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anthe:xﬂatu:uﬁﬂplof}xmspxs to the more extensive flood basalts
papers on this topic were presented at the Hawaiian syupbsium (Encl. 1)
and contributed to the Wilson celebration (Encl. 2 preprint) o

(2) Anomal '
ous topography Analyses of the topography of the continents

are being compiled and an example dealing with South America (Encl. 3) is
provided. Studies of plateaus were reported at the plateau cogference
in Flagstaff (Encl. 4) and problems of remewed uplift of oid mountain
belts at the US-Yugoslav conferencecghtracontinental earthquakes (Encl. 5)
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THD DISTRISUTION OF HOT SPOTS ARD HUPOTHZISES FOR THIIA ORIGIN

SBurke, K., and Kidc, W., Dept. of Geological Sciences, S.U.N.Y. at Albany,

Albanv, N.Y., 12222, USA.

Most of the vuicanism orn earth occurs along plate boundaries; in oceanic
spreading riagss, in <s arc/cordillieran {Andsan) zones, and in Tibetan
plateau-type collision

bution of these threz ¢
lsc

m

£}
e sesic rules governinc the origin and distri-
of volcanic activity are reasonebly well defined.
ly callec notspot vulcanisn, is commonly attributed
either to cracking of tne lithesphere and conseguent rise of magme produced

by partial melting of the mantle rising to fill the cracks (passive mantle
hypothesis), or to chemical or physical inhomogeneities in the mantle (active
mantle hypothesis). Ve have compiled a global map and cataiogue of hot spots
to help in testing the two classes of hypotheses. Although there is a great
range in volume of vulcanism, amount and diameter of associatec uplift, and
duration of activity, there is little evidence that more than one population:
o7 objects is present. The crucial fact about the hot spot distribution is
thét a.number occur right on the axes of spreading ridoes (e.c¢. Iceland,
Galapacos, Azores). Thess retain their contrast with adjacent "normal”

1 zones.
vpes o7
ive

" oceanic spreadinc ridee (cdistinctive chemical and isotopic comzositions,

anomzlous eiavation, and excess volume of magmetism) daspite tne negligible
litnoschere thickness. Somez nhave reméined approximately 2xizl, shown by
symmetricel treces, for up to 100 m.y., and they zpoear to control the ricgs
position (ridge jumping, e.g. Iceland, Gazlapages). These Tacts are strong
evidence against the various crack propscation hypotheses and the anchor-
asperity model for hot spots. A thermal and /or chemical disturbance in the
mantle, as originally sugge~ted by Wilson, seems the only general hypothesis
that will account for most hot spots. A few have been propcsec to be the
result of tensional zones generated by continental collision. but for these
cases opportunism (formation of tensional zones in areas of ore-existing
thinned 1ithosphere) has not been ruled out. A single hypothesis for hot
spots {active mantle) seems inherently preferable to the meny pessive mantle
hypotheses that have been propocsed.



20T SPJTE. ELGH SFOTS. AND OTEER TYPIZ CF
NOR-FLATE MARGIN (ANOMALOUS) TCPOGRAPHY
surke, h., belong, §., Kidd, W., Dept. of Geological Sciences, S.U.NK.Y. at

Albany, Albany, New York 12222, U.S.A.

ilation of hot spot vulcanism reveals that mest active hot
ith topographically high and structural elevated areas.
ion of the African plate displavs this relationship par-
ce thiere are 2 large number o hot spots or it and they
pped. Durke and Wilson proposed that Africa has moved
S m.y. with respect to any of the slowly moving refer-

As wawis

irames, and we suggest that this has enabled the effects of mantle dis-
ces to be better displaved on this plate compared with most other arezs
he earth. The diameters ancd amplitudes of the uplifts, and the amount of
sm associated with African hot spots range from large values to small,
v are not obviously correlated, since large and/or high structural up-
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are not necessarily capped by much, or any, velcanic accumulation. Thus
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e vulcanism is perhaps the mecs:t prominent feature of the hot spots,
it is of secondary impertance compared to the structural up-
) t

and the mejor active tzl sedimentary besins
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this and cunnot be readily grouped into such large 1000 km d

-
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i
the same is true for s majority of the global hot spot po:ula
rezlistic description allows 2 wide range of dizmeter and ampl
g
)

itude for hot
spot type uplifts. ZEZxamples of high spots withoutr associasted vulcarnisy exist
on other plates; prominent continental examples are the Adirondacks anc the
Putorana messif. Sub-oceanic examples irclude the Sermuda Rise and the north-
ezst Pacific uplifts found by Menard. FHowever, they (ané hot spots) are zlmost
everxwnere much less prominent than on the Africen plate, wnich, we uggest,
-

2.10"];\ with T

it &t jeast partly & function of pliate © :

tle. Hizh soots, like het spots, are ¢ifficult to detect in zones of conver-

=0t tectonics and this 1ncludes the zncmalous topography of Central Asia,

rrepcsed te be the result of the Incdian-Asizn continental cellision. Other

‘rpes of intrapliate ancmelous topography are elongate and readily distinguished

<n¢ L inciude 0ld collisionzl orcgenic belts up to adbout 0.5 b.v. old (e.g.
.stalachians), and forebulees due to lithospheric flexure in freont of
hrusting zones (e.g. central Indie). Other unusuzl elongate zcnes of
us topogrephy include one due to recsnt incipient convergent tectonics
iz-Cexlon) &ncd cne (E. Eafifin Islancd-N. lebr acor) for which there is no
explanation Oor counterpar:. lLithespheric thinning is the most plausi-
lanation for the uplifts zcsocizted with nhot spots, @ process that sgems
€riven by mantle upwell uncer the hot &nd high spcot sites.




zirizan Hotspsts and Their Relationship tc <he Undeslying Mansie
Richard L. Tniessar, Dspartment of Geological Sciences
State University of New York at Ailtany
zltany, N.Y., 12222

Saverzl lines of evidence indicate that Africa may be at rest with
re2spest o h: undsrlyving mantls,

ans has bsen for the past 25 miilion

vears. This would allow wsaker mantle piumes toO pierce the nverlying

plate, craating recosnizable hotsnots cr areas of
ics (Highspots).
blurred by large moticns relative to the undasrlving mantle.

£ uplifts without volcan-

Zlsz, the surface expression of the hotspots will not be
e, £

Tr.erefore,

the 2irican Plate may provide a more complete picture of the underlying

mantle convection pattern then plates in notion would.

I have analyzed the hotspot population of Burke #ad Kidd (1975) Zfor
the African Plate and also the highspot distribution (Kidd, personal

comranication), using the polygon method of Thiessen (1911).

convection pattern is
laboratory convection models under a stationary plate.

A polygonal

indicated which in planform clesely resembles
When the nesarest

neighbor separation distances are scaled to simulate mantle convection”

-"l -

extending the the 700 kilometer seismic discontinuity, the lab models

show the same 3eparations as the hoitspots and the highsoots &o.

SRR o g ; ) .
concludad that this type of convection system is causic

- - P - - .. - . . . - - -

and nighspote of Africa, and possibly elisawhere in the woric,
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VOCANIS! ON EARTH THROUGH TIME

Kevin Burke and W.S.F. Kidd
Department of Geological Sciences
State University of New York at Albany
Albany, New York 12222

In press
Geologists Association of Canada Special Pyblication #20 i
in h E2
ABSTRAE? onor of J.T. Jilson

Volcanism is widespread on Earth and apparently always has been. In
this respect the Earth contrasts with the Moon, where volcanism stopped .
about 3 Ga age, and Qith Mars, where it may have stopped 1 Ga ago. Although
the terrestrial volcanism that occurred before the oldest preserved rocks
formed was probably similar to later volcanism, the very earliest volcanic
activity on Earth could have been like that on “he Moon, if the Earth ac-
guired its water late during the high impact flux.

Volcanism plays a vital part in all three stages of lithespheric
evolution active on Earth today. Basalt forms at divergent plate boundaries;
tholeiitic and calc-alkaline rocks, most characteristically andesite,
dominate where arcs form above subduction zcnes; highly potassic volcanics
are associated with active continenta? collision, crustal_thickening and
fracticnation. These three processes appear to have operated at plate
margins throughout mcst of the Earth's history.

Ultramafic komatiites, forming pernaps 5% of besal* . piles and
indicating tle existence of ultramafic melts, are peculiar to the Archean,
and are presumably due to the greater heat generation of the early Eartn,
although their precise significance is ambiguous. Non-plate margin (hot-
spot) gikaline end ticleiitic volcanism js also recorded in 01d rocks.
Remnants of flood basalts and associated sills and dike swarms formed by
rifting episodes are clzarly displayed in the Canadian shieid up to 2.5

Gz zqo, and in Greenlanc beck to 3.€ Ga.



Sea level variations during tne Phanerozcic nave been interpretec as
indicating variations in spreading ridge volume and hence (on an Earth of
roughly constant volume) of plate creation and destruction rates, Precambrian
sea level fluctuations cannot be interpreted in the same way because the
" sediment record is incomplete and because timing has not been adequately
resolved. Estimates of episodicity in plate activity in the Precambrian
depend mainly on the occurrence of peaks in age abundance. This method is
highly misleading because the preserved areas of particular ages are much
too small to be representative of the world at those times.. As far back as
the geological record goes, volcanism has been continuously active on Earth
and nas occurred mainly at plate boundaries. Phanerozoic history indicates

some episodicity, and tne Precambrian was probably similar.



NTRODUCTION:  VOLCANISM ON EARTH COMPARED WITH THAT On DTHEFR
TERRESTRIAL PLANETS '

Active volcanism is widespread on Earth and is recorded in rocks of
all ages. Strikingly, the oldest preserved rocks on Earth (at Isua in West
Greenland) appear to be volcanic breccias. With. the exception of a very
small volume produced by partial melting following impact (e.g. basaltic
rocks preserved in plutonic facies at Sudbury and the Bushveld, and suevites
at numerous localities) terrestrial volcanic rocks appear to be mainly ;he
products of partial melting generated fundamentally by the decay of radio-
active heat-generating nuclides.

In thisvrespect the Earth contrasts with some other terrestrial
planets and satellites. On the Moon, volcanism ended about 3 Ga ago, and
much, if not all, of lunar volcarism was related to impacts ~4 Gz ago or
earlier. By 3 Ga ago, radioactive heat generation within the Moon seems to
have declined to a rate sufficiently low i0 have been entirely removed

through the surface by conduction. This sucgests to us that the Moon's

neat-generating nuclides were concentrated close to the surface by that time.

