A. Kavanagh. 

9.4 m.t. high copper-ore reserves. 
166,000 t. produced; Albers and 

Robertson. 1961. p. 81. 
580,000 t. produced but high Zn ore 

left in mine: figures for Ag and 
Ag/Au ratio therefore too low; Al
bers and Robertson, 1961. p. 90. 

56,000 t prod.; Eric and Cox, 1948, 
p. 145. 

84,000 t prod. 1943-1946; Heyl etal., 
1948, p. 65. 

Avi re. grade 1 m.t reserve, 1951; 
Carrifere. 1957. p. 466. 

Average content of precious metals in 
four ore varieties; Dowa Mining 
Co.. 1970, p. 44. 

Avg. grade 4 m. tons 1937-1962; 
Glasson and Paine, 1965. 

Avg. grade 5.5 m. tons prod, to 1963; 
Solomon and Elms, 1965, p. 482. 

"Typical grade," Solomon and Elms, 
1965, p. 483. 

Avg. g;rade 5.2 m. 1. tons prod, from 
both deposits to 1963; Hall et al., 
1965, p. 485. 
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TABLE 1—{Continued) 

Type. District, Name %Pb %Zn %Cu Ag Au Ag/Au Remarks—Reference 

3. Cupreous Pyrite Type 

Skouriotissa; 
Cyprus 

MavTovouni; 
Cyprus 

Mavridia; 
Cyprus 

Limni; 
Cyprus 

Ergani Maden; 
Turkey 

Weiss; 
Turkey 

Kure; 
Turkey 

Island Mtn., 
Caiifomia 

Hixbar; 
Philippines 

a) 

b) 

a) 
b) 

n.s. 

0.004 

0.015 

n.s. 

n.s. 

n.s. 

n.s. 

n.s. 

n.s. 

0.4 

0.4 

0.33 
n.s. 

n.s. 

3.2 

0.01 

n.s. 

n.s. 

4.2 

0.58 

1.1 
1.41 

10.02 

5.2 

2.37 

3.39 

9.36 

2.02 

0.25 

6.0 g 

5.5 g 
1.59 d 

21.9 g 

2.3 p 
0.592 
11.0 g 

1.092 

0.98 

0.33 

0.025 • 

0.8 

2.0 
1.97 

1.4 

1.0 
0.083 
2.2 

0.651 

0.11 

6.1 

10.0 

7.5 

2.75 
8.1 

15.6 

2.3 
7.1 
5.0 

1.7 

8.9 

Assay of nearly pure native sulfur, 915 
level; Wilson and Ingham, 1959. 
p. 174. 

Average ore grade, 1947; Wilson and 
Ingham. 1959. p. 148. 

Low-grade ore ;Bear, 1963, p. 64.' 

High-grade ore; Bear, 1963, p. 64. 
50.000 tons semi-oxidized ore; Bear. 

1963, p. 74. 
Typical analysis of high-grade ore; 

Griffitts et al., 1972, p. 711. 

Analysis of ore; Cagatay, 1968. 
Average; ten analyses of massive ore. 
Typical massive ore; Bailey et al.. 

1967, p. 58. 
Average grade 132,000 tons of ore 

1915-1930; Stinson, 1957, p. 25. 
Average grade 63,000 tons pre 1941; 

Bryner. 1969, p. 652. 

Notiis: values in precious metals are in troy oz. per ton unless otherwise noted as d-
ton; p—parts per million; n.s.—not stated; ?—-data uncertain but metal present. 

-pennyweights per ton; g—grams per 

wackes (Goodwin and Ridler, 1970). The tectonic 
environment in which these rocks and sulfides were 
deposited clearly involved major subsidence on a 
very large scale with deposition of two or more 
cycles of the differentiated mafic to felsic subaqueous 
volcanic rocks (Ridler, 1970). This apparently re
sults from large scale "eugeosynclinal" volcanism, 
presumably occurring in a very early stage of a 
tectonic cycle. 

The best examples of the ziiic-copper type are of 
Archean age. They include the great base metal 
deposits of the Keewatin greenstone belts in the 
Superior Structural Province of the Canadian Shield, 
including the Horne Mine at Noranda, the Kidd 
Creek deposit at Timmins, the Mattagami Lake 
Mines ore body at Matagami Lake, and many others. 
It is interesting, as indicated in Figure 1, that ore 
bodies of this type are less numerous in Aphebian 
rocks. Although possibly present . at 'Flin Flon, 
Manitoba (Sangster, 1972) and Jerome, Arizona 
(Anderson and Nash, 1972), the reliability of the Pb-
isotopic age dates on which the Aphebian age of the 
Flin Flon ores is mainly based has very recently 
been questioned (Slawson and Russell, 1973). Hence 
the Flin Flon deposits, and perhaps those at Jerome 
as well, may be of older Archean age, metamorphosed 
during a later Aphebian orogeny. There are no 
known examples of the zinc-copper type in still 
younger Proterozoic rocks. '-?~^^ 

•-'••^^jf . 

The type reappears, however, in some older 
Phanerozoic (i.e. Paleozoic) orogenic belts. Re
current examples are the deposits of the West Shasta 
District in California, which lie in Middle Devonian 
volcanic rocks (Kinkel et al., 1956, p. 16) and per
haps the three ore bodies of the Rambler Mine in 
western Newfoundland (Heenan and Truman, 1972), 
although the exact age and petrochemical affinities 
of the volcanic rocks in the Fleur de Lys Supergroup 
that are host to the Rambler ore bodies (Kennedy 
et al., 1972; Church, 1969) are uncertain and re
quire further investigation. In Australia, the de
posits near Bathurst, N.S.W. occurring in basaltic 
to andesitic volcanic and pyroclastic rocks of Upper 
Ordovician to Lower Silurian age (Stanton, 1955, 
p. 684) appear to be examples of this type in the 
Brisbane-New England eugeosyncline. Notwith
standing its recurrence, examples of the zinc-copper 
type in early Phanerozoic orogenic belts are both 
rarer and smaller than their Precambrian analogues, 
and there are apparently no examples in volcanic 
rocks of still younger Phanerozoic age. 

The lead-zinc-copper-silver type 

The second type of volcanogenic massive base 
metal sulfide deposits is rich in both lead and zinc, 
contains minor copper, and yields important silver 
rather than gold, as might be anticipated from its 
significant lead content (Tabic 1). Carbonate-rich 

pre 
par 
tha 
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gangue is abundant in older examples of these ores 
(Bennett, 1965, p. 241; Martin, 1957, p. 367), and 
sulfate gangues, including both bedded gypsum-
anhydrite strata and barite, are often found in 
younger deposits (Matsukuma and Horikoshi, 1970, 
p. 165, 174-175; Swanson and Brown, 1962, p. 624; 
Smith, 1948, p. 121). "Volcanic rocks associated 
with this type are considered more felsic in overall 
composition than those accompanying the former. 
Basalts are usually rare in the vicinity of the ore 
bodies, although they may be present tleeper in the 
same section or in laterally correlative rocks (Mc
Allister, 1960, p. 88). Intermediate and felsic lavas 
predominate near the ore bodies, along with por
phyritic subvolcanic intrusions (Swanson and Brown, 
1962, p. 620-621), breccias (Martin, 1957, p. 364; 
Swanson and Brown, 1962, p. 621), and various 
pyrtxJastic rocks (McAllister, 1960, p. 96), all of 
which are distinctive and abundant. Broadly speak
ing the petrochemical affinities of these volcanic rocks 
appear to be calc-alkaline (Strong, 1972b; Tatsumi 
et al., 1970, p. 35-^36). 

The explosive volcanism (Horikoshi, 1969; Mc
Allister, 1960, p. 89) that generated these rocks ap
parently took place in domical centers that were 
perhaps briefly and locally subaerial. Endogenous 
rhyolite domes containing both felsic lavas and their 
porphyritic subvolcanic equivalents (Matsukuma and 
Horikoshi, 1970, p. 157-158; Smith and Skinner, 
1958, p. 152) appear to have been a prominent 
product of volcanism. Epiclastic sedimentation dur
ing deposition of these sequences was apparently a 
more extensive process than in the case of the zinc-
copper type. As a result, epiclastic sedimentary 
rocks predominate over the chemically deposited 
cherts and iron-formation and the volcaniclastic sedi
mentary rocks, although these are still present (Mc
Allister, 1960, p. 95, 97; MartiA, 1957, p. 366; New-
house, 1931, p. 403). The volcaniclastic rocks in
clude as before tuffs and volcanogenic graywackes, 
but in this environment manganiferous and car
bonaceous or graphitic argillites and shales are also 
common and abundant (Bennett, 1965; Smith and 
Skinner, 1958, p. 152; Martin, 1957, p. 367). In 
fact, the ores of this type are often found in these 
fine, impure clastic sedimentary rocks near the felsic 
volcanic rocks rather than in the rocks of the endo
genous dome itself. Siltstones, coarser epiclastic 
rocks, and rarely limestones are also associated with 
deposits of this type (Swanson and Brown, 1962, p. 
619-620; Smith, 1948, p. 114). 

The tectonic environment of deposition was again 
predominantly eugosynclinal and volcanic but ap
parently represented a somewhat later stage than 
that of the zinc-copper type. As well as volcanism. 
this later-stage tectonism apparently involved con

siderable sedimentation both by degradation\ of the 
volcanic dome and from a bordering cratonic area. 
Presumably, infilling of the subsiding trougbby both 
volcanic and sedimentary processes in general kept 
pace with and compensated for subsidence, resulting 
in very shallow subaqueous or even partially sub
aerial volcanism. Initial uplift of the margins of the 
subsiding trough may have accompanied its central 
subsidence, accounting for the greater abundance of 
craton-derived epiclastic sedimentary material. 

This type appears first in Proterozoic rocks, and 
the Errington and "Vermilion Lake deposits within 
the Sudbury Basin of Ontario (Martin, 1957) and 
perhaps those at Mt. Isa in Queensland, Australia 
(Bennett, 1965) are examples. It is equally im
portant in earlier Paleozoic time, and perhaps the 
best examples are the numerous large deposits of the 
Bathurst District in northern New Brunswick (Mc
Allister, 1960; Smith and Skinner, 1958) and at 
Buchans, Newfoundland (Swanson and Brown, 1962; 
Newhouse, 1931) occurring in volcanic rocks of 
Ordovician age. In Australia, examples are the im
portant deposits at Captains Flat, N.S.W. (Table 1), 
which occur in andesitic to rhyolitic and porphyritic 
volcanic-pyroclastic rocks of Upper Silurian age 
(Glasson and Paine, 1965, p. 424). This type too 
may become rarer and the deposits smaller in 
younger rcx:ks, although recurrent examples are 
listed in Figure 1. They include the ore bodies of 
the East Shasta District (Albers and Robertson, 
1961) and the Foothill Copper Zinc Belt (Heyl, 
1948a) in Caiifomia, of Triassic and Jurassic ages, 
respectively, and the Kuroko district of Japan 
(Matsukuma and Horikoshi, 1970; Horikoshi, 
1969), an extremely important Tertiary example. 

The cupreous pyrite type 

Cupreous pyrite deposits represent the third type 
of volcanogenic massive base metal sulfide ores. 
These deposits contain virtually no lead, only minor 
zinc, and carry significantly higher proportions of 
gold relative to silver than the others (Table 1). 
The associated igneous rocks are of mafic-ultramafic 
composition and of ophiolitic affinity. Lenses of 
massive pyrite-chalcopyrite ore are contained in 
spilitized basaltic pillow lavas which are apparently 
the product of relatively deep water, quiescent, fis
sure eruptions on the sea floor (Bear, 1960, p. 60), 
presumably like those occurring along modem 
oceanic rift-ridge systems (Chase, 1969). These 
lavas resemble modem oceanic tholeiites (Smitherin
gale, 1972; Gass, 1968, p. 39). Unlike both of the 
other types, felsic volcanic rocks are rare or absent. 
The associated sedimentary rocks are volumetrically 
insignificant and include predominantly chemically 
deposited radiolarian cherts, ironstones, and mangan-
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stones (Bear, 1960, p. 20; Wilson and Ingham, 
1959, p. 26). Very few clastic or pyroclastic strata 
are present, although aquagene tuffs and hyaloclastic 
and pillow breccias are intercalated with the basalt 
flows (Carlisle, 1963; Smitheringale, 1972, p. 576; 
Bailey et al., 1967, p. 32-34). The tectonic deposi
tional environment was different from both former 
types. The ophiolitic lava sequence is much thinner 
than in the two former types, probably less than 
5,000 ft. in Cyprus (Bear, 1963, p. 17; Bear, 1960; 
p. 60), and about 10,000 in western and north central 
Newfoundland where it may be abnormally thick 
(Upadhyay et al., 1971, p. 33). This suggests minor 
subsidence, probably tension-induced and the result 
of crustal attenuation and rifting (Gass, 1970), 
rather than major eugeosynclinal subsidence as in 
the other types. 

Examples of this type are all Phanerozoic, appear-
. ing first in early Paleozoic ophiolite complexes, like 
the cupreous pyrite deposits in basaltic lavas of the 
Notre Dame Bay area (Peters, 1965; Smitheringale, 
1972; Riccio, 1972) and of the Bay of Islands (Duke, 
1971) in north central and western Newfoundland, 
respectively. The best examples of this type, how
ever, are Mesozoic and include the numerous de
posits of Cyprus (Bear, 1963) and those at Kiire 
(Bailey et al., 1967, p. 31) in Turkey. The Island 
Mountain copper deposit in Franciscan rocks of the 
Trinity Alps in Caiifomia (Stinson, 1957) and other 
similar occurrences in southwestern Oregon (Shenon, 
1933) may be examples of Mesozoic age in the North 
American Cordillera. Deposits of this type in 
Tertiary rocks are those at Ergani Maden in Turkey 
(Griffitts et al., 1972, p. 703) and perhaps the 
Balabac, Barlo, and Hixbar deposits in the Philip
pines (Johns, 1963; Bryner, 1967; 1969). 

The recently discovered, metal-rich, gel-like pre
cipitates beneath heated saline brines on the floor of 
the Red Sea deeps (Degens and Ross, 1969) may be 
a modern example and analogue of this type (Hutch
inson and Searle, 1971, p. 203), although where 
these gels have been sampled they are richer in zinc 
than most, but not all (Bear, 1963, p. 40), of the 
examples cited. 

Comparison of Subvarieties and Interpretation 

If, as suggested, these ores are all members of a 
major family distinguishable by its coeval volcanic 
affiliations, then differences among the three types 
should be relatable to differences in volcanic petro
chemistry. Moreover, if the age relationships are 
correct or even approximately so, the variations 
among the ores should be explainable by evolutionary 
changes in volcanism;-its- style, and its products. 
These changes in volcanism, in turn, result presum
ably from evolutionary te<Sbnism. Conversely, it fol— 

lows that the ores themselves should provide another 
clue to the processes of evolutionary volcanism and 
tectonism that have affected the earth's crust through 
time and during the -development of Phanerozoic 
orogenic belts. 

Based on all the foregoing geological relationships, 
it is suggested that the zinc-copper type was formed 
under relatively thin, primitive crustal conditions. 
The associated volcanic rocks were derived from mag
matic activity in an underlying, relatively thick, and 
poorly differentiated upper mantle that may have 
been of intermediate "average composition" (Bara
gar and Goodwin, 1969, p. 140). These conditions 
are diagrammatically represented in Figure 2. 
Magmas originating in this mantle during prolonged 
periods of Keewatin volcanism therefore underwent 
a complete cycle (or cycles) of differentiation. In 
this manner, the characteristic Archean volcanic suc
cessions were laid down, commencing with wide
spread basaltic lavas of the mafic platform and pro--
gressing toward felsic, domal activity in the later 
differentiation stages (Goodwin, 1965; 1968). Judg
ing from the extent antl repetition of these successions 
in Archean terrane throughout the world (Anhaeuser 
et al., 1969, p. 2192), these conditions must have pre
vailed over much of the earth's surface during 
Archean time, and the large and numerous zinc-
copper sulfide deposits that are so characteristic of 
these rocks in Canada may represent the products of 
extensive degassing (Cloud, 1972, p. 543) of the 
primitive upper mantle on a scale not since repeated. 
Presumably it was by these processes, combined with 
subsequent Kenoran orogeny and its attendant gra
nitic intrusion and gneissification, that earth gen
erated a thick, supracrustal sialic plate by the dose 
of Archean time. 

It is suggested that in Proterozoic time eruptive 
volcanism breaching this thickened continental plate 
became rarer and more restricted, whereas epiclastic 
sedimentation involving degradation of the plate be
came more extensive and important. However, in 
deeper, eugeosjoiclinal portions of what were perhaps 
broad, rift-controlled basins (Card and Hutchinson, 
1972, p. 69) or eugeosynclinJil belts marginal to old 
Archean cratonic blocks (Hoffman et al., 1970), vol
canism from the now differentiated, ultramafic mantle 
produced tholeiitic and basaltic lavas (Dimroth et al., 

• 1970, p. 45; Frarey and Roscoe, 1970, p. 146). 
Locally, in shallower shelves flanking these basins 
and geosynclines, volcanism, presumably derived 
from anatectic melting of the sialic plate, occurred in 
centers of more felsic, explosive, and possibly even 
subaerial eruption (Stevenson, 1971; Williams, 1957; 
Sauve, 1953). The latter conditions are diagram
matically illustrated in Figure 3. Here the resulting 
volcanic sequences were of more felsic, calc-alkaline 
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FIG. 2. Diagrammatic illustration: Zn-Cu type of volcanogenic massive sulfide deposit in Archean tectonic setting. 

composition and contained a greater proportion of 
fine epiclastic sedimentary strata which graded 
laterally into increasingly coarse clastic shelf-facies 

rocks deposited at the margins of the subsiding basins 
(Dimroth et al.,*1970, p. 67-68). The filling in of 
these basins and troughs by combined volcanism and 
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FIC. 4. Diagfaainiatic illustration: Cupreous pyrite type of volcanogenic massive sulfide deposit in Phanerozoic, separat
ing oceanic rift environment. 

sedimentation more or less kept pace with subsidence. 
These conditions were favorable for the generation 
of the second lead-zinc-copper-silver type of vol
canogenic massive base raetal sulfide deposits. 

Finally, it is suggested that in still later Phanero
zoic time, plate-tectonic activity in its presently 
known form (Isacks et al., 1968), accompanied by 
crustal attenuation, rifting, and separation of the 
rifted plates, created conditions, favorable for gen
eration of the third type of volcanogenic massive 
base metal sulfide deposits. The conditions are 
illustrated diagrammatically in Figure 4. Cupreous 
pyrite deposits fonned under these tectonic condi
tions along the developing oceanic rift-ridge systems 
(Hutchinson and Searle, 1971, p, 198; Smitheringale, 
1972, p. S86) from sea-floor fumarolic activity 
associated with ophiolitic magmatism. The rhagma-
tism induded eruptive activity, which deposited the 
pillowed, spilitic basalts and intercalated radiolarian 
cherts and siliceous iroii stones, subvolcanic feeder-
dike intrusion virhich formed the sheeted, diabase 
complexes, and deeper iritrtision of layered gabbro 
and ultramafic rocks (Strong, 19/'2a;, Upadhyay 
et al., 1971, p. 28, 32;; Pantazis, 1967; Dewey and 
Bird, 1971). Serpentinites''ar^-,also formed in this 
setting (Wyllie, 1969), and,tholeiitic basalts derived 
from tbe now highly differentiated and ultramafic 

mantle (Engel et al., 196S) predominate ih this 
newly foYmed oceanic crust. The common associa
tion of all these oceanic crustal rock types with 
cupreous pyrite deposits is thereby explainable. Sub
sequently, complex plate interactions (Bird and 
Dewey, 1970, p. 1044) and underthrusting of this 
oceanic crust by sialic blocks (Hsu, 1970; Gass, 1967, 
p. 130-131) occurred along plate boundaries. Slices 
of oceanic cmst were thereby thrust onto the. con
tinent margins where they were preserved, along 
with their cupreous pyrite ores,, from destruction in 
subduction zones. 

The reappearance of both earlier types in Phanero
zoic orogenic belts indicates that the mechanics of 
plate interaction somehow recreate the earlier tectonic 
environments, thus pe,rmitting their local regenera
tion. Current investigations of plate boundary rela
tionships (James, 1971) and of magmatism in "con
tinent, margin-island arc environments (Jakes and 
White, 1971.; Kuno, 1966) suggest that the per
missive developments occur in subduction zones 
where continental crustal plates override descending 
oceanic crustal plates. Successive stages of this 
process are apparently involved in regenerating the 
two differing, types. The distinction Ijctween the two 
in this tectonic setting may be most useful for classifi-
o t ion and for recognition of various evolutionary 

j^•^ . j ._^£. . 

V-T- .1 ' «T -*' ''*' . . ^ J 



VOLCANOGENIC SULFIDE DEPOSITS ?Ksg 
1233 

stages, insofar as the broad process of subduction is 
presumably continuous in nature. 
. Nevertheless, extensive magraatism accompanies 

the earlier stages: of subduction during initial infilling 
of unstable, subsiding eugeosynclinal troughs along 
continental margins. These early eugeosynclinal 
troughs may have formed above subduction zones 
along which oceanic crustal plates were underthrust 
beneath island-arc systems (Dewey and Bird, 1970, 
figs. 2c, d, 12a). These arcs were presumably 
separated by marginal ocean basins from the advanc
ing continent margin itself, possibly like those rim
ming the western Pacific today (Karig, 1971), and 
it is interesting that zinc-rich fumarolic volcanism is 
active in such an environment in New Britain (Fer
guson and Lambert, 1972). Whether from anatectic 
melting and consumption of the descending oceanic 
plate in the Benioff zone or from partial melting of 
mantle between the top of the underthrust plate and 
the crust, this magmatisih generates extensive basal-
tic-andesitic volcanic successions (James, 1971, p. 

3343, 3342, fig. 10). These."conditions are shown, 
diagrammatically in Figure 5. This environment 
resembles the primitive Archean conditions already 
discussed, involving thin and unstable crust, major 
subsidence, and extensive volcanism of intermediate 
overall composition, perhaps spanning the entire com
positional range from mafic to felsic with progressing 
differentiation. These tectonic conditions favor gen
eration of the zinc-copper type of volcanogenic mas
sive base metal sulfide deposits, which consequently 
reappears with the volcanic rocks deposited during 
the early eugeosynclinal stages of Phanerozoic oro
genic belts. 

In later stages of subduction, when the continental 
crustal block has farther overridden the oceanic 
plate, melting may involve increasing amounts of 
sialic crustal material, either by anatexis of sialic 
blocks underthrust at the trench and carried down
ward by subduction (James, 1971, p. 3343) or by 
partial melting in the base of the thickened con
tinental plate itself. These stages may have involved 

OCEANIC PLATE P l a t e C o n v e r g e n c e CONTINE^aAL P L A T E 

OCEAN BASIN 

^ E A LEVEL 

PHANEROZOIC OCEANIC 
CRUST 

Ih in , d i f f t r t n l i o t t d 
mofic . u l i ramaf ic 

Subduction Z o n e 
(early eugeosynclinal s toge?) 

ma jo r subs idence 

Islond Arc 
Continent Morgin Volconitm 
(tholeiitic to colc-ollioline) 

PHANEROZaC CONTINENT 

Mel t ingt?) \ \ \ 
ofsutxJucled oceonic crust,blocks of V V \ 
continenfol cruti, mantle obdve Benioff Zone(?)\ V 

generotes magmatic octivily \ 

\ 
N 

S \ 

PHANEROZDC UPPER MANTLE 

X I ' ' ' ' •=• tiliceoue Ironstones mongonstones 
^ 0 Zn-Cu body 

~_r"_:~_ sedimentorjf mdis-moinlv wleonldflstic,' 
~ — — cnemlcol sedimente 

F 
I 
M 

I 
2 
3 

ente 
felsic domol stoge of raleonisn) 
Intermediots stoge of miconisn • 
mofic ptotform stage vdconlsni 
oceonic loyer — deep sea sedtmenlt 
oceonic loyer — basalt 

oceonic layer mofic-ullramcfic 
intrusions 

FIG. S. Diagrammatic illustration: Zn-Cu type of volcanogenic massive sulfide deposit regenerated in early stage of 
Phanerozoic continent margin mobile belt 



1234 

OCEANIC PLATE 

R. IV. HUTCHINSON 

Plote C o n v e r g e n c e CONTINENTAL PLATE 

OCEAN BASIN 

SEA LEVEL 

Subduction Zone 

(later eugeosynclinal stage?) 
deformation of •orller slags volconics. trough 

Mil l ing bolonces subsidsncs, Initial or. pn-bathalimc 
uplift of ad|ocent continent 

<—double arc sys temi? )—• 
outer ore Inner ore 

inocllys Oct Ive 

dsformsd early stage 
volcanics 

Continent Margin >tolcon'sm 

{calc-alkaline! 

1 

UPLIFTEO PHANEnOZOIC 
CONTIItENT 

PHAICRQZaC OCEAMC 

CRUST 

IMn dlflerenlioled 
mofic. ullromoflc 

with increosed Involvement 
of conllnentol crust (?) 

generates magmatic activity 

Ironstone 
Pb-Zn-Cu-Ag body 

,* sedimenlary lodii mcontdaaie and 
tine epielostlc 

F, (eliic volcanism-early ciage 
1 , intennediate volconism-early stage 
M, mofic volcanism-early slogs 
F i felsic volcanism-later stags 

1 ( intermediote 

M- l f mofic intermediote 
1 oceanic loyer I 
2 oceanic layer 2 
S oceonic loyer 3 

F I C . 6. Diagrammatic illustration: Pb-Zn-Cu-Ag type of volcanogenic massive sulfide deposit regenerated in later stages of 
Phanerozoic continent margin mobile bel t 

island arc-continent collisions (Dewey and Bird, 
1970, p. 2640) with underthrusting of the oceanic 
plate beneath major continental blocks, perhaps like 
the present Andean margin of South America or the 
Cordilleran margin of North America during Meso
zoic time. These conditions are diagrammatically 
illustrated in Figure 6. Whatever their magmatic 
lineage, the resulting extrusives are more felsic and 
calc-alkaline and are usually displaced continentward 
from the earlier, more mafic volcanic sequences 
(James, 1971, p. 3342). These earlier sequences, 
with their contained copper-zinc deposits may now 
have undergone varying deformation due to initial 
uplift and batholithic intrusion that accompanied this 
later evolutionary stage (James, 1971, p. 3342). In
creased epiclastic sedimentation, derived both from 
the earlier deformed volcanics and from the adjacent 
and intruded continental margin, deposited increasing 
amounts of sedimentary rocks which are intercalated 

with the felsic volcanic strata. Under these condi
tions, infilling of the trough would keep pace, more 
or less, vrith subsidence, and the lead-zinc-copper-
silver type of volcanogenic massive base metal de
posit is apparently regenerated. 