On Mars, earlier volcanism appears to have been impact-dominated.
Fowaver, the spectacular later volcanism of the Tharsis area and some older
similar fezatures more 1ikely resulted from partial meiting through radio-
active decay of heset-cenerating nuclides. Martian volcanism seems to have
cezsed, but there is som2 uncerteinty as to exactly how long ago this
heppenad, We do not yet krnow about volcanism on Venus, but extremely
viclent volcanic sctivity is in progress on Io (Morabito, et al., 1979).
ihis volcanism, perhaps unique in the solar system, appears to be the re-
sult of tida' forces (Beale, et al., 1979). Tidal forces do not appear to
be major cenerators of volcanic heat elsewhere in the solar system, although

tigal influences triggcering eruptions have been recognized on the tarth

i
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SECULAR VARIATION OF TERRESTRIAL VOLCANISM

This short review deals only with volcanism, b.t plutonic igneous rocks
are assdciated with all volcanic rocks, and most plutonic rocks exposed or
emplaced at high crustal levels at one time underlay volcanic rocks. In a
few, probably exceptional, areas 5hallow intrusives do nnt appear to be
linked to volcanic rocks. Examples exist in the young high-level granites of
the Himalayas (Gansser, 1964), where the absence of volcanic superstructures
may be due to intrusion in a dominantly compressional environment, or to
rapid and effective erosion following uplift. This contrasts with conditions
on the Tibetan plateau to the north, where compression is now less dominant
and young volcanism has been widespread.

Estimates of the variation of heat generation in the Earth through
radicactive decay witn time are shown in Figure 1. Small additions through
such processes as tidal dissipation are significant through all of geologic
time, and much larger contributions to heat generation were made before 4 Ga
by core formation and impact. Like Turcotte and Burke (1978) we assume that
heat escapes from the Earth roughly as soon a2t it is generated, and generally
within 0.5 Ga. o

Volcanism is, and apparently always has been, one of the dominant
processes by which heat is removed from the Earth's interior. At present,
heat leaves the Earth in three main ways: by conduction; by the eruption
and rapid cooling of igneous rocks, and by the longer-term process of the
cooling of ocean floor as it ages, subsides and moves across the Earth's
surface. We have shown elsewher2 (Burke 3nd Kidd, 1978) that because some of the
encient continental crust is and was of normal thickness and its bese did
not suffer widespread melting, the continental conductive thermal gradient

about 2.5 Ga. ago in the lower crust was not significantly greater than it



i$ nOw., Since rigure 1 indicates that two or tnree times as mulh nEEt was
being generatec a: tnat time, this greater terrestrial neat must nave been
removed by the other two processes: digneous rock emplacemant anc Ocean-
floor aging. Ocean-floor aging is linked to divergent plate boundaries;
most other igneous activity today also occurs at plate boundaries.

We and our cclleagues (Burke and Dewey, 1972; Dewey and Burke, 1573;
Burke, et al., 1976; Burke, et al., 1977) have discussed at length elsewhere
why we consider most igneous activity to have been plate-boundary related
throughout recorded geologic history (about the last 3.8 Ga). Others have
interpreted the early lithosphere as not broken into rigid plates and con-
sequently most tectonic and igneous activity as unrelated to plate margins.

t is unnecessary to repeat the arguments for and against these interpreta-
tions. Let it suffice to say that the rocks and structures formed in early
times so closely resemble later onec, that any radically different process
operating then must have been capable of simulating the results of present
plate tectonics. It is mainly fér this reason that we prefer to regard tﬁé
ancient world as broken into plates. There are two minor but significant
differences between early and present-day plate tectonics. First, the size
of suture-bounded areas in Archean terranes {(notably the Superior Province)
is cenerally smaller than in later terranes. This is consistent with the
idea that greater lengths of plate boundary and/or faster moving plates were

reeded to dicsipate the extra Archean heat (Surke and Kidd, 1578). Secondly,

-

Aronean terrznes contain most known examples of a unique class of volcanic
rocks, the ultremafic komatiites, which form a small proportion of Archean
besaltic piles. Archean homatiites are presumably related to the greater
heat gangration of the early Earth and their restricted occurrence hes been
usad by various workers as a datum point in anaiyzirg the thermal history of

the Carth. Clearly, this is qualitatively correct {the Earth was hotter),

/0



but we know too littie about tne cetails of tne origin, eévironment ang
mechanism of erdbtion 0¥ the Archean komatiites to make quantitative infer-
ences about the significance of these peculiar rocks. 1Iln summary, we con-
clude from the composition, distribution and structure of volcanic rocks
occurring among the oldest of terrestrial rocks that most volcanic activity

from 3.8 Ga on was, as now, related to plate margins.

VOLCANISM AT PLATE MARGINS: DIVERGENT MARGINS

There are three types of plate boundaries (Wilson, 1965) and it is
appropriste to consider volcanic activity assoc’ated with each of them.
Tuzo Wilson has long advocated the integration of solid-earth sciences,

pointing out that geology, geophysics and geochemistry are not realistically

separable, and are strongest when results from all fields are considered to-

gether. There is no better example of this integration than the study of
diVérgent plate-margin volcanism (which takes place at oceanic spreading
ridges and, except in anomalous places 1ike Iceland and the Afar, occurs
two or more kilometers below sea level). Geophysical methods have dominated
the study of oceanic spreading ridge volcanism and have been complemented by
geochemical study of dredged pillow-lavas and limited submersible recon-
naissance, The realization that ophiolite sequences in mountain belts re-
present small samples of ocean floor and preserve material produced at diver-
gent plate boundaries has permitted integrated studies of the type favored
by Wilson, that have done much to reveal the essential features of divergent
plate-boundary magmatism,

Figure 2 shows the results of one study of this kind (bzsed on Dewey
and Kidd, 1977). Easalt rising from partially melted mantie occupie§'a
magma-chamber roughly triangular in cress-section; volcanic material is

erusted from this chamber to form the pillcw lavas of the ocean floor,

/




ine unceriying sneetec dikes and the cumulate and non-cumuiate piutonic
rocks that overlie the depleted mantile.

The recognition of discrete major volcanoes within the axial vailey of
the FAMOUS arez (Ballard and van Andel, 1977; Ramberg and van Andel, 1977)
and Pcross-strike comoositional variations in basalt (Bryan and Moore,

1877) nas led to interpretations of clowly spreading boundaries having along-
strike diversity and episodic structur2] development. This kind of inter-
pretation 4s supported by near-bottom magnetic anomaly studies (e.g.,
Macdonald, 1977), in contrast to earlier continuously evelving models, which
leaned heavily on magnetic anomaly patterns mapped at or above the se2
surface. The small-scale topographic and mzgnetic structures occurring at
oblique angles to regional spreading directions (e.g. Macdonald and Hoicecmbe,
1978) are typical of the kind of complexity being recognized in these de-
tailed studies. The studv of small variations in basalt composition, par-
ticularly in trace-element distributions (White and Bryan, 1977), has led

to the realization that mid-ocean ridge basalts cannot be interpreted as
simpie products of either fractional crystallization cr partial melting,

but that a complex interaction of these processes, ccmplicated by episodic
magra injection into evolving magma chambers (0'Hara, 1877), is more likely
to have tzken place.

The differerces between fast-spreacing ridces, (with no axial rift),
an¢ slow-spreading ridces (with rifts) have been illuminated by seismic
refrzction studies that show much stironger evidence of active magme chembers
2t fest-spreading ridces than 2t siowly spreading ridges (Orcutt, et al.,
1€75; Fowler, 1977). It has even been suggested that magma bsdies may only
be episodically present {Tapponnier and Francheteau, 1978) at slowly
sprezeging ridoes, but the ceochemical data do nct support this interpreta-

1ter, et al., in press). Thermal calculations (Sleep, 1975)
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suggesiing episodic megma chambers along slowiy spreading ridges are:
th;refare;unlikely to be correct. Clearly, there is some minimum spreading
Eate below which the cooling effect of circulating sea water will overwhelm
the heat su;plied by new magma. but this does not seem;ta havé hap#ened
along most of the present ridge system.

The hot-spot (i.e. non-plate margin-type) volcanism that occurs in
p]aces‘1ike the Afar, lceland and the Azores will be considered in a later
section because wewinterpret itrnot s¢ much as an anomalous type of divergent
plate-boundary volcanism but as a normal part of the wige soectrum:of“not-spOt
volcanism. Divéréentrplate boundaries have developed across the sites of
these hot spots. o | .

A1l but a tiny propoftion of oceanic crust has been subducted--that is,
permanently removed from the Earth's surface at least in any recognizably
original form. O0f the tiny sample that has escaped this fate, much is
badly shredded and dismembered, particularly the material preserved in
steeply-inclined zones and/or at deeper structural levels, even in Mesozoic
and Tertiary orogenic belts. The general observation that recognizable
ophiolite complexes become scarcer in older orogenic belts is explained by
the greate wuplift and erosion which have generally occurred there, compared
with younger belts. Other reasons for their reported scarcity may include
the past unfamiliarity of workers in older belts with the utility of the
ophiiolite concept, the possibility that major continental collision and
suturing was generzlly more effective and intense further back in time,
and the effect of the smaller length of oider orogenic belts remaining
exposed or preServed compared with younger ones. Well-described ophiolite
complexes of Palaeozoic age are known from ‘the Appalachians and Caledonides
(Bird, et al., 1977. 1978; Dewey and Bird, 1971; Church and Stevens, 1971;

Sturt, et al.. 1979), and less detziled descriptions of some of the




obviously wiasspreac Palaeczoic complexes in the Urals and centrail Asian
orogenic belts are available (for exémgle, Abdulin, et al., 1974; Makarychev
and Shtreys, 1873).

Definite examples of pre-Palaeozoic ophiolite complexes have been
identified only in Pan-Africap orogenic belts in Morocco (LeBlanc, 1976) and
Saudi Arabia (reported in Brown, 1978), and in the older Baikal orogenic
belt in the U.S.S.R. (Klitin and Pavlova, 1974). Many other dismembered
pieces surely remain to be identified in Proterozoic orogenic belts, since
the well-studied belts, for example, the Labrador-Cape Smith-Nelson (Wilson,
1968b) and the Coronation orogenic belts (Hoffman, this volume), so clearly
developed through rifting and later collision (Wilson cycles); dated dikes
reveal that in both cases rifting began about 2.15 Ga ago. The suggestion
(Burke, et al., 1976) that oceanic crustal samples (dismembered ophiolite
complexes) should exist in Archean greenstone belts has not, to our knowledge,
been confirmed. Because there is an extensive greenstone-belt terrane (the
Birrimian of West Africa) of similar.age to the Coronation orogen, it seems |
to us very likely that dismembered ophiolites will eventually be recognized
in Archean greenstone belts. Since the Birrimian greenstones were formed at
the same time that ocean opening and closing (which must have involved sea-
floor spreading and subduction) is recorded in the Coronation and other
orogens, samples of the oceanic crust of that time may be preserved in the
Birrimian terrane. Since this terrane does not differ in any significant way
from older Archean greenstone terranes, the inference that ocsanic crust may
be preserved in Archean terranes seems to us unaxceptionable. Extensive
areas of mafic volcanics of tholeiitic compositions appropriate to the ocean
floor exist in the Archean gregnstone belts, but equally widespread plutonic
equivalents are generally lacking. Moores (1973) suggested that older Pre-

Cembrian oceanic crust contained more anorthosite than younger material;

14




tn1s nas yet t: be verified. It is possible that the extensive thoieiitic
submarine lavas of the greenstone belts include, besides lava generated as
ocean floor and island arcs, large thicknesses generated by intraplate flooc-
basalt type magmatism; this is discussed below in the section on intraplate

volcanism.