Examples in Phanerozoic Orogenic Belts 

The Cordilleran belt in California 

As suggested by some examples already named, the 
Cordilleran region of Caiifomia prorides one par
ticularly interesting exaraple of the sequential evolu
tionary tectonic-volcanic developments in a Phanero
zoic orogenic belt during which all three types of the 
massive base metal sulfide deposits were generated. 
The broad geological relationships and sulfide de
posits involved are shown in Figure 7. 

The important massive zinc-copper sulfide deposits 
of the West Shasta district in Caiifomia occur in 
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volcanic rocks of Middle Devonian age, as determined 
from faunal evidence (Kinkel et al., 1956, p. 16, 
37). Together, these volcanic rocks and sulfide 
bodies apparently represent a relatively early Cam
brian to Devonian (pre-Antler orogeny) stage 
(Burchfiel and Davis, 1972, p. 98) of the much 
longer period of eugeosynclinal volcanism in the 
Cordilleran belt of the western United States that 
persisted frora early Paleozoic until the end of 
Triassic time (Gilluly, 1965, p. 10). Volcanism in 
this early stage produced fully differentiated basalt-
andesite-rhyolite successions like the Copley-Balaklala 
rocks of the West Shasta (Gilluly, 1965, p. 33). It 
is particularly interesting that deposits of the zinc-
copper type reappear in these older volcanic rocks of 
an early Phanerozoic orogenic belt, just as the great 
zinc-copper deposits of the Canadian Precambrian 
occur in the lithologically comparable oldest Keewa
tin (Archean) lavas. 

Contrasting with the West Shasta deposits are the 
lead-zinc-copper-silver deposits of East Shasta and of 
the Foothill Copper-Zinc Belt in California. These 
are examples of the second type and all occur in 
younger volcanic sequences of Triassic and mid-
Jurassic age respectively (Albers and Robertson, 
1961, p. 35 ; Taliaferro, 1934, p. 284). Although 
metamorphosed, the metavolcanic rocks that contain 
these sulfide deposits are predominantly of inter
mediate to felsic composition and in most places are 
of pyroclastic rather than extrusive nature, as in the 
Bully Hill rhyolite of East Shasta and the Logtown 
Ridge volcanics of the Foothill Beit (Albers and 
Robertson, 1961, p. 33 ; Taliaferro, 1943, p. 283). 
These ores and their volcanic hosts are products of 
later stage eugeosynclinal-tectonic evolution in the 
Cordilleran belt (Burchfiel and Davis, 1972, p. 103). 
This stage succeeded deformation of the earlier 
Paleozoic volcanic successions during the Antler 
orogeny (Gilluly, 1965, p. 7, 34; Burchfiel and Davis, 
1972, p. 101-102) and was accorapanied by the initia
tion of thrusting, uplift, and large-scale plutonism in 
the Sierra Nevada (Gilluly, 1965, p. 13; Hamilton, 
1969, p. 2420). Abundant coarse, epiclastic sedi
mentary rocks therefore accompanied the volcanics. 
Sulfide deposits of the lead-zinc-copper-silver type 
reappear under these later tectonic-volcanic concli
tions, which resemble those of later Precambrian, 
post-Kenoran (Aphebian) time, when the older 
analogues of these deposits were formed, as in the 
Sudbury Basin and perhaps at Mt. Isa. 

Finally, the small but high-grade deposit of pyr-
rhotite-chalcopyrite at Island Mountain in Trinity 
County and perhaps several similar but smaller 
occurrences in the Klamath Mountains in Delnorte 
County, all in northwestern California, occur with 
glaucophane schists, cherts, graywackes, shales, and 
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FIG. 7. Distribution of some massive volcanogenic sulfide 
deposits in Northern California. 

serpentinites of the Franciscan formation (Stinson, 
1957, p. 24; Eric, 1948, p. 225-227). The exact age 
of the Franciscan rocks has long been controversial 
but is now considered to be Late Jurassic-Cretaceous 
(Hamilton, 1969; Guilluly, 1965, p. 34; Bailey, 
1960). The basaltic pillow lavas of the Jurassic 
Dothan formation in the Klamath region of south
western Oregon-northwestern California are also of 
similar tholeiitic affinity (Wells et al., 1949). The 
Dothan and Franciscan rocks are clearly ophiolitic 
and of oceanic crustal derivation (Hamilton, 1969, p. 
2414; Bailey et al., 1970) and were probably in
corporated onto the continent during major under
thrusting of the continental plate that began in Late 
Jurassic tune and culminated in Nevadan orogeny in 
Late Cretaceous time (Hamilton, 1969, p. 2416; 
Gilluly, 1956, p. 40-41). As previously discussed, 
cupreous pyrite deposits are characteristic in ophio
lite suites and are of Phanerozoic age, particularly 
Mesozoic and younger; thus the presence of deposits 
of this type in the Franciscan rocks of California is a 
typical example. It would be particularly interesting 
to know the exact age and tectonic relationships be
tween these rocks and their cupreous pyrite deposits 
on the one hand and the lead-zinc-copper-silver de
posits in the more felsic Triassic-Jurassic volcanics 
of the East Shasta and Foothills districts. Present 
information suggests that the Franciscan rocks are 
slightly younger than the calc-alkaline volcanic rocks 
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of the Foothills belt. Thus they were apparently 
formed as oceanic crust and subsequently incorpo
rated into the continent (Bailey et al,, 1970, p. C79) 
at a relatively late stage in the prolonged period of 
subduction during which the Pacific plate undeir-
thnist the North American continent from early 
Paleozoic through Mesozoic time. 

Tectonic evolution from early Paleozoic to late 
Mesozoic time in the Cordilleran belt generated the 
various volcanic successions and their different types 
of sulfide deposits in. the same relative age sequence 
as that reciagnizable on the broader tirae scale of 
crustal evolution from Archean through Phanerozoic, 
The copper-zinc type was, first to appear and is oldest 
in both cases, the lead-zinc-copper-silver type was 
next, and the cupreous pyrite deppsits were last and 
youngest. 

TheAppaldchian belt in Newfoundland 

Early Paleozoic volcanic r.Ocks. of the Appalachian 
orogenic belt in west-central Newfoundland provide 
a second exaraple of the generation of all three types 
of massive base metal sulfide deposits during a rela
tively short period of tectonic evolution from very 
late Precambrian to Late Ordovician time. The 
various ore bodies of the Rambler mine (Heenan and 
Truman, 1972) belong to the copper-zinc type judg
ing from their lade of lead, the presence of both zinc 
and copper in recoverable amounts, and their rela
tively low silver-to-gold ratios (Table 1). More
over, the deposits lie in rocks of the Pacquet Harbour 
Group which, together with rocks of- the underlying 
Mings Bight and overlying Cape St. John Groups, 
constitute a sequence of mafic to felsic, apparently 
differentiated and calc-alkaline extrusive and ^jro-
dastic rocks (Kennedy et al., 1972, p. 519). Inter
calated with these volcariic rocks are abundant pelitic 
metaseditnentary schists, and the succession as a 
whole resembles those of Archean (and younger) age 
in which the copper-zinc type is found. All these 
rocks belong to the Fleur de Lys Supergroup of 
Eocambrian to Cambrian age (Stevens, 197.Q') and 
rest on an earlier deformed granitic gneiss basement 
(Kennedy et al., 1972, p. 517). Thus, these vol
canic rocks and zinc-copper sulfide deposits represent 
a very early.stage of eugeosynclinal tectonism in the 
Appalachian bdtj probably generated during sub
duction along an arc-trench type continent margin. 
The Fleur de Lys rocks were subsequently deformed 
prior to deposition of Lower Ordovician volcanic 
rocks of considerably different character (Kennedy 
etal., 1972, p, 521). 

Ophiolitic volcanic rocks of the Bay of Islands-Baie-
Verte-Betts Cove-Lushes-Bight sections are of Early 
to Early-Middle Ordcjyician age ahd were eraplaced 
following defomiati6iK%l the Fleiir de Lys rocks 

(Church, 1972, p. 7Z). Pillow lavas bdonging to 
these ophiolitic suites contain numerous cupreous 
pyrite deposits of the third type including the Tilt 
Cove, Whalesback,' Litde Deer, Little Bay, and 
Betts Cove mines (Strong, 1972b; Williams et al.,. 
1972; Kanehira ancl Bachinski, 1968; Ketmedy and 
DeGrace, 1972), aad possibly the Gullbridge mine 
(Upadhyay and Smitheringale, 1972, p. 1071), 
These rocks are of oceanic crustal derivation 
(Smitheringale, 1972) formed during the opening 
by rifting of a proto-Atlantic Ocean in Early O r d o 
vician time. Like the Franciscan of California, they 
were subsequently thrust onto the continent by later 
closing of the ocean, accompanied by underthrusting 
of the oceanic crust by the continent margin along 
a southeast-dipping subduction zone (Church, 1972, 
p. 81 ; Upadhyay et al., 1971). Their incorporation 
into the continent thus marks- the beginning of a 
second, later Middle to Late Ordovician, period of 
subduction. 

Finally, the intermediate to felsic volcanic and 
pyroclastic rocks ot the Buchans Group belong to the 
central volcanic belt of Newfoundland and contain 
more epiclastic sedimentary rocks than the earlier 
successions (Swanson and Brown, 1962, table I, p; 
2 ) , ' They have been variously assigned to the 
Silurian (Williams, 1967, fig, 6) afid to the Middle 
Ordovician (Swanson and Browm, 1962), but what
ever their age, they are younger than the ophiolitic 
rocks and are clearly of ealc-alkaline affinity, the 
producrts of island-arc volcanism (Williams et al., 
1972, p. 6 ) . They contain the important lead-zinc-
copper-silver deposits of the Buchans rnine and may 
be correlative with the similar Roberts Arm vol
canics which contain, the comparable polymetallic 
sulfide bodies at Pilley's Island (Strong, 1972b), 
These rcscks and sulfide deposits appareiitly repre
sent a later stage of Appalachian tectonic evolution, 
when renewed subduction again generated calc-alka
line volcanism; This, however, was perhaps accom
panied by beginning of uplift and initiation of Siluro-
Devoniari plutonic activity that marked the-̂  Acadian 
orogeny (Williaras et al., 1972, p. 9-10). 

Again, in the Appalachian orogenic belt, as in the 
Cordilleran of California and in Archean rocks, the 
earliest and most primitive stages of tectonic-raag-
matic evolution were favorable to formation of the 
zincHCOpper type of sulfide deposits. Similarly, the 
lead-zinc-copper-silver type accompanied a later 
stage of Appalachian tectonic evolutibn and subduc
tion. An interesting difference in the Appalachian 
belt, however, is the appearance of the cupreous 
pyrite type in ophiolitic volcanic rocks at an inter-
venihg evolutionary stage between the former two 
types. The exact significance of this ophiolitic m ^ -
matism is not knovra (Churc^, 1972, p. 81), but it 
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somehow reflects the generation of oceanic crust in 
Early Ordovician time. The different sequence of 
magmatisra and sulfide generation must reflect, some 
important difference between the tectonic history of 
the Cordilleran and Appalachian belts. Perhaps this 
difference arises from the close proximity of Europe 
atid Africa to North America in early Paleozoic 
time (Church, 1969). Tectonic evolution in an 
orogenic belt that developed between two nearby 
continental plates ought somehow to be different 
from those in a belt, like the Cordilleran, that de
veloped mainly along an oceanic-continental plate 
boundary. 

Tasman geosynclinal belt, Australia 

In the early Paleozoic Tasman geosyncline of 
Eastern Australia the cupreous pyrite type is not 
recognized, although two serpentine belts (Voisey, 
1965, fig. 3) may represent the ophiolite environ
ment. However both the copper-zinc and lead-zinc-
copper-silver • types are knovim. Again, these two 
types appear in the same relative age sequence as in 
the former North American examples. The numerous 
small deposits of the Bathurst area, N.S.W. (Stanton, 
1955) appear to be mainly of the copper-zinc type, 
although specific metal content of the ores is not 
available. They occur in a thick Late Ordovician to 
Early Silurian eugeosynclinal volcanic-sedimentary 
succession. The host effusive-pyroclastic rocks are 
basaltic to andesitic, and the sedimentary rocks are 
predominantly graywackes and tuffaceous shales. 
The deposits lie in volcanic rocks at two definite 
stratigraphic horizons separated by several thousand 
feet of intervening sedimentary strata. It is especially 
interesting that copper-zinc-rich bodies completely 
lacking in lead occur along the lower of the two 
horizons, whereas lead is an important constituent 
in some of the upper horizon bodies (Stanton, 1955, 
p. 691). The sedimentary strata above the lower 
horizon are limey, and this may have been an im
portant factor in concentrating lead in the deposits 
of the upper horizon. In any case these relation
ships clearly indicate increasing lead generation 
and/or deposition in later stages of tectonic evolu
tion within a single volcanic-sedimentary complex. 

The same trend toward higher lead content in 
later stages of tectonic evolution is illustrated on a 
broader regional scale in the Tasman belt by com
paring the Bathurst N.S.W. deposits with those at 
Captains Flats, N.S.W. The important lead-zinc-
copper-silver deposits of Captains Flat occur in 
somewhat younger andesitic to rhyolitic rocks of 
Upper Silurian age which are considerably more 
felsic than those at Bathurst (Glasson and Paine, 
1965, p. 424). The associatecl sedimentary strata 

contain more fine-to-coarse .clastic epicrustal detritus 
than at Bathurst. The <;6ffiparison illustrates the 
same trends as in the Appalachians and Cordillera of 
North America; increasingly fdsic and perhaps shal
lower subaqueous volcanism, increasing amounts of 
continent-derived detritus, and increasing lead-silver 
content in the ores through time. These trends 
must result from tectonic evolution in orogenic belts. 
Thus they are presumably due to increasing involve
ment of continental crust during prolonged sub
duction along colliding continental-oceanic plate 
margins. 

The very important Mt. Morgan deposits in 
Queensland cannot, sensu stricto, be considered as 
volcanogenic massive sulfide deposits, although mas
sive mineralization is present (Cornelius, 1969, p. 
896). Rather, they appear to be an extensive 
copper-gold-rich, silicified, brecciated, and sulfide-
impregnated zone very like the mineralized and 
brecciated alteration pipes so common beneath many 
massive volcanogenic bodies. Nevertheless they lie 
in predominantly felsic volcanic and pyroclastic 
rocks of mid-Devom'an age that are of very shallow 
water or subaerial deposition (Mt. Morgan Ltd. 
Staff, 1965, p. 365) and may represent a very late 
evolutionary stage of Siluro-Devonian eugosynclinal 
volcanism in the Tasman belt. Under these condi
tions, fumarolic volcanism may have been subvol
canic, failing to break through to surface, or if it did 
so, it failed to deposit a massive body in the oxidiz
ing, shallow water, or subaerial environment. De
posits like Mt. Morgan, sharing some characteristics 
of both porphyry copper and massive sulfide de
posits, are believed to have formed in just such 
environments (Hutchinson and Hodder, 1972). In 
this context it is interesting that Cornelius (1969, p. 
901) compared the Mt. Morgan deposit to the 
massive pyritic United Verde bodies at Jerome, 
Arizona, which have recentiy been reinterpreted as 
volcanogenic deposits (Anderson and Nash, 1972). 

The deposits of Mt. Lyell and Rosebery in Tas
mania at the southern extremity of the Tasman bdt 
(Solomon and Elms, 1965; Hall et al., 1965) occur 
in Cambrian volcanic rocks and apparently belong 
to an older cycle of eugeosynclinal volcanism than 
the New South Wales-Queensland deposits. Al
though the Mt, Lyell ore bodies have produced 
mainly copper, both these and the Rosebery deposits 
appear to belong to the lead-zinc-copper-silver type. 
This is indicated by their relatively high silver con
tent and by the presence of some lead-rich ores in 
both areas (Table 1). Moreover the host volcanic 
rocks in both districts are mainly of intermediate to 
felsic composition (Solomon and Elms, 1965, p. 
480) with abundant porphyritic and pyrodastic 
members, and the intercalated sedimentary rocks 
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contain abundant epiclastic detritus (Hall et al., 
1965, p. 486). 

Aspects for Additional Study 

The foregoing sections are a prdiminary attempt 
to explain the rdative age and evolutionary rda-
tionships among the observed types of volcanogenic 
massive sulfide ores and their host volcanic-sedi
mentary rocks. They may also provide a model of 
evolutionary crustal tectonics and rdated volcanism 
which can be critically examined in the light of 
future investigations of the ores and their geological 
environments. 

Particularly necessary for critical evaluation of 
these or subsequent hypotheses are petrochemical 
data for the volcanic and subvolcanic rocks associ
ated with these ores. Admittedly, representative 
sampling and rdiable petrochemical data are ex
tremely difficult to obtain for such thick, widely dif
ferentiated, and invariably altered rock successions, 
nor is it easy to interpret from analytical data the 
original petrixhemistry and petrography of these 
rocks. Nevertheless, such information is funda
mental to a thorough understanding of these rela
tionships, and initial studies, however imperfect, are 
essential. Particularly lacking are petrochemical and 
petrographic data for the volcanic rocks associated 
with the zinc-copper and lead-zinc-copper-silver 
types, in both their Precambrian and Phanerozoic 
settings. Adequate data for the ophiolitic rocks 
associated with the cupreous pyrite type are already 
available and dearly show the oceanic tholditic 
character of these basalts. 

Present information for the Keewatin volcanics 
that contain the zinc-copper type are somewhat con
tradictory. Wilson et al. (1965) considered these 
rocks to be calc-alkaline, whereas subsequent work 
(Baragar, 1968) suggests tholeiitic affinities for 
basalts of the mafic platform, but calc-alkaline 
parentage for the intermediate to felsic rocks of the 
Archean domical complexes (Baragar and Goodwin, 
1969). Considering the primitive crust-mantle 
conditions herein suggested, it is possible that all 
these affiliations are valid, but additional more 
accurate analytical data and more extensive and 
representative sampling are necessary, to substantiate 
this explanation. Similar comparative petrochemi
cal data for volcanic sequences of Proterozoic 
age containing the lead-zinc-copper-silver de
posits are also lacking. Tholeiitic basalts are 
present in Aphebian orogenic bdts (Dimroth et al., 
1970, p. 116) but are not often found closely as
sociated with the lead-zinc-copper-silver ores. Very 
littie petrochemical data are available for volcanic 
successions of Aphebian age due, no' doubt, to the 
relative rarity of such successions. Additional petro-

graphic-petrochemical studies of the Eastern Creek 
volcanics beneath the Urquhart shale at Mt. Isa 
(Bennett, 1965), of the Aphebian volcanic succes
sions at Sudbury (Card and Hutchmson, 1972, fig. 
6 ; Stevenson, 1971, pp. •44-46), and of other 
Aphebian volcanic successions (Hoffman et al., 1970, 
p. 206) are essential for elucidating these relation
ships. 

Finally, similar comparative petrochemical-petro-
graphic data for volcanic sequences in Phanerozoic 
orogenic belts are also deficient. It will be im
portant to compare such data for volcanic rocks con
taining sulfide deposits of the same type but of 
differing age, as, for example, comparison of 
Archean volcanic rocks with those of the pre-
Ordovician Fleur de Lys Supergroup in Niewfound-
land and with those of Middle Devonian age in West 
Shasta (Kinkd et al., 1956, p. 23). This com
parison should reveal major, time-dependent evolu
tionary trends in volcanic petrochemistry. Similar 
comparisons for volcanic rocks containing the other 
two types of sulfide deposits, but again of differing 
^ e , would be equally informative. A second in
teresting comparison is between volcanic rocks of 
approximatdy similar or successive ages that contain 
the three different types of sulfide deposit, as, for 
example, in the early Paleozoic Appalachian bdt or 
in the mid-Paleozoic-early Mesozoic Cordilleran belt. 
Comparisons of this kinci should ducidate magmatic 
differentiation trends that develop during tectonic 
evolution in Phanerozoic orogenic belts. Informa
tion of this kind is generally available for evolution
ary magmatism across plate boundaries (Kuno, 
1966), and the trend from oceanic tholeiites to calc-
alkaline series lavas and finally to alkaline rocks has 
been recognized in progression from the oceanic to 
the continent side of arc-trench environments. Simi
larly, Gass (1970) has discussed the trend of mag
matic evolution across a developing continental rift.. 
These data and trends have not yet, however, been 
directly rdated to the distribution and variation in 
sulfide ore deposits that occur in volcanic rocks of 
these different affiliations and tectonic environments. 

Also needed are additional and more rdiable 
quantitative data concerning the metal content of the 
ores themselves. Ratios among the three major 
base metals in the three different types require 
further investigation and documentation, as do silver-
gold ratios in the same ores. This information is 
not readily available, occasionally because it is con
sidered confidential, but more often because when 
any of these dements is too scarce in the ore for 
commercial recovery, it is commonly overlooked in 
devdopment, mining, and assaying. Metal produc
tion data are inaccurate because they reflect mining, 
milling, and smelting recoveries as wdl as metal 
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content in the ore. There is the added problem of 
obtaining representative samples from these prom-
inetitly zoned ore bodies. Yet these data are es-
.sential for investigation of the changing ratios of-
base and precious metals in these ores, both through 
time and in space across plate boundaries. Metal 
^ratios will, in all likelihood, show evolutionary 
changes parallel to those in volcanic petrochemistry 
because, if the ideas set out here are correct, the 
original fumarolic volcanisra which generated the 
ores must be yet another expression of the changes 
in magmatisra during tectonic evolution. 

Finally, and perhaps most critical of all, is the 
need for information about age relationships among 
the various types pf these de^s i t s and their as
sociated rocks. Both absolute radiometric dating of 
the rocks and ores ahd stratigraphic information 
concerning their ages relative to one another are 
critical, in correctly unravelling and explaining these 
evolutionary relationships. 

Due to the prominent raetal zoning that is so 
characteristic of the entire family of vplcanogenic 
massive base metal sulfide deppsits, chalcopyrite-
pyrite-pyrrhotite mineralization is coraraon in the 
deeper portions of all three different types. Conse
quently, metal content or metal ratios alone cannot 
be .reliably used to assign the deposits to one or 
another of the types. It is essential that the 
other variable geological characteristics (Fig. 1) 
which aid in distinguishing the three types also be 
considered, along with metal cpntent, in making such 
assignments. 

Possible Significance and Applicability 

A.lthough not yet refined, the preceding concepts 
may have useful applications in the search for these 
types of mineral deposits, . Suitable geological en
vironments may be more accuiratdy defined and 
favorable time-stratigraphic epochs recognized. 

The concepts also have potential scientific signifi
cance. They may improve our understanding of 
earth's tectonic evolution, particularly in very early 
and obscure Precarabrian tirae. They m a y also help 
in unravelling the complex tectonism of younger 
orogenic belts such as the Cordilleran of western 
North America. A specific exaraple of the latter is 
the Foothill (iopper-Zthc Belt in California (Fig. 7 ; 
Heyl, 1948a) where known sulfide deposits are 
almost all of the lead-zinc-copper-silver type in 
highly schistose felsic volcanic or pyrpclastic rocks of 
the Logtpwn Ridge vplcanics of the raid-Jurassic 
Amador Group. Notable exceptions however are 
the important North Keystone, Keystone Union^ and 
Erapire deposits in the Copperopolls area (Heyl, 
1948b) which have previously beeri considered 
part of the belt. These ore bodies contain only 

pyrite and chalcopyrite and lack both l ead ' ^d zinc,-
with' only very low values in gold and silver (Reid, 
1907, p. 398).- Moreover, they occur with chloritic 

.metavolcanic and serpentinized ultramafic rocks in 
which asbestos is presently rained nearby (Leney 

•and Loeb, 197l). These relationships su re s t that 
ndther the ore bodies nor their associated mafic-
ultramafic rocks are in the sarae category as the 
other sulfide deposits of the Foothill Copper-Zinc 
Belt, a conclusion reached long ago in the earliest 
published accounts (Reid, 1907, p. 397-398). Al
ternatives are that the Cbpperopolis area is (1) a 
small slice of pre-Franciscan ophiolite infolded vrith 
the older mid-Jurassic c:alc-alkaline volcanic rocks> 
or (2) a small slice pf Franciscan pphiolite that has 
been thrust into its present site during Cretaceous 
deformation of the Great Valley-Coast Range region 
(Hamilton, 1969, p. 2414-2416; Bailey et al., 1970, 
p. C79), or (3) an allochthonous slice of Franciscan 
rocks moved more than 1(X) miles'eastward across 
the Great Valley from the continent margin, possibly 
by gravity sliding off the uplifted Coast Range. The 
second alternative seems most probable and the 
third least so, but further detailed structural, strati
graphic, and petrochemical investigations appear 
warranted. 

Finally, if massive base metal sulfide deposits are 
covplcanic with their hosts and, like fauna, are the 
products of evolutionary change, then they may 
provide a means of relative age determination and 
correlation on a regional scale. This could be 
particularly useful in very ancient rpcks or in any 
rocks where faunal or absolute dating is impossible 
br unreliable due to metamorphism. For example, 
in the Grenville and. Churchill structural provinces of 
the (Canadian Shield one suspects the coexistence of 
both older Archean, and younger Aphebian rocks, 
subsequently metamorphosed and infolded together. 
Here the types of base metal sulfide occurrences 
alone may serve as useful age indicators and cor
relation, tools. When cpnsidered with data on vol
canic petrochemistry, seditnentary petrology, strati
graphy, and tectpnics from the associated rocks, the 
relative ages of different belts may be assigned vrith 
more confidence. 

An example may be the Jerome-Prescott area of 
Arizona. The metal content of the Uhited Verde 
and UVX deposits near Jerome and the chariacter-
istics of the associated volcaniclastic and volcanic ' 
rocks (Anderson and Nash, 1972) dosdy resemble 
those of the zinc-copper type in Archean rocks. In 
contrast with these, the Iron King deposits east of 
Prescott (Gilmour and StiU, 1968) .have metal con
tents ahd associated rocks that are like those of the 
lead-zinc-copper-silver type in Proterozoic rocks. 
Moreover, these two volcanic successions are sepa-
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rated by tbe Shylock Fault, a regional structural dis
continuity (Anderson and Creasey, 1958, p. 77). 
Yet radiometric age dates on plutonic and pyroclastic 
r(Kks near Jerome (Anderson and Nash, 1972, p. 
847) suggest a Proterozoic (late-fAphebian) age for 
the host rocks of the United Verde deposits,' Con
sidering the foregoing geological characteristics, 
these age dates may reflect a later metamorphic 
eventi and this area may contain both older Archean 
rocks and volcanogenic sulfide deposits (at Jerome) 
and younger Aphebian rocks ancl deposits, (east of 
Prescott) which were deformed and infolded to-

Jether about 1,760 m.y. ago. Similar rdationships 
lay exist in the 'Flin Flon region of Manitoba 

(Sangster, 1972; Slawspn and Russell, 1973), and 
further Investigations of this problem are warranted 
in both and in other areas. 

Speculations Concerning Metal Source 

If three types of massive volcanogenic base meta! 
sulfide deposits have evolved with crustal tectonics 
as suggested herein, some broad speculations about 
the derivatipn of metals and their behavior in the 
geochemical cycle are relevant. 