VOLCANISM AT PLATE MARGINS: TRANSFORM MARGINS

Very much less volcanism occurs at transform boundaries than at
convergent and divergent plate boundaries and all, or nearly all, of what
does occur there is associated with local extensional-areas, commonly termed
“"pull-aparts." "Leaky transfprms“ are most probably the same feat;res, less
well-defined because they are submarine. The young alkalic basalts dredged
along the St. Paul and Romanche fracture zones are the only rocks presently
known that are likely to have been erupted on oceanic transform/fracture zones
away from the places where spreading ridge axes abut such zones. Even in
these two cases, the tectonic details of their vccurrence and the local
abundance of the volcanics (or lack of it) are poorly known. It is also hard
to prove that these volcanics are not related to areas of "hot-spot" activity,
with relatively little associated volcanism, 1ike the Jos Plateau and Air
regions of the African plate. These areas are clearly identifiable since
they are not submarine, lie within a plate and are obviously associated with
a structurally and topographically defined uplift. The fact inat there is an
upiift at St. Faul's Rocks perhaps fevors the idea that these volcanics are
"hot-spot"-related rather than related to secondary extension across the
transtorm/Tracture zone.

Pull-apart basins aleng large strike-slip faults on land (e.g. the Salton
Sea, the Dead Sea rift, near the western end of the Altyntagh Fault, and

small basins along the North Anatolian fault) reveal that such pull-aparts

are not cummon, that they are usually small relative to the extent of the




 r§ransform system along whicn they occur and that the volume of volcanics ;‘ 
”éirectly associated with the pull-apart is also rather minor. 1t may be .

~ that larger volumes of magma occur at depth and that the surface expression

is not representative of the amount of magmatism in these pull-aparts; the
gepthermal activity in the Salton Sea area may be evidence of this.

1t has been proposed that other volcanic rocks which occur in some places

:ia the general region of large continental transform fault systems (e.g. the

Vyoung Arabian basalts, the Hsing-An basalts of China, and some of the young

éélcanics in the vicinity of the San Andreas Fault) are in a less direct way
related to the transform-zone tectonics. Since present evidence for a
strong connection is unconvincing, we treat such volcanics under intraplate
volcanism.

Perhaps because of the small volume of transform-related volcanics,
and théir suséeptibility to later tectonic disruption, no well-documented
examples -are known from older, inactive transform zones. For example,
well-studied pull-apart basins formed on an extensive, large-displacement
Carboniferous strike-slip fault zone (probably an old transform system)
through the Canadian Maritime Provinces (Belt, 1969) do not contain any
known examples of contemporaneous volcanics. The expcsed portion of the
pessibly correlative (Wilson, 1962) Great Glen Fault system does not show
any obvious pull-apart structures. A much older axample (around 1.8 Ga) of
2 preserved piece of large-displacement strike-slip fault, the McDonald
Fault, also has no known volcanics associated with its movement, despite
having very thick accumulations of coarse clastic sediments (P.F, Hoffman,

pers. comm.), which probably were preserved by pull-apart tectonics.
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VOLCANISM AT PLATE MARGINS: CONVERGENT MARGINS

In present-day arc systems andesitic volcanism dominates, although
overall about 20% is basaltic (Ewart, 1976). The volcanic zone always lies
above a subducting slab of oceanic lithosphere, generally where the latter is
between 100 and 150 km deep. It is therefore inferred that the.descending
lithosphere is involved in production of arc magmas, although exactly how
and where these magmas are produced is unresolved. While great variability
exists in the detailed features of volcanic arcs, the most prdminent contrast
in volcanism is that silicic, large-volume ignimbrites with high Na and K
content are concentrated in, if not confined to, areas underlain by conti-
nental-type 1ithosphere, even though, as in New Zealand and S. Alaska, this

may consist of (geologically) recently accreted material. Some involvement

of tne lithosphere underliying these Andsan-type volcanic arcs in the genera-

tion of their magmas seems likely.

Arcs built on oceanic crust tend to contain proportionately more mafic
and less silicic volcanics, although precise estimates are difficult to
make since most of these arcs are submerged, and preservation is biased
against pyroclastic and clastic materiais. Burke, gg;gl. (1976) pointed out
that the collision and accretion of this kind of arc, together with remnants
of the intervening marginal basin floors and fill, will produce greenstone-
granodiorite belt geology like that of the Archean Superior Province and
similar isrranes elsewhere. These include at least one that is of post-
Archean age (the Birrimian of West Africa--1.8 Ga), and thus contemporary
with orogenic belts clearly formed from the operation of the Wilson cycle.
The prgsent southwestern Pacific contains areas that we envisage as close
analogs to those that formad the greenstone terranes. Andesites in present

arcs do not have any significant geochemical differences from andesites in
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A-cnzan greenstone belts. As the overwhe1ming‘bu1k of angesites is mace at
convergent margins today, pessibly in response to the liberation of water
from hydratec phases in the subducted slab at significant depths in the
mantle, we see no good reason to suppose that they were made in any grossly
different way in the past. Greenstone-type terranes are not unique to the
Ar-hean. We pointed out above (see also Burke and Dewey, 1972) the example
of the Birrimian, and smaller analogs can be found in Palaeozoic and Mesozoic
orogenic belts (Burke, et al., 1976). More extensive analogs probably exist,
awaiting .roper description, in the Palaeozoic orogenic area of Central -Asia
(Burke, et al., 1978a). The area of older orogens preserved intact from the
tectonic effects of younger orogenies decreases with age. It is entirely
possible that the sample we have of Archean orogenic terranes is not repre-
sentative of their original proportions, due to the accidents of the siting
of later rifts and,nence, collisions (Wilson cycles). Assumirg, howover,
that the greater abundance of greenstone belts in the Archean reflects a
real secular tectonic change, then it is reasonable to suppose that it is
connected with the Earth's greater heat production in the past, which, as
suggested abnve, resulted in faster plate motion and greater length of plate
boundary. Such proparties would most probably have led to more arc genera-
tion in a given time, thus accounting for tne greater abundance of greenstone-
type terranes in the past without excluding them from pesi-Archean terranes.
Flate convergence eventually leads to continental collisions. These,
in recent examples (Fig. 3), give rise to volcanics very similar to those
found in Andzan arcs (Burke, et al., 1974; Kidd, 1975; §engdr and Kidd, 1979).
Older examples of such calc-alkaline, K-rich volcanics and/or their subjacent
post-kinematic granites are well known in coilisional orogens up to about
2 Ga. old: e.g., the granites and other plutons of the Appalachian-

Caledonian belt (Dewey and Kidd, 1974); the post-kinematic granites and
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iocal rnyolites of the Pan African; the rhyolites of the St. franceis
Mountains (Bickford and Mose, 1975) related tc the Elsonian orogeny which
we suggest is collision-induced; and the volcanics of the Bear Province
(Hoffman, McGlynn and others, in prep.), related to collision about 1.8 Ga
ago at the end of the Wilson cycle on the sitg of the Coronation orogen.

Pieces of continental crust older than 1.8 Ga are either too small or too

9

deeply uplifted and eroded to distinguish collisional from arc-related magmatic

products with any confidence, but we see no reason to suppose their. absence.

INTRAPLATE TYPE VOLCANISM: HOT SPOTS AND FLOOD BASALTS

Young volcanism not related to plate boundaries is widespread (Burke
and Kidd, 1975). Despite the great variety in its expression, we feel that
there are sufficient common elements among ¢ifferent insteances of non-plate
margin volcanism that it is inappropriate not to treat them in 2 single
category. Many areas of active intraplaie volcanism are well-exposed in

frica and have been well studied; the association in them of volcanics and
a structurally and tepographically high area is well-established (Burke and
Whiteman, 1973; Thiessen et al., 1979). The vuicanics of Dakar, near sea
level, are not an exception, since subsurface data (Spengler and Deteil,
186€) reveal an underlying youthful structural elevation. There is a
complete spectrum of intraplate volcanic areas in Africa, from uplifts with-
out any volcanism (e.g. Fouta Djallon) through minor volcanism of alkaline
type (e.g. Air) to more zbundant alkaline volcanism (e.g. Tibesti), to areas
of voluminous tholeiitic flood besalts together with comparatively minor
alkaline volcanics (e.g. Ethicpia). In all ceses a siructural uplift is

associated with the volcanic aréa; the size of this uplift varies, although

most tend to be 100 to 200 km acrcss (Surke and Whiteman, 1973). There
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seems to be a tencency for the éreas with larger volumes of volcanics to ;
have larger diameters of uplifts, although it becomes possible to resolve |
subéidiary uplifts within the larger ones (e.g. Ahaggar; Black and Girod,
1970). Thus it is not wholly clear whether the larger uplift structures are
merely groups of smaller ones, or whether the smaller diameter uplifts in
them are secondary to the larger, but generallyvlower amplitude uplifts.
This spectrum of intraplate volcanism can be seen, less well displayed,
on other continents, but it is more significant that it is also deve?oped‘jn
the oceans, and that the alkaline and tholeiitic volcanics in oceanic hot

spots are essentially indistinguishable from those in continental hot spots.

Again, the African plate provides many of the best examples. Oceanic intra-

plate volcanic areas also show a variation in volume from the largest, like
Hawaii, with abundant tholeiite and minor alkaline vé]canics, to relatively
small edifices, 1ike Ascension, that are mainly alkaline volcanics. Intra-
plate volcanic areas of very small volumes, like some of those on the African
continent, are harder to detect in the oceans, and uplifts without accompanying
volcanism harder still. Nevertheless, careful study has detected them in one
area (Menard, 1973).

Because alkaline magmas are erupted in places within present island arcs
and collisional orogens, it is not possible to detect "intraplate type" or
"hot-spot" type activity unambiguously within such zones of convergence even
though it may well occur. However, it is possible to detect such volcanism
along divergent plate boundaries because of the alkaline character of some
of the magmas, the excess volume of magma and the associated structural
uplift. The occurrence of "hot-spot" type volcanism at discrete and long-
lasting sites é]ong divergent b]ate béundaries is, we suggest, one of the

most significant properties of their distribution, and helps considerably in
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winnowing tne many hypotneses put forwarc for tneir origin. In particular,
sincé the lithosphere is thin to virtually non-existent at spreading riage
.crests and is created progressively away from them, it is unlikely that

either the crack propagation hypotheses of Turcotte and Oxburgh (1973) and
Oxburgh and Turcotte (19?4), or the dense anchor-asperity hypothesis of Shaw

and Jackson (1973) arz correct. An "aciive mantle" hypothesis for hot-spot
origin, sucn as proposed by Wilson (1963), is more satisfactory.

A similar spectrum of size and volume of magmas can be seen in those hot
spots located on divergent plate boundaries. The central and north Atlantic
contains the best examples. These range from the anomalously elevated area
at 45°N on the ridge, where there seems to be relatively little excess vb]-
canism, through the Azores, with mostly alkaline volcanism constructiné small .
islands above sea level, to the extreme of Iceland, with its voluminous ex-
cess tholeiitic volcanism and, in relative terms, minor alkaline magmatism. -
Anomalous (with respect to spreading-ridge basalt) geochemical signatures,
particularly 87Sr/86$r (White, et al., 1976) correlate exactly with discrete
anomalously elevated ridge crest areas, in Iceland, 45°N, :he Azores, and near
34°N (Colorado Seamount). The distinctive geochemistry of the "excess"
magmas argues strongly for a separate (deeper) source for them (Schilling,
1973) compared with normal spreading-ridge basalts, It is because tne latter
are usually produced in a fairly constant amount through a wide range of
spreading rates that the "excess" character of the hot-spot magmatism along
ridge axes can be easily detected.

The connection between flood basalts and the largest hot spots is
clearly shcown by lceland. The island itself consists of flood basalts, and
the hot-spot tracks that lead away from Iceland go to large areas of flood
basalts in East Greenland and the northern British Isles (Fig. 4). These

basalts were erupted during the initial rifting that lead to successful
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sea-floor 'spreacing in the northern Atlantic beginning &dbaut &0 .M2 ago.

Tne relics of associated central alkaline volcanoes of that age are well
known from Scotland. A younger but similar situation is seen in the Afar
(Fig. 3), where the Ethiopian Traps erupted before and up to the opening

of the Red Sea anc Gulf of Aden. 1If the,Pacjfic plate were not moving so
rapidly with respect to the source of the Hawaiian magmas, the accumulation
of igneous material at present rates of production would clearly rival
Iceland, and although the Hawaiian Emperor hot-spot trace (Fig. 4) does not
lead back to a site of rifting and a large flood basalt pile, it is apd?o-
priately grouped with other flood pas$1t-producing objects. Several other
large hot spots do have tracks lea&ing back to rifting sites and accumula-
tions of flood basalts (Fig. 4), in particuiar Trisﬁﬁn/ﬁough t§ the Kaokoveld

and Parana basalts which were erupted just before and up to the opening of

the South Atlantic 120 Ma ago; and Reunion to the Deccan Traps, wnhich were
erupted about 65 m.y. ago just before rifting in the Gulf of Khambat and
removal of the Seychelles from India (McKenzie and Sclater, 1971). The

Galapagos hot spot, although its tracks do not lead back to preserved flood

basalts, is sited on a spreading ridge that started about 25 Ga ago by rift-
ing across older oceanic crust generated at the East Pacific Rise (Key, 1977
). It may not be a coincidence that the Galapagos hot
spot, as shown by its area and the volume of magmatic products in its
tracks, is a relatively large one, like others that have been listed as
associated with flood basalt production and initial ocean opening. Ocean
opening in the Labrador Sea-Baffin Bay was accompanied by the flood basalt
volcanism (about 60 Ma) which is now preserved on Disko Island, and Cape
Dyer of Baffin lsland. The hot spot that produced this volcanism made the

shallow sill to Davis Strait as a track, but is now obviously extinct.



fertels 1 1F 213C not e coincicence tnet spreacin; cea2sed 1n the Lacracer ;??5
Sea-Eaffin Eay at the same time or shortly after the hot spot died. This
case illustrates the point emphasized by Vogt (1872), that the volumes of
magma generated in hot-spot sites vary with time, although, unlike him, we
do not think there is strong evidence for synchroneity in this variation
among mary hot spots. Thus, the amount of magma produc;d by the Hawaiian
hot spot, judged by the volume of the track, was very small at the time of
and shortly after the bend formed in the Hawaiian-Emperor chain. Its volume
may have been no more impressive at that time than one of the smaller present
ocean island hot spots, Iike St. Helena. The point we wish to make here is
that voluminous flood basalt-producing hot-spots are the same kind of object
as the smaller ones, and that one can change into the other, and back again,
with time. They may also die out, in terms of their volicanic expression,
temporarily or permanently. They vary & great deal in the length of time
during which large quantities of tholeiitic magma are produced, from the
short burst of the Columbia River basalts (Baksi and Watkins, 1673) and
Deccan Traps (Weliman and McElhinny, 1970) to the more externded histories
of Iceland and Hawaif.

Large flood tholeiite events in the oceans seem, in some instances,
to produce huge sil11 complexes, probably because of the 1imited abilities
of even mafic lava to travel underwater before chilling. Such sill com-
plexes (Fig. 4) have been identified underlying large portions of the
Caribbean (Eurke, et al., 1978b) and the submarine plateaus of the western
Facific (Winterer, 1976). The Mid-Pacific Mountains, one of the latter,
may perhaps be traced to the hot spots of either Easter Island and/or
Pitcairn Island through the Tuamotu-Line Islands track. Sill complexes

are, of course, also important components of many continental flood basalt
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events, particuiarly the egr?y Jurassic karoo anc Ferrar dolerites of Soutin
Africa and the Antarctic, and the mid-Crataceous lsachsen diabase of the
Canadian Arctic (Fig. 4).

It is of note that all major flood basalt events (where at least some
of the extensive lavas and/or sills are stil] preserved) were connected with
extensive rifting and, in most cases, with successful opening of an ocean.

Two large and well known ones not associated with successful ocean opening
are the Columbia River basalts and the Siberian Traps.

Well-preserved remnants of older flood basalt and/or sill complexes are
seen back to 2.15 Ga. Most remnants are found within old rifts and aylacogens
because the accidents of erosion through geological time have claimed any
more extensive basalts lying relatively higher outside them, The most
prominent flood basalt remnants of Palaevzoic or older age lying outside
old rifts and of any significant extent are the 600 lMz2-old Antrim basalts oé
N.W. Australia, the 1100 Ma-01d Keweenawan lavas and sills north of Lake
Superior, and the 1900 Ma- old Kimberly Plateau basalts and sills, also in
N.W. Australia. Witnin old rifts there are many more examples; prominent
ones in North America are the rifts of about 1100 Ma, which include the Copper-
mine River (N.W. Territories), part of which may be outside the rift defined
by Burke and Dewey (1973), Seal Lake (Labrador), Gardar (S. Greenland),
Keweesnawan and its extension in the mid-continent rift and gravity high,
end various aulacogens along the Cordilleran margin of the North American
craton, including one exposed in part in the Grand Canyon. Another prominent
rifting episode is that shown by the extensive tholeiitic sill complex
(about 2.15 Ga old) that invades what we interpret as the initial rifting
facies clastics and volcanics (arkoses, sandstones and basalts, etc. of the
Seward and part of Attikamagen Formations) which are preserved in the fold

and thrust b21t of the Labrador Trough (Baragar, 1967).
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Associated with this 2.15 Ga rifting and ocean opening event is an
extensive dike swarm (Fahrig and Wanless, 1963; Stevenson, 1968) that runs
(in Archaen basement) sup parallel with the northern end of the Labrador
Trough and then turns to run obliquely along the Cape Smith belt, the con-
tinuation of the Labrador Trough in northern Ungava. This dike swarm is the
last relic of a flood basalt event; a very similar although sma?l;r example
is seen close to and subparallel with the western margin of the Appalachians
in northern Newfoundland (Williams, 1967), where it {and nearby small relics
of flood basalts) was associated with the early Cambrian or slightly oider
opening of the ocean Tuzo Wilson called the Proto-Atlantic (1966), now termed
the Appalachian Ocean or lapetus. Dike swarms as re?ic§ of flood basalt and
rifting events are common. The MacKenzie dikes, which extend a great dis-
tance NNW across the western part of the Canadian shield are of the same age as
the Keweerawan rifting and flood basalt event. There are no well-preserved’
segments of contingntal rifted margins older than 2.15 Ga, ;he opening age
of the Labrador Trough and Coronation oceans. However, there are examples
of extensive tholeiitic dike swarms, from which we infer that rifting events
Tike those recorded in younger rocks took place. The Ameralik dikes in West
Greenland (McGregor, 1973), which are at least 3.0 Ga and perhaps as much as
3.6 Gz old (Pankhurst, et al., 1973) are evidence of the oldest rifting
event directly recorded. The nature of the older rocks they cut, containing
calc-alkaline volcanics, is to us indirect evidence of subduction, sea-
fioor spreading and yet oider rifiing.

One feature of low-metamorphic giade Archean volcanic terranes is that
they do not--with very minor exceptions which could be younger then Archean
(Cooke "and Moorhouse, 1959}--;sntain 2lkaline volcanic and plutonic rocks
like those which have been emplaced at present hot spot sites and are pre-

served sparingly in rocks up to zbout 2.5 Ga nld. Judging by the largest




present not spots, pernaps most of tnem were jarge in tne archian and
erupted huge quantities of flood basali-type tholeiite, Lavas and sills
generated in this way, if preserved from subduction, might be represented
within the extensive basalts in greenstone belts. Alternatively, efficient
subduction of Archean oceanic lithosphere may have removed essentially all

the het spot material anc may nave preferentially preserved iéTand arc
edifices, which even today contain only rare occurrences of alkalic volcanics.
Added to the small area of preserved Archean rocks, this small chance of
preservatior of alkalic volcanics may explain why they are so rare in such

terranes.-

FLUCTUATION IN VOLCANIC ACTIVITY?

An important guesticn is whether, and if so by how much, the amount of
volcanism on Earth has fluctuated with time. This question is fraught with ’
difficulties. Older rocks are generally preserved in smaller proportions
relative to younger ones,so that the occurrence of volcanic rocks per unit
time could be expected to be less. Long ago, however, since hest generation
was greater, volcanism may also have been greater, and these eifects may
partly cancel, Bacause oceanic rocks are destroyed by subduction &nd obduc-
tion, the record . necessarily incomplete; generally only arc and conti-
nental rocks are preserved. In spite of these difficu.tfes, scme workers
have discerned episodicity in igneous activity, especially in the Precambrizn,
The crude technique, popular twenty years 2go, of plotting histograms of
isotopic aces has fallen into disuse with the recognition of the complexity
of the record. A particularly significant observation is that the propor-
tions of continental area representative of a particular time interval and
available for study are so small. For example, the Superior Province,

which is the largest Archean area on Earth, representing about ralf the
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gotél arez of Archean rocks not obscured by later events, amounts to only

= of continental area. A more sophisticated approach considering the
isotopic compositions of Nd, Sr and Rb has been used by several authors

(e.g. McCulloch and Wasserberg, 1978) to show that many Precambrian conti-
nental rocks became isolated from the main mantle resevoir during an interval
of about 200 Ma roughly 2.7 to 2.5 Ga ago. This is a most interesting and
unexpected result.

Turcotte and Burke (1978) used an indirect method tc estimate volcanic
fluctuaﬁion with time during the Phanerozoic. Realizing that sea 1evef
responds to the volume of the mid-ocean ridges, they inferred that the times
when the continents were most flooded were times when the ridges were most
active. By crudely calculating the proportions of heat escaping through
conduc’ion and ocean-floor aging, they were able to estimate that nearly
twice as much heat was escaping the Eérth through the cooling of aging
ocean floor during the late Cretaceous episode of continental flooding as is
escaping in this way now. In order to keep the Earth at roughly the same
volume, they inferred that plate consumption aiso peaked at this time,
which is consistent with the familiar high concentration of circum-Pacific
batholithic emplacement during the Late Cretaceous and the Late Cretaceous

concentration of emplacements of Tethyan ophiolites.