The abundance of copper and Ifpn in cupreous 
pyrite deposits suggests that these metals in the 
volcanogenic family of deposits are mainly of 
"oceanic cnist-mantle" derivation. Apparently they 
remain sufficiently abundant in the mantle, tiespite 
4 b.y. pf crustal evolution, tp prpvide an adequate 
source of copper and iron for the cupreous pyrite 
ores in the ophiolitic environraent. 

Conversely, the virtual absence of lead in the 
cupreous pyrite type, compared to Its" abundance with 
zinc, but lower copper in the lead-zlnc-^copper-silver 
type, suggests the reverse situation for lead. Ap
parently lead is mainly of supracrustal derivation in 
these ores and has perhaps been recycled into them 
thrciugh reworking by leaching, anatectic melting, 
or palingenesis of sialic crust. After 4 b.y. of 
crustal evolution lead has apparently been im
poverished in the mantle and differentiated into 
supracrustal rocks. 

Low lead values in the Archean zinc-copper ores 
contrasted with high lead content in the younger 
Proterozoic-Phanerozoic lead-zinc-copper-silver type 
(Table 1) immediately suggest the possibility that 
in Archean time lead had not yet been generated 
through radioactive, decay in sufficient abundance 
to be important in'these early ores. Lead Isotopic 
data^ however, does: not wholly suppprt this .specu
lation (Kanasewich, 1968, p, 215), Additions of 
new radiogenic lead from early Proterozoic to late, 
Mesozoic time appear to have been minor and when 
extrapolated back to Archean time are probably in-
suffident to explain the major shift in metal content 

of the ores, Neverthdess, radiogenic lead additions 
, must have contributed to the greater abundance of 
this metal in the younger deposits. It vrill be neces
sary to compare isotopic lead ratios'from Archean 
deposits with those of Proterozoic and younger age 
to evaluate the extent of these additions. 

If the Ihcrease in lead in ypiinger rocks cannot 
be explained by radiogenic lead additions, it follows 
that lead was simply not concentrated and deposited 
under Archean tectonic conditions. The "fixing" ot 
lead in later tectonic environments must spmehovv be 
related to evolutionary changes in lithosphere, hy
drosphere, and atmosphere that accompanied tectonic 
evolutipn. The change frpm a reclucing, carbon 
dipxide-rich atmosphere-hydrosphere in Archean 
time to oxidizing, carbpn dioxide-poor conditions in 
Proterpzpic time (Opud, 1972, p, 543-546) appar
ently caused Increased deppsition ot carbonate rocks 
(Cloud, 1968, p, 455) and must al,?o have affected 
the solubility and stability relationships of the various 
leati carbonate, sulfate, and sulfide species in the 
oceans. The abundance of stratiform sulfates with 
the younger lead-zinc-copper-silver deposits also sug
gests an oxygenated depositional environment and 
contrasts with the rarity of sulfates in the Archean 
zinc-copper type formecl under earlier, more reduc
ing conditions. Firially, higher heat flow and sur
face temperatures presumably accompanied the more 
extensive Archean volcanisra, causing lead to enter 
preferentially the silicate and oxide structures, 
rather than the very Insoluble sulfide form 
(Rankama and Sahama, 1950, p. 733), 

The abundance of zinc with copper in the Archean 
deposits, with lead in the lead-zinc-copper-silver 
type, and Gccasionally also with copper in the 
cupreous pyrite^ type, suggests that zinc has both 
mantle and supracrustal affinities. In the primitive 
tectpnic environment of Archean time it accompanied 
cppper and iron and was presumably of mantle 
derivation. During evolutionary crust-mantle difr 
ferentiation zinc was mainly partitioned into supra
crustal rocks, there joining lead. In Phanerozoic 
orogenic belts ziiiic was subsequently recycled with 
lead into the younger lead-zinc-copper-silver de
posits, where the proportions of these metals, and of 
copper,- may depend pn the extent pf epicrustal vs. 
mantle involvement at successive-stages of subduc
tion in arc-trench environments. The evolutionary 
partitioning of zinc between crust and mantle l^s 
apparently not been so complete as that of lead how
ever, and ehough zinc remained In. the mantie to 
accompany occasionally iron and copper in cnipreous 
pyrite deposits formed at spreading rift-ridge 
systems. 

There is an alternative ppssibilty for the deriva
tion of zinc in a few, small, zinc-rich deposits ^g^ 
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cupreous pyrite type. In Cyprus, where the strati
graphic positions ot numerous sulfide bodies within 
the 3,tX)0 foot-thick pillow lava sequence is rea
sonably well-known, the, zinc-rich bodies lie at 
deeper horizons in Basal Group or Lower Pillow 
Lavas (Bear, 1963, tables 10, 11; p. 61, 71, 73), 
whereas larger, cppper-rich bodies lie at shallower 
levds in or at the top of Upper Pillow Lavas, Inso
far as lower stratigraphic levels in ophiolitic pillow 
basalt successions may represent early stages ot sea
floor spreading, it may be inferred from the rela
tionships in Cyprus (Gass, 1968) that zinc;-rich 
subaqueous fumarolic activity accompanied these 
earlier stages, whereas copper-rich activity ac
companied later stages. Thus the forraation pf zinc-
rich cupreous pyrite bpdies may occur at an early 
stage of rifting when there has been only slight sepa
ration between rifted continental plates. In this 
setting, zinc may have been derived, not from raantle, 
but from the adjacent sialic plate, zinc content de
creasing correspondingly ih later (higher strati
graphic) bodies formed at subsequent stages of 
greater separation. 

Some supporting evidence for this possibility is 
available. The raetal-rich sedimeints in the Red Sea 
deeps are zinc-rich (Bischoff, 1969), forming In the 
initial stages of rifting in a very young ocean where 
there has been miriimum separation between the 
adjacent Arabian and Nubian sialic plates (Hutchin
son and Engds, 1970), These relationships led 
Blissenbach (1972) to suggest that deppsits of this 
type form only during early stages ot .separation, 
when thick evaporite sequences on the nearby con
tinent raargin provide a source for metal-carrying 
saline brines. The stratigraphic relationships in 
Cyprus lend support tP this suggestion. Conversely, 
other examples ot metal-bearing sea-floor sediraents 
are rich in iron and manganese and have copper 
greatly in exciess of lead, although zinc was not 
determined (Bostrom and Peterson, 1966). These 
are considerably more remote frorii continerital blocks, 
lying on the crest ot the East Pacific Rise in a mid-
oceanic rift-ridge environment. Moreover they may 
not be comparable to those in the Red Sea because 
they are probably deep-sea pelagic sediments rather 
than direct precripitates from heated, heavy metal-
rich brines. 

Iron is abundant in all three types, but greatly 
predpmlnates in the c:upreous pyrite deppsits and Is 
least abundant, prpportipnate to the pther metals, m 
the lead-2inc-copper-silver deposits. This reflects 
the overall abundance of iron and its stability in 
both mantie. and supracrustal environments. It re
mains abundant in the mantle after 4 b.y. pf crustal 
evolution and from here Is directly contributed into 
cupreous pyrite deposits. It has also, however, been 

extensivdy concentrated into supracrustal^i^irocks 
through time, and can be recycled from these into 
deposits pt the pther two types. 

Speculations Concerning Age 

Despite the need for additional information about 
the absolute and relative ages ot their volcanic host 
rocks, the iu'dicated time-age relationships of the 
three types of volcanogeiiic "massive base raetal sul
fide deppsits are interesting. These relationships 
suggest that each type occurs throughout a certain 
time range and, raoreover, that there raay have been 
optimum times for the formation pf each. Theses 
time ranges and pptima,reflect various, stages pf the.f 
earth's crustal tectonic evolution, 

Deppsits of the zinc-cppper type are commonest, 
largest, and richest in Archean roeks, are ot less im
portance in earHer Proterozoic (Aphebian) rocks, 
but are apparently absent in younger Proterozoic 
(Hdikian-Hadrynian) rocks. They reappear in the-
earliest Paleozoic stages of Phanerozoic orogenic 
bdt evolution, but are again apparently lacking in 
rocks ypunger than mid-Paleozpic age, perhaps 
representing an "extinction" of this type: Deposits 
pf the lead-zinc-copper-silver type appear first in 
early Proterozoic time, niay reach a riiaximura in 
early Paleozoic orogenic belts (New Brunswick), 
and continue into belts pt Teritary age (Japan). 
Finally, deposits of the cupreous pyrite type appear 
first in earliest Palepzoic or Eocambrian orogenic 
belts, apparently reach a peak in the Jura-Cretaceous, 
and. also continue in ophiolitic environraents ot 
Tertiary, and perhaps Quaternary (Red Sea) age. 

These relationships are represented diagram
matically in Figure 8, They are reminiscent of 
faunal ranges, first appearances, greater prolifera
tions, and perhaps extinctions. Thus they, too, 
suggest an evolutionary development ot the three 
types of massive base metal sulfide, deposits in which 
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the zinc-copper type appeared earlier, the other two 
following later, in response to later stages of crustal 
evolution. If the optimum times for generation of 
the three types can be confirmed by additional 
studies, they would be useful in area sdection for 
mineral exploration and in evaluation of mineral 
potential. It would be particularly interesting to 
know whether there was an optimum time for gen
eration of the important zinc-copper type wiihin the 
long span of poorly understood and subdivided 
Archean time. This information would be helpful 
in appraising mineral possibilities in Archean ter-

«rane in Africa, Australia, and Brazil where this type 
of deposit is not yet known. 

The similar sequence in relative ages of the three 
types, both through time and within Phanerozoic 
orogens, suggests that tectonic evolution in Phanero
zoic orogenic bdts along plate margins above sub
duction zones recapitulates, on a shortened time 
scale, the same broad changes involved in earth's 
overall crustal evolution. This situation, too, is 
reminiscent of paleontology where "ontogeny dupli
cates phylogeny." Perhaps it affords scope, within 
the current dynamic concepts of modern plate theory, 
to accommodate the older static views of classic 
uniformitarianism. 

A particularly puzzling aspect of the time-age 
rdationships is the apparent absence of volcanogenic 
massive base metal sulfide deposits of any type in 
younger Proterozoic (Hdikian-Hadrynian) rocks, 
from 1.6 to about 0.7 b.y. (Fig. 8) . This might be 
expected from the rarity of subaqueous volcanic 
sequences of this age. It must arise from, hence 
offer some indication ot the tectonic processes and 
the stage of crustal evolution during this time 
(Hutchinson, 1973). It is probably significant that 
base metal deposits of two other iraportant families 
seem commonest in the two sedimentary lithofacies 
that characterize Hdikian-Hadrynian successions. 
These are the massive, but probably sedimentary, 
exhalative (Oftedahl, 1958) family of lead-zinc ores 
such as the Sullivan and Faro-Dynasty deposits of 
western Canada and the Broken Hill deposits of 
New South Wales and secondly, the sedimentary 
copper deposits of Northern Michigan, the African 
Copper Belt, and possibly Australia (Johns, 1965). 

Summary and Conclusions 

The volcanogenic family of massive base metal 
sulfide ore deposits can be divided into three dif
ferent types. These are identifiable by their base 
and precious metal assemblages, the petrochemistry 
and petrogenesis of their associated volcanic rocks, 
the nature and relative amounts ot their associated 
volcaniclastic, epiclastic, and chemical sedimentary 
rocks and thdr ages, both absolute and relative. All 

these features are coproducts of differing tectonic 
environments in which the rocks and ores alike were 
deposited. 

A zinc and copper-rich type contaming both silver 
and gold appears oldest and characteristic of Archean 
rocks. It reappears in earliest Paleozoic stages of 
young orogenic belt evolution but is apparently rare 
or absent in younger Phanerozoic rocks. It is con
sidered a primitive, poorly differentiated ancestor of 
the other two types. A lead-zinc-copper-silver-rich 
type appears in early Proterozoic time, reoccurs in 
somewhat younger stages of Phanerozoic orogenic 
bdt evolution than the zinc-copper type, and con
tinues into young Tertiary rocks. A cupreous py
rite type is first recognizable in early Paleozoic 
ophiolitic rocks, is most important in similar Meso
zoic rocks, and also cKcurs in Tertiary rocks. These 
two types are considered to be later, more specialized 
evolutionary derivatives of the earlier, primitive 
zinc-copper type. They devdoped in response to 
the more diverse tectonic processes that evolved in 
later geologic tirae. The changes in the tectonic 
environment that govern the type of base metal de
posit formed, result from broad crustal tectonic 
evolution, explaining the progression in absolute 
ages of the different types and also their relative ^ e 
progression in Phanerozoic orogenic belts. 

The analogy between organic evolution and mineral 
deposit evolution from primitive and less diversi
fied forms in earlier time to more varied and specia
lized forms in later time is striking. As in paleontol
ogy, the evolutionary changes are "unidirectional"; 
primitive families and types of mineral deposits re
appear in younger time when primitive tectonic 
environments are somehow reproduced, but later, 
more specialized mineral deposits are lacking in very 
ancient rocks. When the evolutionary succession 
and relationships ot the broad spectrum of mineral 
deposits is more completely understood through 
additional broad metaUogenic investigations, then 
mineral deposits, like fossils, may prove usable as 
gross-scale age indicators and correlation tools in 
very old, or very highly metamorphosed terrain. 
Insofar as they reflect the tectonic environments in 
which they were originally formed, mineral deposits 
may also provide a useful added tool in unravdling 
the complex tectonic history of highly deformed 
orogenic belts. MetaUogenic studies also have ob
vious practical uses in helping to define the most 
favorable regions, rock types, and rock ages for 
mineral exploration for a wide variety of important 
ore deposits. 