CONCLUSION

It has been impossible to cover all aspects of volcanism through time
in such & short review, but it seems apnropriate to point out that the
history of volcanic activity on Earth as summarized here is best viewed as
Tuzo Wilson (1968a) first proposed, in the context of ‘cycles of ocean

opening and cinsing. Not only can rift, plate-margin and collisional




volcarisk pe well accommodated within the framework of "wWilson Cycles” .28
(Dewey and Burke, 1974), but so can the role of hot spot (intraplate type)

volcanism, especially of the Hawaiian kind (Wilson, 1963).
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FIGURE CAPTIONS

Heat production in the Earth from decay of radioactive isotopes

of U, Th 2nd K through geological time (after Lee, 1967)

Cross-sections of oceanic spreading ridges (after Dewey and Kidd,
1977)
(a) Rifted, slow-spreading ridge.

(b) Non-rifted, fast-spreading rise crest.

Tectonic sketch map of the Tibetan Plateau and surrounding
regions, emphasizing the Neogene-Recent volcanic rocks
(stippled). Lines with black triangles -- active thrust
boundaries; line with open triargles -- inactive thrust

boundary; dot-dash lines -- active transcurrent faults,

World map with plate boundaries showing larger active hot spots
(b?ack circles); their tracks, i.e. volcanic accumulations

left behind hot spots on moving plates (stipple); large areas
of flood basalts and associated sills (horizontal ruling,
dashed where basalts mestly subsurface); submarine eguivalent
of flood basalts, mostly sill complexes (vertical ruling -
decshed where tentative)l Approximate ages of flood basalts and
sills given in millions of years, as are the ages of the oldest
portions of some hot-spot tracks. Number underlined is age of

younéest part of Cavis Strait hot-spot track.
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Introguction

Anomalous topography is relief which is not associéte& ﬁiﬁh either
pfﬁte bb&ndafées 6r normal nén-hf#téﬁﬁergfﬁ4édgésfé?”céﬁtih§ﬁ£s‘ (8§§£é;wmrﬂ
et.al., 1977) Erosional processes tand to reduce relief on land to near
“sea level within a few million yedrs. Thus “normal” non-plate boundary
areas lie within a few hundred meters of sea level. Anomaious areas
considered here are those areas abcve 500 meters.

The two areas which fall into the anomalous category in South America
~ are the Guyana Highlands and the Brazilian Highlands. The GuyanaAHighlands,
in southern Venezuela and westarr. British Guiana, constitutes the smaller,.
more eauidimensional uplift. ‘he Brazilian Highlands occupy a larger, more
irregular area in central, easturn and southern Brazil. Both areas have
.. some elevations above 1000 meters. (Figure 1) An examination of the
geologic history of these areas is presented with the hope of determining
some constréin;s on models explaining anomalous topography.

Methods of Investigation

In this 1 have attempted to determine the timing and cause of uplift
of the two major anomafous areas. Generalized (and when necessary, detailed)
stratigraphy of the uplifted areas and their surrounding regions was examined
to determine the timing of uplift. Depocsitional hiatuses or erosional sur-
faces in the highland stratigraphy, synchronous with increased deposition
of highland derived clastics in the surrounding basins should provide
constraints on timing of uplift. Progradation of river, with a dramatic
increase in clastic input should provide evidence of accelerating uplift
of their source areas. Therefore, rivers draining these areas were examined
to see if séaward surges could be identified.

Structural features in the anomalous areas have been examined to
discover possible reasons for uplift. Structures could provide pertinent

information on stress regimes active prior to or during uplift.
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GUYANA HIGHLANDS

Geclogic Summary

=2
- |
]
|

The Guyana Highiands consist of a sequence of clastic rocks overlying

a basement complex of metamorphic rocks. This basement complex is comprised

of two units. The lower of these two units, the Imataca complex of Venezuela

and the lower basement complex of British Guiana, is characterized by grani-

tic and amphibolitic gneisses, iron bearing quartzites, and sericites,

chlorite and talc schists and phyllites, pegmatites, gabbros, dolerites and

spillites. (Lopez, 19%6; Bracewell, 1956; Hurley and Rand, 1973) These

rocks are early Precambrian in age, dated as 2700-3400m.y. by Rb-Sr whole

rock analysis. (Hurley and Rand, 1973)

Overlying this complex is the Pastora series, consisting of volcanic
rocks and volcanigenic and pelitic sediments of late Precambrian age,

metamorphosed during the Trans-Amazonian Crogeny, aporoximately 1800-2100

m.y.b.p. (Hurley and Rand, 1973)
Unconformably overlying this basement system is the relatively flat
F3

lying, detrital, Roraima sequence. This consists of about 2400 meters of

thinly and thickly bedded pink, yellow and white sandstones, reddish

guartzitic sandstones and quartzites, red, green and white (porcellanite)

jasper, shale, conglomerate and boulder conglomerate. The basal unit of

the seguence is a ten meter thick diamond anu gold bearing conglomerate.

(Lopez, Bracewell, 1956) The Roraima is divided into upper, middle and

lower units by red jasper nhorizons which appear conformable but are

likely to discuise mejor depositional hiatuses. (Gansser, 1974) There

Both the Proterozoic and Permo-Triassic dikes intrude the lower and middle

Roraima memters. The upper unit however, is unaffected. This suggests a

post-Permo-Triassic age for the upper unit. Tentative fossil evidence,

and stratigraphic correlation with sediments of the table mountains to the

west suggest a cretaceous age (80m.y.) for the upper Roraima sediments.
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\oancser, 1874)

The Roraima sequence is found overlying much of the basement complex in
eastern Venezusla and western British Guiana, and in general correlates with
areas of high topography. The highest topography occurs in the Pakaraima
Mountains which traverse the border, with Mt. Roraima as the highest peak.
(Figure 2)

Basin Analysis Around the Guyana Highlands

As deposition of the Roraima formation occurred at least until the
upper cretaceous, it is assumed that the time of uplift of the anomalous
area is post-cretacecus. Therefore, an examination of the tertiary strati-
graphy in the surroundinc depesitional basins was conducted in search of
resedimented Rorazima.

The eastern Venezuelan basin is located between the guyana shield on
the south and the coastal ranges on the north. More than 12,000 meters of
mesozoic and cenozoic sandstones, limestones and shales are preserved.
(Hedberg, 1956; Liddle, 1946) These appear to be typical shelf sediments,
with continental affinities increzsing toward the guyana shield. Notable
in this sequence is the Santa Ines formation of Miocene age. It is much
thicker than any of the other cenozoic formations (3500-7000 meters thick).
Overlapping beds and depnositional inclination sugoest rapid cdeposition.

The unit is cumprised of coarse grained sandstones and massive conglomerates
containing chert, cquartzite and limsstone pebbles, and schist fragments.

It Jies locally unconformably zbove Olicocene or Upper Eocene sandstones

and shales. (Liddle, 1946)

These miocene sediments appear to be thick fanglomerate deposits
adjacent to a rapidly rising highiand. Whether or not this highland wes
the guvana is not clear because the uplift of the coast ranges of Venezueia
culminated in the Miocene. (Beck, 1978; Maresch, 1974) FResolution of

this cuestion will have to await dating of the metamecrphic fragments, which




snouic be Fre:ambrién if guyana is the source and cretaceous i¥ the source
is the coast ranges.

Another area containing possible resedimented highland strata is the
northern coastal region of British Guiana. This area contains the tertiary
white sand series. * This is comprised of red, yellow and white fine grained
sands, quartz gravels and reddish clays. These deposits attain a maximum
known thickness of 2100 meters at the mouth of the Berbice River. The
coastal deposits become restricted in area further inland. They appear to
occupy the valleys and estuaries of an old river system. These sediments
become coarser in proximity to the Pakaraima Mountains.

An important feature of the white sand coastal and alluvial deposits
is their alluvial diamond content. (Bracewell, 1956) The only recognized
source of these diamonds is the basal Roraima unit. (Lopez, 1956; Brace-
well, 1956) As the headwaters of the tertiary river svsiem appear to be
in the Pakariama Mountains, it is 1ikely that the white sand formation
consists to a great degree of resedimented Roraima.

The age c¢f the white sand depcsits is possibly miocene-pliocene, as
dated byiforaminifera in arenaceous sediments drilled from a test well
near New Amsterdam. (Bracewell, 1956)

An examination of the Orinoco and Amazon River deltas for indications
of uplift of the Guyana Highlands did not reveal any correlations. The
generalized survey of the tertiary of the Amazon basin (Bigarella, 1973)
and the more detailed stratigraphic analysis of the delta area (Oliviers,
1956) do not indicate either the presence of resedimented highland clastics
or massive progradation of the delta due to uplift of the Guyana Highlands.
Brazilian Highlands

Geologic Summary

The geology of eastern Brazil is comprised of outcropping Brazilian

shield and the sediments of a variety of Pharnerozoic basins. The
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ozoesitional basins are Civided'into six major stratigraphic sequehces

separated by regional scale unconformities. (Campos et.al., 1976) The
rocks of the Brazilian shield are divided into lower, middle and upper

Precambrian.

The lower Precambrian consists of metamorphosed granite rocks, peg-
matites and dikes older than 2200m.y.b.p. and includes the Trans-Amazonian
orogenic cycle. These rocks range from ultrabasic to granitic, including
pegmatites and volcanics. The upper Precambrian consists of the Uracuano
cycle (900-1400m.y.b.p.) and the Brazilian cycle (700-450m.y.b.p.) The
Brazilian cycle involved intense orogeny, migmatization and intrusive
activity. (A]meida“et.él., 1973; Oliviera, 1956)

Campos et.al. (1974) distinguish a metasediment piatform cover from
the basement complex. Tnis consists of early to late Cambrian arkoses,
pelites and limestones, partly deformed during the last episodes 6f the
Brazilian Orogeny, and Cambro-Ordovician silicic igneous rocks.

The six phanerozoic depositional sequences are found in both the
intercratonic and coastal basins. Howsver, the lower three sequences are
much better developed in the intercratonic basins then in the coastal
basins. The first seguence is comprised of thick ccarse sandstones and
tasal conglomerzies overlying the eroded metamorphic surface. These sedi-
ments were deposited in the topographic depressions resultant from the
Brazilian foldbelts, and range in age from Silurian through Devonian.

Secguence II is deposited over a glacial erosion surface developed on
sequence I, and continued basin filling from lower Carboniferous to Jermo-
Triassic. Cycles of sandstones, evaporites, carbonates and black shales
with thé interior basins suggest fluctuations of climate from arid to humid.

Sequence III is separated from the underlying sediments by a major
erosional unconformity which locally stripped secimentary cover to the

basement. The sequence contains pre-rift red beds (shales and sandstones)
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and rift filling fluviclacustrine sediments. 1t is ¢f upper Jurassic to
lower Cretaceous age. Thick igneous basalt flows and diabase dikes and
sills from 110-148m.y. o1d, associated with syntectonic sediments are
found in the central and southern basins.

Sequence 1V ranges from Aptian to Santonian age and contains local-
ized evaporites and limestones in the interior basins and thick evaporitic
sections in the coastal basins. These are underlain by continental basal
conglomerates and sandstones. The evaporites grade upward into beach sand-
stones, limestones and marine shales. This is the first recorded marine
sedimentation on the present Atlantic margin of Brazil, however, the
equatorial coastal basins contain no evaporites from this sequence..
(Campos et.al., 1974)

Sequences V and VI are not distinouished in sediment type and are
only locally separated by an Oligocene-Miocene unconformity. Throughout
the cenozoic, terrigenous sandstores and shales, with some limestones, are
ccmmon.  Beach, shelf and slope facies of a prcgrading continental margin,
undergoing oscillatory transgressions and regressions are represented by
these sediments. (Ponte and Asmus, 1976)

Relation of Topoaraphy to Structures

Ponte and Asmus (1976) describe three general categories of elevated
topography: tablelands {tabuilieros and chapadas), cuestas and ridges.
Tableland are sedimentary plateaus formed by fiat lying Mesozoic and
Cenozoic strata. These are presently bounded b: erosional cliffs. Cuestas
are open basins with shallow inward centripetal dips. Ridges are elongate
areas of high, rugged topography. These features are present in figure 4a,
The authors suggest that many of these topographic features are bounded by
or localized on reactivated basement structures.

The Tucano, Jetoba and Araripe tablelands, about 50C-700 meters high,

have some bcundaries which coincide with Precambirian lineaments in the
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besement fioor. (Figure 4b) (Ponte aﬁd Asmus, 1976)

The upiift of the Serra do Mar region began iﬁ the upper (retaceous
along preexisting Cambro-Ordovician (Brazilica Orogeny) fault trends. It
is likely that these faults resulted from the reactivation of Trans-
Amazonian structures. Two other tectonic episodes occurred during the
Oligecene and Pliocene, accentuating relief and initiating intensive
erosion. Curren: seismicity in the Serra do Mar indicate that the region
is $ti11 somewhat active. (Almieda, 1976) .

Although it is c'ear that basement trends have some influence on the
form of the small scale uplifts mentioned, other areas of high topography
are unaffected. It is likely that basement reactivation is only a response
to some other mechanism of uplift.

Basin Analysis Around the Brazilian Highlands

An examination of the Tertiary sediments in the coastal basins of
Brazil reveals a thick continental clastic section deposited in Miocene-
Pliocene times. (Figure 5) The Barreiras is well developed in the
Reconcavo, Sergipe-Alagoas, Potiguar and Recife-Joao-Pessoa basins.

(See Figure for basin locations.) In the Recife and Reconcavo basins,
the clastics overlie Miocene carbonates and shales. In the Sergipe-

Alagoas basin, Miocene-0ligocene marine sediments are thin or absent. In
the Poticuar basin, the Barreiras group unconformably overlies Maestrichtian
carbonates. {Asmus and Ponte, 1973)

Almsica (1976) correlates the Barreiras group with continental
Pliocene depcsits in the Santos basin. He suggests that the areal extent
of these continental clastics is indicative of uplift of all of central
and eastern BfaaiX in the Pliocene.

Judging from the data available it is likely that much of the anomalously
high topography was uplifted in Pliocene times. Pre-Pliocene uplifts

probably also occurred, although perhaps not on such a regional scale.
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igneous Activity

Southeastern Brazil is an area of extensive alkaline and basaltic
magmatism. (Figure 6a) A period of early cretaceous basaltic extrusion
and diabase dike and sil1l injection is associated with the opening of the
‘South Atlantic.  Northeastern Brazil was unaffected by this volcanism.

{Campos et.al, )

A second, late cretaceous to early tertiary igneous activity, although

-

less widespread, resulted in thick volcanic accumulations in central and
southern Brazil. This younger volcanism has been associated with igneous
activity along various oceanic fracture zones. (Figure 6b) (Ponte and
Asmus, 1976)

Conclusions

Stratigraphical analyses of the depositional basins surrouading the
two anomalous areas suggest that the Guyana Highlands were uplifted between

late Cretaceous and Miocene times and the Brazilian Highlands were uplifted

in pre-Pliocene (probably Miocene) times. Although the timing of uplift
is fairly well constrained, the causes and mechanisms of uplift are much
less certain.

Two hypotheses have been submitted by Burke et.al. (1977): wuplifting
in response to a mantlie hot spot and uplift due to intraplate stresses.

A hotspct mechanism for the uplift of the Brazilian Highlands may
have some val di=y. The peak of magmatic activity at about 65m.y. could
be associated with the initial stages of upliTt which is still in effect
today. Erosion would level any high topography in a few million years
which was not constantly and dynamically maintained. If volcanism is an
accurate indicator of high heat flow in the 1ithosphere, then the sporadic
igneous activity in the Brazilian Highlands does not provide compelling
evicdence of hotspot activity continuous from 80m.y. tc present.

The Guyana Highlands contain no cenozoic magmatic rocks. Thus a
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hctspet mechénism for this uplift is unlikely.

Uplift as a response to intraplate stress ‘s difficult to gquantita-
tively constrain because the state of stress in the lithosphare is unknown.
Examination of anomalously high topographic areas on both sides of the
Atlantic suggest that crude correlations can be drawr between the age of
the terrairs being uplifted and their form. Areas of old Precambrian
cryst2lline rocks, such as the Brazilian, Guyana, and Canadian Shields
seem to be characterized by broad uplifts. Paleozoic and younger mount;in
belts tend to form narrow elonate uplifts correlative with the shape of
the Orogen., If both types of areas are responding to the same intraplate
stresses, the difference in their form may be the result of crustal
anisotropies. To & first approximation, the shield areas respond in &
homogeneous fashion while the vounger mountain belts behave anisotropi-
cally. The old structures preserved in the shieid areas seem to have
second order effects on the boundaries of the elevated areas in Brazil,
but little evidence is found for this in Venezuela.

As the two anomalous areas are large in scale, it is unlikely that
a model explaining their origin can be formed from an examination of South
America alone. Any moc.]l proposed fur the formation of these broad

topographic uplitts on the continents must result from a woridwide analysis.




Wiy, Figure I

Location of anomalous topographic areas of South America.
Highlands; b) Brazilian Highlands.

I3 > 500 meters £X > 1000 meters

a) Guyana
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Location of tablelands, cuestas and ridges.
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Plateau Uplifts: Mode
and Mechanism

This meeting report was prepared by T.R. McGetchin
(Lunarand Pilanetary Institute, Houston, Texas), K.
Burke (State University of New York, Albany), G.
Thompson {Stantord University. Stanford. California).
and R. Young (S:ate University of New York, Geneseo)
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One of the keys to uncerstanding the gynamics of 3
plate interiors 1s the puzzie of platesu uplitts espec:al’yi 1
those isolated from active mountain belts. These are o' 1 o
particular interest because they apparentiy invoive 3
deeply rooted processes ang are ingependent of active? 4
subduction Some of these areas are-capped by young
alkaline volcanics, while some are free of voicanics.
Putorana in Siberia, the Adirongdacks and Biack Hiils ¢
North America, and the Serra do Mar in Brazil are typ:-
calcases—irreguiar areas 100-200 km in diameter, 1
km above their surroundings. Voicanic-capped uplilts
arecommon in Africa (Ahaggar, Tibesti, Jos Plateau.
Ngaoungeré and the Cameroon Zone). asare exampiel’ 3
of the voicanic-iree uplitts (Fouta Djatlon, Angoia. :
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P:iaisaus 0! tne Worig
Piate Margin

Convergent Divergent intrapiate
Continentai Platesus

Tioet Etniops Colotado Piateau

iran

Shitiong

Altipiang

. Oceanic Piateaus
Caribpean icoianc Hawai
Galdpagos

Adamawa, andhigh Veidt). The Colorado Plateau may
be simiiar to voicanic-capped African uplifts.

in oraer to address the origin of these intriguing
features, a conference on Plateau Uplifts: Mode and
Mechanism was held August 14-16,1878, in Flagstafi,
Arizona, cosponsored by Working Group 7 of the Inter-
Union Commission on Geodynamics and the Lunar and
Planeiary institute. The meeting was hosted by the U.S.
Geoiogical Survey. Sixty participants spent three days
g:scussing various aspects of piateau uplifts:
geomorphoiogy, structural geoiogy and tectonics, deep
crustai and upper mantle structure from geophysics,
petrologic and geochemical constraints on models, and
models for plateau uplifts. While discuss:on naturally
focused on the Colorado Plateau, uplifts on virtualiy al!
the continents were discussec as were piateau teatures
onthe sealioor andthe planet Mars. About 50 of the
participantis enjoved a 2-day premeeting figig trip from
Las Vegas Nevaca,to Flagstafl, Arizona. Highlighted
were structural ang stratigraphic relations along the

¢S

SOUlAWES erh @208 D1 1e L007a0s Piklka. v EWEI DY
poatinthe Lare Meac region.

Uplift Mechanisms

More than a dozen ditferant mechanisms were pro-
posed to account for the piateau uplifts guring this con-
{erence, which in some form or other couid be applied
sisewhere in the world. These ihciude (1) thermal
expansion of the lithosphere due 10 a deep mantie
plume of hot 8pot, (2) thermal expansion due 1o overrig-
ing and subduction of a rigge, (3) thermai expansion
due t0 shear heating, accompanying relative motion
along ihe lithosphere-asthenosphere interface, (4)
volumetric expansion accompanying partial melting, (5)
hydration reactions within the mantie, such as serpen-
tinization, (8) introduction of volatiles irom a ceep-
seated source beneath, due 10 heating or some other
dehydration mechanism affecting high-pressure
hydrous phases such as phiogopite, amphidole, or
humite, (7) depietion of ‘fertile mantie’ in garnet and iron
due to partial meiting, producing a chemically depieted,
refractory residuum of iower gengity than the origina!
garne! Iherzolite (8) ‘crustalthickening' duetoa
horizontal mass transier o! material (by an unspecified
process). (8) underpiating or subduction at a very
shaliow (or even horizontal) angie. (10) metamorphic
(solig state) reactions such as basait-eclogite or spinei-
olivine, (11) ‘simple’ subduction, (12} cessation of sub-
duction and compiex reactions accompanying therma!
reecquilipration of a siad which has stopped. (13) reac-
tivation of preex:sting low-angle (istric) thrust faults,

TABLE 2. Major Piateaus and High Plains of the World (Kossinna, 1933)

Mean Elevation, m Area. 1000 km?