Finally, it is evident that metaUogenic studies of 
this type are interdisciplinary, bridging several fields 
of geoscience specialization. Igneous and sedimen
tary petrology are fundamental to studies of the vol-

i l 
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canic-sedimentary rocks in which the ore bodies are 
found; stratigraphy and structural geology are basic 
to unravdling their age relationships, corrdations, 
and tectonic history. Mineral deposits geology is 
necessary to provide basic data about the nature and 
geological setting of the ore deposits. Geochemistry 
is essential to proper interpretation of the magmatic 
and metallic evolution that is involved, and tectono
physics is probably the broad base to which all the 
former must be rdated. Economic geologists who 
seek to use metaUogenic studies in mineral explora
tion or tor other applied or basic purposes must be
come familiar with these fields. Conversely, those in 
specialized fields of geology who ignore raineral de
posits and metallogenesis may forego another tool 
that could be usefully applied in their own specializa
tions. 
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ABSTRACT 

Wright, J. v . . Smith, A.L. and Self, S., 1980. A working terminology of pyroclastic de
posits. J. VolcanoL Geotherm. Res., 8: 315—336. 

A nomenclature for pyroclastic deposits is proposed which it is hoped will provide a 
working terminology. Three basic types of deposit may be distinguished: fall, flow and 
surge, and descriptions are given'of their dominant characteristic:s. No unique classirica-

pn for pyroclastic rocks can be made and at least two systems are required: (1) a genetic 
ification to interpret the genesis of a deposit, and (2) a lithological classification which 

ay be solely descriptive, but also which may be used to discriminate on a lithological 
basis the mechanisms which produced a particular pyroclastic deposit. Genetic classifica
tion schemes are presented for various types of fall, flow and surge deposits. A lithological 
classification is given based on grain size limits and distribution, constituent fragments and 
degree and type of welding. A glossary of some other terms in use to describe pyroclastic 
deposits is also given. 

^ ^ ^ ^ p n 
^ ^ ^ ^ B S S 

^ ^ ^ ^ a y 

INTRODUCTION 

The purpose of this paper is to propose a nomenclature for pyroclastic de
posits and rocks; this system, however, is not meant to be a review of all the 
terms now in use (for a comprehensive review the reader is referred to 
Fisher, 1966). Work on young pyroclastic deposits by us has shown that the 
existing terminology is of limited use for our studies. Accordingly, we pro
pose a genetic classification relating deposits to eruptive mechcmisms, to
gether vrith a descriptive lithological classification. 

Pyroclastic deposits are those formed by the fragmentation of magma:ai;id, 
rock by explosive volcanic activity. Three kinds of component are found in 
any pyroclastic deposit, namely juvenile vesiculated fragments, crystals and 
lithics: 

Juvenile vesiculated fragments. This term includes highly vesiculated pumice 
and denser, less weU vesiculated juvenile magmatic fragments. Indeed the 

m> 77-0273/80/0000-0000/$02.25 ©1980 Elsevier Sdentific Publishing CJompany 
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Fig. 1. Variation in density of juvenile fragments in a single pytdclastic deposit. Thciex-
ample is a block and ash cieposit from Mt. Pelee, Martinique, 

same pyroclastic deposit may contain a Copaplete range, in density from pum
ice to dense noh-vesiculated juvenile fragments (termed cognate lithics, see 
.below). This is illustrated in Fig. 1 with an example from Mt, Pelee, 
Martinique. 

Pumice is the common product of explosive eruptions involving viscous 
magmas. In the literature the term has become inextricably linked to the 
larger grain sizes. Consequently we believe it necessary to emphasize grain 
size in order to avoid confusion. The termspwmice block or bomb (> 64 mm), 
pumice lapilli.{< 64,mm to > 2 mm) and ash (< 2 mm) should be used when 
appropriate (see Table 5 in section "Lithological classification"). In addition 
the terms giass shard and ash shard for ash-sized.particles which result from 
the fragmentation of pumice vesicle walls is in wide use and cannot be aban
doned. Morphologically glass shards have various Y and cuspate shapes. The 
reader is referred to Heiken (1974) for scanning electron photomicrographs 
of various types of glass shards and ash particles. 

Scoria is the term used to describe vesiculated fir^raents of basalt and 
basaltic andesite compositions. The larger frE^ments tend to have a ropey or 
breadcrust surface texturie. 

Crystals. During the explosive disruption of porphyritic magmas the crystals 
are released and can be regarded as forming a discrete juvenile component, 
often having their ovm behavior pattems during transport. 

Lithics. This term is generally used to describe the dense components in 'a 
pyroclastic deposit, Lithics may be subdivided into noh-vesiculated juvenile 
fragments (cognate, lithics) and country roek which has been explosively 
ejected during eruption {accessory lithics) or, in the case of pyroclastic flovre 
and surges, clasts picked up locally during transport (accidental lithics). 
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Following Sparks and Walker (1973) three basic types of pyroclastic de
posits are distinguished: 

(1) Pyrochstic fall deposits. Theses are produced when material is explosive
ly ejected frora the vent into the atmosphere producing an eruption column 
in the form of a convective plume. The plume expands and pyroelasts fall -̂
back under the influence of gravity, down wind, at varying distances from 
the source. The geometry and size of the deposits reflects the eruption column 
height, and wind velocity and direction (Eaton, 1964; Knox and Short, 1964; 
Shaw et al., 1974; WOson, 1976; Blackburn: et al.. 1976; WUson et al„ 1978). 
Fall deposits show mantle bedding, maintaining a uniform thickness over re
stricted areas while-draping aU but the steepest topography (Fig, 2a), They 
are generaUy well sorted: and sometimes show internal stratification due to 
variations in eruptive column conditions. Carbonized wood is generally lack
ing in these deppsits, when it does occ;ur it is invariably res.tricted to near 
vent deposits. 

FALL 

FLOW 

SURGE 

' t 

Fig, 2. Geometric, relations of the three main typesof pyroclastic deposit overlying the 
saine topography. 

{2) Pyroclastic flow deposits. Pyroclastic flows involve the lateral move
ment of pyroclasts as a gravity controlled, hot, high concentration gas/solid 
dispersion, which may in some instances be partly fluidized (Sparks, 1976). 
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Deposits are topographically controlled, filling valleys and depressions (Fig. 
2b). They are poorly sorted and sometimes show coarse-tail grading (Smith, 
1960a; Sparks, 1976). Poor sorting in flow deposits is attributed to high par
ticle concentrations and not turbulence, with the dominant flow mechanisms 
probably being laminar and/or plug flow (Sparks, 1976; Wright, 1979; Wright 
and Walker, 1980; Wilson, 1980), Individual deposits generally lack 
internal stratification, although the superposition of a number of flow 
.uijits (each flow unit being regarded as the deposit of a single pyroclastic 
flovv) can give the appearance of stratification. They sometiihes contain fossil 
fumarole pipes in which the fine ash fraction has been lost making the pipes 
enriched in crystals, lithics or vesicular fragments (Walker, 1971,1972; 
Roobol and Smith, 1976). Carbonized wood may also be present. 

(3) Pyroclastic surge deposits. Surges involve the lateral movement of pyro
clasts as expanded, turbulent, low-concentration gas/solid dispersions. Depos
its do mantle topography but tend to accumulate thickest in depressions 
(Fig. 2c). Characteristically they show unidirectional sedimentary bedforras 
(cross-stratification, dunes, planar lamination, antidunes, pinch and swell 
structures, and chute and pool structures) and individual laminae are generally 
well sorted (Fisher and Waters, 1970; Waters and Fisher, 1971; Crowe and 
Fisher, 1973; Schmincke et al., 1973; Sparks, 1976; Wohletz and Sheridan, 
1979). They also can contain carbonized wood. 

In detail it seems probable that there is a complete gradation in concentra
tion from high-concentration, high-density pyroclastic flows to low-concen
tration, low-density surges. Indeed ash-cloud surge deposits represent the 

. lateral equivalents of pyroclastic flows (Fisher, 1979; Fisher et al., 1980). Of 
course suites are a type of flow, but the term pyroclastic flow has tradition
ally been associated with the high-concentration flows and it is appropriate 
to classify the fundamentally different types of deposits produced by flows 
and surges separately. 

PROPOSED CLASSIFICATION 

There is no unique classification system for pyroclastic rocks smd at best 
two quite different systems are needed. One to interpret the genesis of de
posits which can then be related to a volcano's history, behavior pattern and 
emptive mechanisms. The other systera is lithological. Such a system is prima 
ly descriptive, describing major characteristics of a deposit such as grain size. 
However, these features are themselves often diagnostic of a particular proces 
and allow conclusions to be made on the deposit's genesis. 

Genetic classification 

The genesis of a pyroclastic deposit is partly deduced from its lithology 
but also from its overall geometry and field relations. In ancient volcjinic ter
rains where rocks may have suffered much erosion and even tectonic deform; 
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tion the record may not be good enough to determine parameters such as 
geometry and grain size, and hence, a genetic classification cannot be rigor
ously applied, A genetic classification system can indeed only be rigorously 
applied to very young. Quaternary deposits. 

For pyroclastic faU deposits the classification scheme of Walker (1973) is » 
adopted (Fig. 3). This quantitative scheme relies on accurate mapping of the 
distribution of a faU deposit and detailed granulometric analysis (for methods 
see Walker, 1971; and Walker and Croasdale, 1971). The term phreatopUnian 
has been introduced by Self and Sparks (1978) for the salic analog of a 
surtseyan deposit (which could more strictly be termed phreatostrombolian). 
Ultraplinian has been recently introduced by Walker (1980) to describe the 
most widely dispersed plinian fall deposits. 
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Fig. 3. Classification scheme of pyroclastic fall deposits after Walker (1973). Plot of F 
(weight percentage of deposit finer than 1 mm on the axis of dispersal where it is crossed 
by the'0.1 T „ a , isopach) against D (the area enclosed by the 0.01 T^ax isopach). Ultraplinian 
has been introduced by Walker (1980) for the most widely dispersed plinian fall deposits. 
The field of vulcanian deposits is described in Fig. 4 and discussed in text. 

Vulcanian pyroclastic fall eruptions (short-lived explosions) appear to be 
common on andesite and basaltic-andesite strato-volcanoes (Self et al., 1979) 
and they generally produce small-volume (< 1 km'), fine-grained ash deposits 
with a wide dispersal (Fig. 4). However, during recently observed eruptions; 
for example Fuego 1974 (W.I. Rose, personal communication) and 
Ngaurohoe 1975, coarser-grained scoria fall deposits of more limited dispersal 
were produced during periods of more intense, maintained explosions. These 
occurred intermittently with short-lived explosions and hence two types of 
deposit were formed during eruptions which have overall been termed vulcani
an. These coarser scoria fall deposits seem to have similar fragmentation and 

i dispersal indices to those deposits termed violent strombolian by Walker 
(1973). The approximate field of vulcanian deposits is shown in Fig. 4 by a 
few examples. 
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TABLE 1 

Genetic classification of pyroclas t ic flows 

Essential t ragment Erupt ive m e c h a n i s m Pyroclast ic flow Depos i t 

•Vesicutated 

p u m i c e flow 

Erup t ion c o l u m n collapse 

Decreasing average 
densi ty of juvenile 
clasts 

Lava /dome coUapse 

Non-veeiculated 

• i g n i m b r i t e ; 
p u m i c e and ash 
d e p o s i t 

scoria flow - • scoria and ash 
d e p o s i t 

semi-vesicular • 
andesi te flow 

b lock and ash flow; 
nuee ardente • 

semi-vesicular — 
andes i te and ash 
depos i t 

- b lock and ash — 
depos i t 

' g ravi ta t ional b lock and ash Dow; b l o c k and ash 
n u e e a rden te depos i t 
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Historic e x a m p l e s C o m m e n t s 

, Valley of Ten T h o u s a n d Smokes • 
ign imbr i te , K a t a m a i , Alaska, 1912 
(Fenne r , 1 9 2 0 ; Curt is , 1968 ) 

. K o m a g a t a k e , J a p a n . 1929 
Aramald a n d Yamasaki , 1963) 

- Large-vo lume deposi ts f o n n e d b y 
c o n t i n u o u s coUapse of a pl inian 
e r u p t i o n c o l u m n as envisaged by 
Spa rks e t al. ( 1978) . Salic in 
c o m p o s i t i o n 

SmaU-volume deposi ts p robab ly 
fo rmed b y in te r rup ted c o l u m n 
col lapse as in the case of scoria 
flows descr ibed be low. 
I n t e r m e d i a t e to salic in 
c o m p o s i t i o n 

_ ^ « i d . 
^ ^ ^ ^ K m 

^ ^ ^ T h U i i 

Soufr icre . S t . V incen t . 1902 -
(Ande r son a n d F le t t . 1 9 0 3 ; R o o b o l 
and Sra i th , 1 9 7 5 ) ; Hibok-Hibok, 
RiiUppines, 1900-51 (Macdonald 
and Alcarez , 1 9 5 6 ) : Moun t 

i ng ton , Papua , 1951 
acdona ld , 1 9 7 2 ) ; Mayon, 
i l ippines, 1 9 6 8 (Moore and 

Melson, 1 9 6 9 ) ; Ngauruhoe . Nor th 
Zea land . 1 9 7 5 (Nairn and Self, 
1978 ) 

-Sma l l -vo lume deposi ts p robab ly 
f o n n e d by in te r rup ted e rup t ion 
c o l u m n coUapse p r o d u c e d by sho r t 
e x p l o s i o n s (see Nairn and Self, 
1 9 7 8 ) . Basal t t o andesi te 
c o m p o s i U o n . S o m e deposi ts d o 
c o n t a i n large unvesiculated bloclcs, 
e .g. t h o s e of Ngauruhoe 1 9 7 5 

Asama. 1 7 8 3 
(Aramak i , 1 9 5 6 , 1957 ) 

Mt. Pelee, Mar t in ique , 1902 — 
( L a O o i x , 1 9 0 4 ; R o o b o l and Smi th . 
1 9 7 5 : Fisher et al., 1980) ; 
B e z y m i a n n y , Kamcha tka , 1956 
(Gorshkov , 1 9 5 9 ) ; Santiaguito, 
G u a t e m a l a , 1 9 7 3 (Rose e t al., 1 9 7 7 ) 

- Smal l -vo lume deposi ts c o m p o s e d of 
semi-vesiculated angular andesi te 
clasts 

. Smal l -volume deposi t s , usually 
andes i t i c o r daci t ic in c o m p o s i t i o n . 
P r o d u c e d b o t h by explosive 
coUapse of an acUvely growing 
d o m e o r lava flow and b y t h e 
coUapse of a vertical e rupt ive 
c o l u n u i as recognized in t h e early 
e r u p t i o n s (e.g. May 8 a n d 2 0 ) of Mt. 
Pelee 1 9 0 2 (Fisher e t al . , 1 9 8 0 ) 

Merapi, Indones ia , 1 9 3 0 (Van 
B e m m e l e n . 1 9 4 9 ) ; Sant iagui to , 
G u a t e m a l a . 1967 (Stoiber and Rose . 
1 9 6 9 ) 

Smal l -volume depos i t s usually 
andes i t i c o r daci t ic in c o m p o s i t i o n . 
These are the hot-avalanche 
d e p o s i t s of Francis e t al. ( 1 9 7 4 ) 

' i 
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Fig. 4. Fragmentation F plotted against dispersal D (terms defined in Fig. 3) to show the 
field of vulcanian deposits which is discussed in text; c , , , , : eruptions of Cerro Negro, 
Guatemala, in 1968 and 1971; e: an old undated fall deposit of Mt. Egmont, New Zea
land; c , , j j : fall deposit of the 1665 eruption of Mt. Egmont; /•,,: eruption of Fuego, 
Guatemala, in 1971; i,,: eruption of Irazii, Costa Rica in 1963; n,^ , , : eruption of Ngauru
hoe, New Zealand, in 1974 and 1975. 

For pyroclastic flows the proposed classification is presented in Table 1 
and our system is compared with other classifications in Table 2. For pyro
clastic surges the proposed classification is presented in Table 3. A brief de
scription of both pyroclastic flow and surge deposits is given in Table 4. 

With regard to the classification of pyroclastic flows and their deposits 
several points are worth further discussion: 

(1) The scheme is based on a limited number of observations of actual 
eruptions, which have invariably produced small volume pyroclastic flows 
composed of relatively dense material. The mechanism of continuous column 
collapse as envisaged by Sparks and Wilson (1976) and Sparks et al. (1978) 
for the formation of ignimbrites has as of yet not been observed. Field evi
dence in support of continuous collapse has however been described from an 
ignimbrite in Mexico, vrith the recognition that an extremely coarse, lithic-
rich airfall deposit termed a co-ignimhrite lag-fall deposit (Wright and Walker, 
1977) shows the same compositional zoning as the ignimbrite. This deposit 
consists of pyroclasts that are too large and heavy to be carried away in the 
pumice flows and is therefore thought to indicate the site of the eruptive 
column collapse. 

(2) Another type of deposit formed by the eruption of a pyroclastic flow 
is the vitric air-fall ash deposit (co-ignimbrite ash-fall of Sparks and Walker, 
1977). This consists of the fine vitric ash lost during the eruption and trans
port of a pyroclastic flow; this forms the upper part of the turbulent cloud 
^een in the observed historic pyroclastic flows (for photographs see Moore 
and Melson, 1969; Nairn and Self, 1978). Studies have shown that ignimbrites 
and other types of pyroclastic flow deposits are crystal enriched due to loss 
of this vitric component (Hay, 1959; Lipman, 1967; Walker, 1972; Sparks 
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TABLE 2 

Comparison of various classiflcations of pyioclastlc flows 

This paper: 
based on eruptive mechanism and 
charactezlAtics of the deposits 

Mural (1961): WUUams and McBlr-
based on type eruptions ney (1979): 
and characteristics ot based on site of and 
the deposits type eruptions 

Smith (1979); 
based on volume of the deposits 

Pyroclostic flow 

Pumice flow 

Scoria flow 

Semi-vesiculai 
andesite flow 

Block and ash flow;' 
nuee ardente 

Block and ash;' 
nuee ardente 

Block and ash;* 
nuee ardente 

Depoilt 

Ignimbrite; 
pumice and ash^ 

scoria and ash'-

semi-vesicular 
andesite and ash 

block and ash 

block and ash 

block and ash 

(large volume) { 
VoUes-type 

VTTS-type* 
Kraltatoa-type 

large-volume ash-flow tuffs (100—1000 km') 

[ intermediate-volume ash-flow VTTS-type 
Krakatoa-type tuffs (1—100 km') 

' (small volume) | r" Vincent-type 

intermediate-type 

SakuraJlma-type 

Pelee-type 

Merapl-type 

St. Vincent-type 

Asama-type 

Pelean-type 

Merapl-type 

small-volume ash-flow tuffs (0.001-
1.0 km' ) 

' Produced by coUapse of vertical eruptive column accompanying lava/dome collapse. 
' Produced by explosive coUapse of an actively growing lava flow or dome. 
Produced by gravitational collapse of an actively growing lava flow or dome. 

•VTTS • Valley of Ten Thousand Smokes. 
**Overlap between boundary of intermediate- and small-volume ash-flow tuffs required to compare Smith's classification with other classifications is 
shown by dashed line. 

to 
w 



TABLE 3 

Genetic classification of pyroclastic surges 

Essential fragment Eruptive mechanism Type of surge Historic examples Comments 

Vesiculated— collapse of a phreatomag base surge 
(non-vesiculated) matic eruption column 

Vesiculated—. 
(non-vesiculated) 

Vesiculated 
(non-vesiculated) 

Vesiculated— 
non-vesiculated 

- accompanying pyroclastic 
flows erupted by mechanisms 
given in Table 1 

ground surge 
also associated with air
fall deposits by collapse 
of an eruption column but 
without generation of 
pyroclastic flow 

ash-cloud surge 

• Taal, Philippines, 1965, 
1966 (Moore et al., 1966; 
Waters and Fisher, 1971); 
Capelinhos, Faial, Azores, 
1957-1958 (Machado et 
aL, 1962; Waters and 
Fisher, 1971) 

associated with examples 
of pyroclastic flows given 
in Table 1 

Askja, Iceland 1875 
(Sparks and Wright, 1979); 
Vesuvius A.D. 79 (R.S.J. 
Sparks, personal communi
cation) 

Mt. Pel^e, Martinique, 
1902* (Fisher etal . , 
1980) 

Base surges result from the explosive 
interaction of magmatic material and 
water and are consequently cool. They 
are often associated with maar volcan
oes and tuff rings. The historic ex
amples described are both basaltic but 
older phonolitic base surges are known 
from the Laachei See area, Germany 
(Schmincke et al., 1973) and rhyolitic 
ones from the Minoan eruption of San
torini (Bond and Sparks, 1976) 

Ground surge, although originally in
troduced by Sparks and Walker (1973) 
to encompass all pyroclastic surges, is 
here used to describe those surges found 
at the base of pyroclastic flow deposits, 
as well as those produced without any 
accompanying pyroclastic flow 

Ash-cloud surges (Fisher, 1979) are 
the turbulent, low-density flows deriv-

.ed from the overriding gas-ash cloud 
of pyroclastic flows. These may in 
some cases become detached from the 
parent pyroclastic flow and move in-
depently 

•Ground surges were also produced by the 1902-03 eruptions of Mt. Pel6e, e.g. August 30, 1902 (Fisher et al., 1980). 
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and Walker, 1977). Vitric air-fall ash deposits may be very extensive and have 
volumes comparable with those of the parent pyroclastic flow deposits 
(Sparks and Walker, 1977). 

(3) The most obvious surficial manifestation of a pyroclastic flow is the i 
overriding ash cloud. It was this feature that influenced LaCroix (1903) to 
call the pyroclastic flows generated by Mt. Pelee in 1902 nuees ardentes. It is, 
however, obvious from his work (LaCroix, 1904, p. 350) that he meant the 
term to refer to the complete phenomenon, that is, to both the overriding ash 
cloud and the basal avalanche or underflow. In a later publication LaOoix 
(1930) expanded the use of the term to include all types of pyroclastic flows. 
This use of the term nuee ardente for pyroclastic flows produced by different 
mechanisms has persisted to the present day with the result that the exact 
meaning of the term is now rather ambiguous. This has been especially so dur
ing the last few years with the recognition that the ash cloud produces distinct 
deposits (surge deposits) from the underflow, pyroclastic flow sensu stricto. In 
view of these problems the authors feel that either the term should be avoided 
altogether, the pyroclastic flows produced by "Pelean-type" eruptions being 
"ailed block and ash flows (Perret, 1937); or nuee ardente should be restricted 

the original definition and only be used for those pyroclastic flows produced 
Dy the collapse of an actively growing lava flow or dome (Rose et al., 1977; 
Smith and Roobol, 1980). Both definitions are used in Tables 1 and 2. 

(4) The deposits from pumice flows are termed ignimbrites or pumice and 
ash deposits. Such deposits are found in oceanic islands (Iceland, Azores), 
isleind arcs (Lesser Antilles), contmental margins (Andes) and continental in
teriors (Westem United States). They may be subdivided on the basis of lateral 
extent and volume into large-volume and small-volume ignimbrites (or pumice 
and ash deposits). The former are restricted in their occurrence to continental 
margins and interiors, and large islands (e.g. New Zealand); generally they re
sult from eruptions of salic calc-alkaline magmas and tend to form large 
ignimbrite sheets (Smith, 1979). The latter are characteristically developed on 
island arc volcanoes and oceanic islands but can also be found in a continental 
setting as well (Francis et al., 1974; Sparks, 1975; Wright, 1979). Thus modem 
island arcs are characterized by small-volume ignimbrites while those 
produced at the active margins and interiors of continents are often of 
large volume and cover vride areas. This distinction should be bome in 
mind in interpreting the volcano-tectonic setting of deposits from pumice , 
flows in ancient environments. 

(5) Concerning the classification scheme of WUliams and McBimey (1979, 
and Table 2), the Valley of Ten Thousand Smokes type and the Valles type 
are included as a category of pyroclastic flows discharged from fissures. Many 
workers have suggested that ignimbrites are erupted from fissures or ring frac
tures (Smith, 1960a,b; Van Bemmelen, 1961; Rittman, 1962; Smith and 
bailey, 1968; Macdonald, 1972); this type of eruption has been regarded as 

le way of accounting for the more voluminous deposits. 
The fissure hypothesis originated from the observation of lines of fumaroles 
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TABLE 4 

Summary descriptions of types of pyroclastic flow and surge deposits 

Deposit Description 

Ignimbrite; 
pumice and ash 

Scoria and ash 

Semi-vesicular 
andesite and ash 

Block and ash 

• . •• \ : i . - , : ^ ^ : ' 
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Base surge 

Ground surge 

Unsorted ash deposits containing variable amounts of rounded salic 
pumice lapilli and blocks u p to 1 m in diameter. In flow units pum
ice fragments can be reversely graded while the lithic clasts can show 
normal grading; ungraded flow units are as common. A fine-grained 
basal layer is found at the bot tom of flow units. They sometimes 
contain fossil fumarole pipes and carbonized wood. The coarser 
smaller-volume deposits usually form valley infills while the larger-
volume deposits may form large ignimbrite sheets. Sometimes they 
may show one or more zones of welding 

Topographically controlled, unsorted ash deposits containing basalt 
to andesite vesicular lapilli and scoriaceous ropey surfaced clasts up I 
1 m in diameter. They may in some circumstances contain large non
vesicular cognate lithic clasts. Fine-grained basal layers are found at 
the bottom of flow units. Fossil fumarole pipes and carbonized woo< 
may also be present. The presence of levees, channels and steep 
flow fronts indicate a high yield strength during transport of the mo^ 
ing pyroclastic flow 

Topographically controlled unsorted ash deposits containing inter
mediate vesicular (between pumice and non-vesicular juvenile clasts) 
andesite lapilli, blocks and bombs. Fine-grained basal layers, fossil 
fumarole pipes and carbonized wood all may be present 

Topographically controlled, unsorted ash deposits containing large, 
generally non-vesicular, jointed, cognate lithic blocks which can ex
ceed 5 m in diameter. The deposits are generally reversely graded. 
Fine-grained basal layers are again present. Again they may contain 
fossil fumarole pipes and carbonized wood. Surface manifestations 
include the presence of levees, steep flow fronts and the presence of 
large surface blocks, all of which again indicate a high yield strength 
during transport of the flow 

Stratified and laminated deposits containing juvenile vesiculated 
fragments ranging from pumice to non-vesiculated cognate lithic 
clasts, ash and crystals with occassional accessory lithics (larger bal
listic ones may show bomb sags near-vent) and deposits produced in 
some phreatic eruptions which are composed totaUy of accessory 
lithics. Juvenile fragments are usually less than 10 cm in diameter du( 
to the high fragmentation caused by the water/magma interaction. 
Deposits show unidirectional bedforms. Generally they are associated 
with maar volcanoes and tuff rings. When basaltic in composition 
they are usually altered to palagonite 

Generally less than 1 m thick, composed of ash, juvenile vesiculated 
fragments, crystals and lithics in varying proportions depending on 
constituents in the eruption column. Typically enriched in denser 
components (less well vesiculated juvenile fragments, crystals and 
lithics) compared to accompanying pyroclastic flow. Again they 
show unidirectional bedforms; carbonized wood and small fumarole 
pipes may be present 

•'"-,/'.i^.v".":o 
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TABLE 4 (continued) 

Deposit Description 

Ash-cloud surge Stratified deposits found at the top of and as lateral equivalents of 
flow units of pyroclastic flows. They show unidirectional bedform^, 
pinch and swell structures and may occur as descrete separated 
lenses. Grain size and proportions of components depend on the 
parent pyroclastic flow. Can contain small fumarole pipes 

in the Valley of Ten Thousand Smokes ignimbrite, 1912 emption of Katmai. 
This led Fermer (1920) to conclude that the ignimbrite erupted from fissures 
in the floor of the valley. More recently, Curtis (1968), frora detailed mapping 
of the closure of isopach maps of pyroclastic fall deposits produced in the 
same eruption, located the central vent of Novarupta as the source. Now 
Wright et al. (1979) have suggested that, at least initially, the BandeUer Tuffs 
from Valles caldera (Valles "type example" of Williams and McBimey, 1979) 
were erupted from a central vent. 