German Subaipine Foreland

iceiand Plateau

New Castilie Plateau

Ol Castille Plateau

French Massif Central

Scancinavian Highlands

Deccan Plateay

Shotts (Atias) Plateau

Ne;d Plateau (Arabia)

Anstolian Plateau (Asia Minor)

Kaishari

Tanm Basin

3obi

East Alrican Lakes Piateau

iranian Piateau

Great Basin (United Siates)

Coiorado Piateay

Greenlang ice Pialeay

Armenian Highignds

Yunnan High!ands

Mexican Piateay (Altipiano)
* Ethiopian Plateau

Antarctic ice Plateau

Ecuador Piateau (Attipiano)

Bolivian Piateau (Aitipiano)

Pamir Plateau

Tibetsn Piateau

Tharsis area on Mars

500 -~ 3%
800 70
600 60
700 70
700 70
700 350
800 400
800 80
900 700
1.000 500
1.000 2.100
1.100 600
1,100 1.€50
1,200 1.000
1,300 1.000
1.500 €00
1.800 $00
1.900 1.870
2.000 aco
2.000 300
2.000 380
2,200 450
2.500 12.800
3.000 i85
3.800 350
4.000 120
4,500 2,000
10,000 18,000
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ang fhinain t14) gelasnmen: ancd founcenng o' iarge
Dieces of tne HINOSDNere deneath the contingnts
(tlermeg ‘ceiamination’] ano fiow of mantie materialin
the astnenosphere 10 repiace 1. {The large subterra-
neanfrog ol ciassic Chinese and Japanese iterature
whose burping was believed 10 be responsibie for
earthquakes and volicanic eruptlions went unnoticed; an
oversight Dy the program commitiee.) The consensus
seemed 10 De that on the continents, uplilts of regionatl
exient are invaniably related {0 piate motions =
subguction or ission. On the ocean fioor they are

not. On Mars we have insutficient cata to discuss

the probiem inteiligently. templing thouh it is 10 specu-
late on the possidie impiications of Tharsis ior Martian
piates in some ncipient form.

Uplifts of the World

Since the term ‘uplift’ implies upward structural dis-
placement, there is commonly ambiguity and argument
regarding what constitutes an uplift, in contrast 1o an
area which is topographically high for a variety of other
reasons. This is particularly true in areas where
geoioQical Cata are sparse. Following Hoimes, piateaus
arecefined as broag uplanags of consicerable eievation.
Terrestrial plateaus occut both on the continents ang
onthe ocean {loor. Some are associated with piate
margins both convergent and divergent and others are
not.as Tabie 1 shows.

Brcad areas of sea floor stand significantly above the
mean gepth: these are of consicerable interestpecause
the sea fipor, 1n some sense atleast, is simpler than the
continents. Crough deveioped a theory of oceanrises
viustirated by the Mawaiian Sweli. The lithcsphere thins
abruptlly as it moves over ho! spots and then thickens
by siow cooling as it moves away, controliec by the
same processes as lithesphere moving away froma
spreading rigge. The rapid heating cannot ve
accomphsneg by conduciion but may be caus2d by
intrusion of dikes into the lithosphere.

Piateaus of tne sea {loor may owe their eievation to

o——Ba%in ant RanGl
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8Py Ol geveraiCaLses SCMe are vOICaNIC Diies
(Manimiki ang Ortong Java piateaus inthe Pacific),
some are believed 10 be continenta: fragments
(Seychelies) ang others, tnermal Derturbations
(expanoeg mantie} Frob.ems OCcur when these
features encounter active subductlion zones. The lioor
of the Caribbean is belisved i0 De occupied Dy such
buoyantresiduum of ocean {i00r piatesu.

Continentai uplifts (Table 2), bacause of intense ¢ro-
sion rates, are by vefinition young, generally iess ‘han
about 40 m.y. oid. (Hence the oicest plateaus on earin
are to be founc on the sea 1ioor— at substantiai dis-
tances from the active spreaging centers). Continenta;
piateaus are commoniy, but not exciusively, associatec .
with piate marging. An exampie of a plateau st divergen |
plate boundaries is in Ethiopia; those on convergent
piate boundaries are in Tibet, iran, ang the Shiliong anc
Altiplano plateaus. The latier are assocmed with active
convergence.

Continental uplilts aiso exist, however, which are not
associated with plate margins, namely, those lying with-
incontinants and remote from piate boundaries. Anum-
ber of these existin the worid, some of which were Cis-
cussed and summarized.

Aninteresting and imdoriantinsight on the question
ofthe refative uplitis of large continenta! areas is pro-
vided by compziing data from the stratigraphic recorg
onthe perceniage of continental areas floodec as a
function of time and Dy use of hynsometnc curves 10
inferthe corresponding uphtt Use of this method
(Bond) suggests extensive pest-Miocene uplitt of
Africa. scmewhat oider (pre-Eocene) uplift of weslern
North America, extensive uplitt of Australia inCre-
taceous time which had subsided substant:ally by
Eocene time. and post-Cretaceous uplift of centrai
Europe. The iming of such intraplate plateau uplitie in
relation to other regional and giobal tectonic events s
important. For example Burke pointed outthatihe grea:
African plateaus appear to beginin the early Tertiary &
a8 ime when sea fioor data eisewhere suggesttnatthe
Africa plate had come 10 rest with respectto thie
undertying conveclion pattorn.

srapl e SOUTHERN GREAT PLAINS ———s
®”rT

[P——

" €« o Tt e LTI !
o~ | i i ¢ i_n PR S ' | .
. o e -
L0 ., "eIMIn (M & 4 oS5 ol sents 1 LR {
e VermT  mrwwa, fSATS LRI — — e Y
- 04 0 &+ Iy | <3 (1% 7] e o 43 [} o s ‘el
€ e e e . s 1
- PR ———
- 204 = [ X} [T¢ ] e ~ —_—-——la
E [ 34 " _.;-— rrns? ‘:n- - --—--q Voeo?er ecem e cmrw ] s )
& 30- .M o fa Yy e — === 1%
I~ A . s A PR X
o 40 Ve ¥ e o ot s cmevcrcttmmn mamaemrn® N Tie »rs
[ TR 1 L THini 3y
w0 Compiled by * b R Mevommorm - Lse
344 [53)
Roger Greensfelider ey .
4wl gng Peasver, 1947 st LEtmidr @ 10/ rdrh,F @le @2 (810 sy G onte 0n d Tupe myti
9 feten et gl L '984 . foren, 1870 ‘ l ‘ PulFT rourt MEQE ROIL rL el DO Megay METIP ey scaLt
. * N warew-sa 8
, ?
€ Lengamga o g , I9N €2 wooriy - amcant et 00 1
D weder ® oo L1978 et 1O B
£ Keiar, 1965 W Dorcran unizeenty praiug
7 Werien san Jectsern, 1988 1 Pa SeiBT. s BA7 SRETT U5 WMERL WAl #1105 Gut I S0 (Ouamee $x versicoi Droggerating
6 Warien end Jusseon, ‘968
T2 e patghl CENEE EB'Y ) B s T g M A Vpa Timey
W Toppeisse ant Sunted 197E
3 Oiven 2t g, 1977
d  Stewert gag Pasiner, 1962
Fig 2a. Geophysical properiies aiong an east-weast cross section through the Colorado Piateau. The crustaithic:ness

beneath tne Coioradc Plateau 1S greater than that on either sioe; its heat liow is above normal; its electrical conduciivity
high and the pwave veloCity 15 10w, (Reprintec irom Papers Fresented to the Conlerence on Platesu Upli!t Moge éng
Mechanism, po. 52-54, Lurar and Planetary Instiute. Houston. Texas (Thompson and Zotack, 16781.)

Tris cage may De fresiy coped
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worid were Si5ZuSse2 altne conference Tre ngn
Didieau D centra’ Mexilo 15 certainly reiatec 10 Ine res!
o!the American Cordiliera, Fucugancn: (apstract on'y;
SUQQES!S tNat the Mexicen voicaniC Deit1s the resuit of
the subogugction o! the Cocos plate atine mig-. .nence
trench in middie (1o late Tertiary time ano sugges!s that
subdguction of the East Pacific Rise may occurinthe
near future. In this sense the Mexican highiands may be
animportant clue to the mig-Tertary (pre-30 m.y)
history of tne western United States.

.  TneRnenisn shield,in western Germany anc Luxem-
burg. s a raistivety smail {200 = 100 kmi but interest-
ing area because it has unaergone some 150 m of uplift

. during the Quaternary. i1 1s bounced on all si0es Dy
seismically act:ve rift vaileys and by young voicanism
{Eife! ares). An ambitious multichsciplinary investigation
1S ungerway, the current working model (lllies) sug-
gesis thatthe Rhewish shieia is a fault-bounded struc-
turat biock produced by northward displacement of the
Aips ouring the late Tertiary and that the uplift and
voicanism are due to shear heating resulting from slip
atthe base of the lithosphere. A comparision of the
Rhenish and Fennoscandian shields (Thailen and
Me:ssner) shows thatthe Moho and astnenosphere are
wOnsiderzbly deeperunger Fennoscandia; itis sug-
pgested thal Fennoscandia’s uplift is cue 10 its Close as-
sOCiatiion with the Atiantic, possibly invoiving mantie
creaep.

Tha indian subcontinent (Kailasam) is flankec on the
nerth by the Tibetan plateau, the largest and highast in
the world~this is the convergent piate boundary bet-
ween the continentalplates of India and Eurasia; tne
Shanplateautothe east s sma'lerbut aiso has
experienced upiifi over an gxtensive ares. Four smalier
put substanal areas within peninsular India have unger-
gonre epeirogenic uplitt during the Cenczoic—the Dec-
can and Karnataka in south india and Chota Nagpur
and Shillong plateaus in easiern and northgastern
India. Allare being investigated tor both scientitic and
eCONOMIC reasons, geocesy, seismicity, gravity, ang
voicanic geoiogy suggest thatthese plateaus are
active. A regional negative gravity anomaly is believed
‘o ingicate an unusually not upper mantie and deeply
rooted causes for the uplifts, such as plumes, hot spots,
and thermal expansion,

The uplifts of central Asia (Baikal and Tien Shan)
waredescribed as @ SW-NE striking arcn. Rifis are as-
sociated with these udiifts, confined to their axes Nor-
mulfaulls and earthquake local mechanisms suggest
thatihe Baika! Rift1s an extensional feature oriented
acress the arch The upper mantie beneathtne arch has
iow P, high Q, &nd iow gensily, and it 1810 appreximate
tsostatic balance. ltis inferrec thatthe asthenosphere
exiencs (o the case of the crust under the upidl Latera!
citference in tithesphere thicknuss aione, however,
goes not appear to sccount for the data, anc iaterally
hetercgeneous asthenospheric properties are imphied,
rameiy. a density contrast o 0.005 g/cm? The Soviet
investigator Zorin congludes that SW-NE compression
{lrom Tibet) cannot generale all the siructures but that
uprise of not mantie is required.

The Tnars:s regron on Mars ‘s a large (16 million km?)
ares in which the struciural Lcliftis believed to be about
10xm_Aregionaliree air gravity anomaly ot 500 mgal
‘¢ agsociated with Tharsis. Its surface is covered by
&pparently young volcanoes and volcanic DI&ins.
Pnillips described a number of possibie evoiutionary
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Colorado Plateau

The Cotoraga Plateru 0CCUDIes MOS! Of eartern Utan
and parts of Colorado, Arizona, and New Mexico (Figure
1, cover illustration), Most rocks NOw €xDOSET are
ungeiormed MesozZOIC SR0IMENts 4t aN AVErage sieva-
tion of at-out 2 km above ses levei Tertiary igneous
rogks that inciude basaitic ‘o silicic volcanics, kimber-
lite anc lamprophyre dikes. and intermediate COMPOsi-
tion intrusive taccoiithic centers are #xposed within the
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Fig. 2b. Summary of gecphysical propertie s through the Col-
ora00 Piateau-Basin-Range province doundary {zeroon
abrcisss) (Reprined from Paoers ®cesented 10 tne Conlerence
on Pla:eau Uplift- Mode anc Mezhanism, 20. 10=-12. Lunar and
Pianelary Institute, mousion, Texas (Chapman et al, 1878)).

province Basaltic voicanism pregominates and is 3850~
ciated with tensional structures around (he plateau
margins, the source of the basalts is mantie peridotiles
(Moore) Xenolitns anC geophysical data tcgether pro-
vice {airly speci‘ic constrainis on the nature ol the
lower crust and upper mantie; the upper mantieis
apparently hot, possibly even partially molien.