Korringa (1973) and Ekren and Byers (1976) have documented large welded 
•nimbrites erupted from linear vent systems in Nevada. However, the field evi-
jnce for such fissure eruptions is meagre in many cases. The authors believe 

that ignimbrites are generally erupted from central vents. 
(6) The group of rocks known variously as foam lavas, froth flows, tuff 

lavas and tuffolavas (Vlodavetz, 1963; Shirinian, 1962,1963; McCall, 1964; 
Cook, 1966; Macdonald, 1972) have been interpreted as intermediate between 
lavas and pyroclastic flows (Panto, 1963) or as part of a gradational sequence 
from lava to ignimbrite (McCall, 1964). According to M.R. Sheridan (personal 
communication) the classic Russian examples from Armenia are ignimbrites, 
while the so-called froth flows of Vulsini volcano (Locardi and Mittemperghcr, 
1965,1967) can be interpreted as other types of pyroclastic rocks (Sparks, 
1975). A study of rocks corresponding to published accounts of tuffolavas by 
one of the authors on Pantelleria (Wright, 1979,1980) agrees with the view of 
Sparks. In the opinion of the authors tuffolavas, etc., do not exist as a separate 
category, but represent misinterpretations of other kinds of volcanic rock. 

Lithological classification 

The meun bases of lithological classification are: ' < .-
(1) The grain size limits of the pyroclasts and the overall size distribution 

of the deposit. 
(2) The constituent fragments of the deposit. 
(3) The degree and type of welding. 
Both (1) and (2) can be used to help discriminate the genesis of a particular 

pyroclastic deposit in the older geological record. 

rain size. With regard to the grain size limits of pyroclastic fragments, the 
system of Fisher (1961) is adopted (Table 5). 
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TABLE 6 

Grain size limits for pyroclastic fragments after Fisher (1961) 

Grain size 
(mm) 

256 

^ .. 

2 

1/16 
i 

• - - — - 1 

Pyroclastic fragments 

coarse 

fine 

blocks 
and 
bombs 

lapilli 

coarse 

fine 

ash 

Concerning the overall grain size distribution, granulometric analysis of 
non-welded and unlithified pyroclastic deposits can be an important dis
criminant in deducing their mechanism of formation (Murai, 1961; Walker, 
1971; Sheridan, 1971; Sparks, 1976). Pyroclastic flow deposits generally 
show exfremely poor sorting, while pyroclastic fall deposits are better sorted. 
A convenient way of representing grain size data is by Md^/a^ plots (Fig. 5)*. 
Using such a plot Walker (1971) was able to define separate field for the de-

• . F i r i D OF P y n o C L A S T I C n o w DtPOSITS 

-8 
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-6 
64 
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-2 
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V64 Md mm 

Fig. 5. Md^/a^ plot used to show the fields of pyroclastic fall and flow fields after Walker 
(1971). Dotted line is the 1% contour ofthe pyroclastic flow field from Walker (1973). 
Dashed line is the 1% contour for the field of pyroclastic fall deposits modified by Sparks 
and Wright (1979) after Walker (1973). 

'•Cumulative curves of the grain size distribution are drawn on arithmetic probability paper 
and the Inman (1952) parameters of median diameter Md^, (= 0 „ ) and o^ (= 0 , , — <t>,J2'̂  
which represents the graphical standard deviation and a measure of sorting, are derived. For 
discussion of the validity of these statistics when applied to pyroclastic deposits see Sparks 
(1976) and Bond and Sparks (1976). 
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posits produced by pyroclastic flows and falls. Pyroclastic flow deposits usu
ally have a^ values greater than 2.0, while in general pyroclastic fall deposits 
have values less than 2.0. Based on the supposed doraihance of ash sized par
ticles in pyroclastic flows Smith (1960a,b) and Ross and Smith (1961) intro-
dluced the term ash-flow tuff. This term has now become almost synonymous j 
with the older term ignimbrite. The authors feel that, despite some vagueness 
of the original description of Marshall (1935), the definition of ignimbrite by 
Marshall (p. 38, and reproduced in Chapin and Elston, 1979, p. 2) as applied 
here, for deposits solely from pumice flows, is valid and its use should be con
tinued, especially in view of the fact that in most small volume pumice flows 
the modal grain size is in the lapilli or bomb size range (Smith and Roobol, 
1980). It is worth pointing out here that ash-flow tuff has been used to de
scribe block and ash-flow deposits (included in small volume ash-flow tuffs 
of Smith, 1979, and Table 2) although these deposits only contain between 
15 and 40% ash (A.L. Smith and M.J. Roobol, unpublished data). The authors 
feel that the use of ash-flow tuff for such deposits is unteneable. 

Md^ /a^ plots of pyroclastic surge deposits tend to overlap both pyroclastic 
flow and fall fields (Roobol and Smith, 1974; Sparks, 1976). Individual 
laminae of deposits can be weU sorted while channel samples through several 

linae are often more poorly sorted (see Bond and Sparks, 1976). Ground 
surge deposits seem in general to be better sorted than base surge deposits 
(Handler et al., 1980); this may be due to cohesion of water-saturated fine 
ash to larger particles in the base surge cloud. Ash-cloud surge deposits formed 
from block £uid ash flows of the 1902 eruption of Mt. Pelee can be extremely 
coarse; some contain blocks up to 70 cm and are more poorly sorted than 
many pyroclastic flow deposits (Fisher et al., 1980). 

In certain welded and lithified rocks grain size analyses can be attempted 
using thin sections and photographs. Such analysis can be of value in deciding 
the mechanism of formation of deposit, while for ancient, pyroclastic rocks 
even a qualitative assessment of the size distribution is of value. 

Constituent fragments. A summary of the dominant components in a pyro
clastic deposit provides a qualitative lithological description as well as provid
ing some information as to the genesis (Table 6). i 

Welding. This post-depositional process involves the sintering together of hot 
vesicular fragments and glass shards under a compactional load (Smith, 1960a,b; 
Ross and Smith, 1961; Ragan and Sheridan, 1972; Sparks and Wright, 1976).' 
Welding has only generally been described from ignimbrites; no descriptions 
in the literature are known to the authors of welding occurring in other 
denser-clast pyroclastic flows, however certain semi-vesicular andesite and ash 
deposits from Mt. Pelee, Martinique are welded (A.L. Smith and M.J. Roobol, 
unpublished data). Welded air-fall tuffs are known in the literature and their 

-characteristics and the criteria for distinguishing them from welded ignim-
ites have been documented by Sparks and Wright (1979) and Wright (1980). 



TABLE 6 

Summary of the components in pyroclastic deposits 

A. Pyroclastic flows and siirges 

Type of flow or surge Essential components 

vesicular non-vesicular 

Pumice flow/surge 
Scoria flow/surge 
Lava debris flow/surge 
Nu6e ardente 

B. Pyroclastic falls 

} 
pumice 
scoria 
poor-moderate 
vesicular clasts 

crystals 
crystals 
cognate lithics and 
crystals 

Grain size 
{mm) 

Type of fall Essential components^ 

vesicular non-vesicular 

>64 

>:2 
<2 

agglomerate pumice/scoria 
breccia 
-lapilli deposit pumice/scoria 
ash deposit pumice/scoria 

Other components 

Accessory and accidental lithics 
cognate, accessory and accidental 

, accidental lithics 

Other components 

cognate and/or accessory lithics 
cognate and/or accessory lithics 
crystals and/or cognate and/or 
accessory lithics 

cognate and accessory lithics 

crystals 

'Depending on type of deposit. 

w 
CO 
o 
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Features of these tuffs indicate post-emplacement compaction and welding 
over a relatively wide area so that they cannot be simply ascribed to the flatten
ing of spatter lumps on impact (see agglutinate in the glossary below). Welded 
pyroclastic surge deposits are known to occur in the products of the 1875 
eruption of Askja, Iceland (Sparks and Wright, 1979) from Mayor.Island, N^w 
Zealand (S. Self, unpublished data), and in the Bandelier Tuffs, New Mexico 
(R.V. Fisher, S. Self and J.V. Wright, unpubhshed data). 

Those ignimbrites in which welding is fully developed show three character
istic zones of dense, partial and incipient, and no welding (Smith, 1960b). In 
the zones of dense welding glass shards and larger, commonly glassy, flattened 
pumice fragments (fiamme) define a planar foliation or eutaxitic texture. In
cipiently welded tuffs are here distinguished from partially welded tuffs on 
the basis that although coherent, they show no textural evidence of deforma
tion of the constituent fragments. The term si7/ar (Fenner, 1948) is used here 
for incipiently welded tuffs. Coherence in siUars is generally due either to the 
sintering of clasts at their points of contact, or to vapor phase crystallization 
of minerals in pore spaces (see Sheridan, 1970) rather than to compactional 
welding. 

Ignimbrites which are totally non-welded or only a small proportion of 
/hich is welded can be termed low-grade ignimbrites, in contrast to high-grade 

ignimbrites which show well-developed zones of dense welding and in which 
the proportion of welding is high. 

GLOSSARY 

In order to broaden the scope of this classification some terms introduced 
earlier and a number of other terms commonly used to describe pyroclastic 
deposits are described below: 

Accretionary lapilli Lapilli-sized pellets of ash, commonly exhibiting a concentric internal 
structure which have been recorded from pyroclastic fall, base- and ground-surge deposits; 
also from fossil fumarole pipes in pyroclastic flow deposits. They are believed tb form by 
the accretion of fine ash around a nucleus of water or some solid particle. This may occur 
in the downwind eruption cloud, where a common mechanism of formation î  by rain 
flushing (Moore and Peck, 1962; Walker, 1971) or in the vertical eruption column of 
phreatomagmatic eruptions (Self and Sparks, 1978), or by gases (in fossil fumarole pipes) 
streaming up through pyroclastic flow deposits (Walker, 1971). 

' { .-

Agglutinate. Coherent deposit of lava spatter and poorly vesiculated juvenile pyroclasts 
associated with strombolian and hawaiian eruptions (Macdonald, 1972). 

Fiamme. Flattened glassy juvenile clasts in welded pyroclastic deposits (Zavaritsky, 1947). 
In most cases fiamme result from the deformation of original pumice clasts. However, 
Gibson and Tazieff (1967), Schmincke and Swanson (1967) and Self (1973) have sug
gested that some fiamme represent the flattening of non-vesiculated juvenile clasts. 

""used tuff. At the contact with lava flows and dikes older pumiceous pyroclastic deposits 
ay become fused and resemble welded tuffs (Christiansen and Lipman, 1966; Schmincke, 

1967)L 
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Palagonite' tuff. The or ig iti al glass, in deposits of basaltic phreatomagmatic eruptions (surtse 
an and base surge) commonly alters by hydration to palagonite (Hay an'd Iij im a, 1968). 
Such deppsits may be lithified and could be confused -Hfith welded tuffs. 

Rheomorphic welded tuff, Rheomorphism ("now-change") of a welded tuff is the second
ary mass flowage of the tuff as a cphererit'viscous fluid. RheomorpHic welded tuffs are 
characterized by stretched fiamme which define a lineation parallel to the flowage direc
tion. Flowage is capable of producing folding and-other internal flow structures similar to 
those found in salic lava extrusions. The term rheoignimbrite. was first introduced by 
Rittmaiin (1958) to describe welded ignimbrites showing secondary Oowage features. Such 
features in the ignimbrites of Gran Canaria were thought by Schmincke and Swahsbh 
(•1967) to indicate primary laminar flow of the pyroclastic flows. However, Wolff and 
Wright (1981) reinterpret these as secondary flow features and document rheomorphism ii 
both welded ignimbrites and welded air-fall tuffs, 

Tephra. Thorarinsson (1954) proposed.the term tephra as a collective term for all pyro
clastic material transported from the vent through the air. In this original definition the 
term strickly applied only to;pytoclastic fall deposits, however it was later re-defined 
(Thorarinsson, 1974) to include both pyroclastic fall and flow material. 

Tuff, This is used here loosely as a.collective term for all consolidated pyrdclastic, rocks. 

•Vitrophyre. This term is used to describe a densely welded tuff which in handspecimen 
has a glassy appearance. 

Volcanic mudflows (lahars). These consist of volcanic debris mobilized by water. They are 
often generated during eruptions, as in the May 1902 erujptiohs of Mt. Pelfie, Martinique 
and Soufriere, St. Vincent (Roobol v.nd Smith, 1975), but can also be formed without any 
associated volcanic activity. They are a common feature of all recent large volcanoes and 
are sometinies hard tb distinguish in the field from pyroclastic flow deppsits.iExcelient de
scriptions are given of lahars by Neall (1974) and from Mount Rainier by Craridell (1971). 
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