The iower ¢rus! and upper mantie xenoliths found in
volcanic rocks show hydrat:on effects (D. Smith) not
observed around the platea:. margins (Padovani, Hall,
Simmons) Xenoliths sugges: that the lower crust con-
sists of high-rank mafic metaigneous rocks and the up-
per mantie of spinei perigotite at shallow depths and
garnet perigotite at greater depth (Kay and Xay: Silver
and McGelchin). An assoriment of apparently deep-
seated eclogilic rocks are present, gxhibiling iow-tem-
perature moderate-pressure mineralogy but with both
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Fig. 3. Aerial photograch 2! ihe Lake Mead region showing the geciogical features of the iransition Detween the -
Coloraco Piatesu (sast. toward right) anc the Basin-Range provinces (isft). The view is northward in icederg Can-

yon, Lake Meag, showing lilled paieo20it and Frecamdrian rocks overiain by Muady Creek Formation capped by

isvas in Grang Wash. (Courtesy of U.S. Bureau of Reciamation )

pregrace ang retrograde textures (Heimsisedt and
Schulze). which may be fragments o! a subgucted piate.
New surisce wave data (Keller, Braile, and Morgan)
incicate that the crust under the Colorado Plateau is 45
km thick and is shieldlike, whereas the normal faulted
regions surrounging the piatesu have thinner crusts. A
very low P, velocity (7.5 km/s) within the transition zone
was ingicated by new relraction ¢aia. The upper mantle
pwave veiocity undaer the plateau is anomaiously low,
7.6 km/s. A refraction line near Socorroin the Rio
Granoce Rill, just off the southeast margin of the platesu,
revezied a crusialthickness o! 33 km._an adgarent P, of
7.6 km/5, and g sirong intracrusialrefiection where
magma chamber had been posiuiaied independently by
Sanforg and by ceep seismic refiection (COCORP).
New, deep-borehole hea! llow megsurements (Reiter,
Mansure, ang Shearer) reaflirm thal the suriace fiuxin
the plateau isabout 70 mWm . or 1.6 HFU (ucalicm
s “').Local exceptions seem {0 be cue to hydrothermal
circuiation anc recent voicanism. This tiux is higher
than the average ior areas of Frecambrian crusi angd
sugges!s that the crust and upper mantie beneath the
plateau sre unusually hot. As Thompson and Zobarck
showed, magnetic anomalies indicate » more conduc-
tive, presumably hotter, upper mantie beneath the
plateau. The expansion caused by this hesling mey
suppori the elevation of the piateau. The narrow zones

e

of even thinner lithosphere which surround the plateay
may supply the force necessary 1o cause the observed
E-W compressive siress in the plateay and {0 keep the
piateau from breaking apart. Chapman, Furlong, Smih,
ancd Wechsier outlined the geophysical constraints on
the mature of the boundary between the Colorado
Piateau and Basin-Range (see Figure 2), npmely. abrup:
changes 1n sgismic energy release, heat flow, crustal
thickness, and P, veiocity but absence of signilicant
eievation cifierence.

Cenozoic gravels and mid-Terliary volcarics are cru-
ciallorinterpreting the spccifics of the uplift—its Liming
and location {Otion ang Brooks, Young). In {sci there s
some c:sagreement about whether there is signilicant
relative uplilt between the Colorado Plaleau ang Basin-
Range provinces, both of which are structurally hign
{Damon; Fierce. Bamon anc Snatigutlgh), There s no
doul! thatthe entire region (wesiern United Siates) 18
structurally as weil as fopographically elevated ir reis-
ton 10 sea level or the midcontingnt. A struciure contour
map drawn on the 1op of the Precambrian would show
that the mountains of the Basin-Range stand even higr-
er than the Colorado Plateau. Hence while the Cclorade
Plateau s a rather dramatic 1opographic high, its struc-
tural elevat.on relative 1o the Basin-Rarge province on
the west, south, and eas! (Rio Grande Rift) is lower, Tne
current view (Lucchitta; Shoemaker; Young) is that
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Mechamsm

Descriptior Aemarns. ano Poss:bie Tectong
Seiung

Avinot or Brosonent

10.

11

13.

14

Thermal expansion gus 10
oeep mantie piume Of
not 3901

Therms: expansion cue 10
overrriging ang sudguc -
non of ricpe

Thermal expansion cue it
shear hesting aiong
lithesohete-astnenc-
sphere interface

Expansion accompanying
partial meiting

Hygration reactions such
88 serpentinization

introduction <’ volatiles
due to ceep-sesiesd
denygoration of hydrous
minerals

Expansion due 1o dedle-
tion of 'tertile’ mantie in
garnel ang iron resull-
ing from basaft genass

Crustal thicreming out ¢
notizantal transier of
mass in the IOwer Crust!

Ungerplating or subduc-
tior at very shaliow
sngle

Metamorphic (301i0 stae)
resctions as eciogite-
basait or spinel-oliving

‘S:mpie’ subduction
ang/or continental colli-
sion curing subeouction

Cessstion of subductiun
ang resulting therma!
ecuilibration of statig
siab

isolation ef Colorade
Platesu by hsirig normal
faulting in surrpunming
asreas

Lithospheric goiaming-
tioa, i1.a, celachment
and foundaring of iarpe
peces of subcontinen.
18! LithosDhere

MOvIng lithosphers overnaing a hot spot o
plume 3 NRales: exDANSION Cuses udlift
Litnospnete mey thin 88 well. aNQ voiCANISm
may foliow meiting. Mowaii is 8 QOCU exam-
pie. sastarn Ausiralid may be another.

Subtuction of a mioocean ricge Of Nho!
Spraaging centsr would introduce abnor.
maily hot rocka into the upoer mantie;
exDANSIOn 1OBUIting COUIC CaUSO uklilt ano
extengive vOICanism.

VisCOus hesting ©f shear 20ne Delwesn
Intnosphere and asinenospohere ¢an pro-
SuCe exBansion anc resuiting udlift.

The voiume of fusion 1Or Dassitic magma is
sbout B%; partial melting of the upper man-
tle wouid produce expansion,

Voiatiies, introguced into a COOI ubper mantie
Coulg proguce xerpentine, with about 10%
vOumelric eaDansion. Mess suggested this
for ihe Colorado Plateav in 1954,

Humite, amphiboie cartsonale. and phiogopite
are Observet in CeeD-sedted nocuies in
Kimberiite; dehsgration o these minerals
SnC upward iransport of ine voiatiles would
CONtTidUle 10 OF CausSe EXDANSION ANC DOSSI-
Oly partial meiting.

Subcontinental ang suboceanic lithospheres
(uDper manties) have simiiar censities anc
Se:§mMIC veiocilies Dul very dilferent tem-
peratures.

Process cescrided Dy Gillully prior 10 wide
sccepiance o piate teciomics 10 exdian
acoarent mass ceficiency under the Basin-
Range ang coincicent eievation of the Coli-
orago Pisteay, celails of process
unspecitied.

Megtamorgphic assemblages, such as high-
pressure low-temperature eciogites sug-
oes! tha! ophiol'te-line Distes may exis!
beneath 'ne Colorado Plateau: some Delieve
that thrust angies couvid be nearly horizon-
18

Deep-~eated solig-stale reactions. wouic
require hesting. in generasl. 10 Orive reac-
tions to €xPANSIONS.

High pistesus of South Americs and Tibet are
erampies of simdle sudbguction processes.
The Coicraco Plateay may have been
ungeriain by 8 subduct:ion zone prior 10 30
my. when the East Pacific Rise intersecten
the North American pizte (Atwater, 1670).

Wrkan sudcuction stops, the colc gowngoing
siad nea!s ud. The rasulting thermal
equilibration and metamorphit reacticns
(both retrcgrace 803 prograce!l are comdier
but will procuce exCansion, melamorgh:sm,
and pe:ss:bly v .camism

The Coicrago F.a'eay :5 part of a8 much
trosger Rocky Mauntan uphit. West, south,
and eas! of the Coioraco Plateau, crustisl
attenyation is sChieved Dy siretching that i1s
accompained by histric normal fauling In
this {gshion the Coiorace Pateau becomes
1sc!ated and remains intact Tne listric not-
mal faylts are preterentiailly located aong
presxisting earlier thrust faults.

Cwing o cooling, lithaschere celaches from
Crus! ang sinkg ine warmer, viscous, ang
censer asthencsphere Counterfiow of
atthanc.ochere warms crusial rocks above,
result is progressive uplilt and volcarism.

PUC cenotes Plateav Uplitt Conlerence. Fiagsialtl, 1§78.

JECKson anc Snaw
Morgar
Crough, PUC
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oriorto about 24 my. age the Colorado Piateau was
topograsnicaily iow, had low rehie! and internal
drainage. ang nagc not yet gevelopes an integrated
tnrough-tiowing river system (the Colorado) which
exited 10 the sea. There was significant faulting (inciug-
ing Basin-Range episoge) in the Miocene between 18
and 20 m.y. ago. foliowing which time the drainage
became integrated in1o the ancestral Coiorago River
system (Plioceneg time). which fiowed off the piateau to
the west. Tiie Peach Spring tulfis a key marker uniti1n
pinning down these reiations. It appears that prior 1o
eruption of this ash fiow tne Basin-Range province
stood topographicaliy hign relative to the Colorado
Piatesu; after about 10 m.y. the reverse was true. The
bulk of the regional uplift. some 1 km, occurred in the
Miocene during this B-m.y. span (between about 18 and
10 m.y. ago}, and the Colorado Plateau province has
stood high since. The regionai upliftis obscured by con-
temporaneous Basin-Range faulling and relative subsi-
cence west of the plateau.

Lucchitta has pointed out that an important measure
of the uplift of the plateau with respect to sea level is
provided by upwarping and faulting of sea level or near
sea level deposiis irom the mouth of the Colorado to the
mouth of the Grand Canyon. He concludes (1) that
before Basin-Range faulting the plateau was lower
structurally and topographically than the country to the
west: (2) tha! atthe end of Basin-Range faulting and
deposition (about 8 m.y. ago) the Plateau was 1.1 km
higher than the top of the adjacent basin fili, 4.3-5.7 km
higher than tnhe floor of adjacent basins. but still lower
than nearby ranges; and (3) that since about 3 m.y. ago.
atleast 880 m of uplift of the plateau and Basin-Range
have occurred through upwarping and faulting.

There was a generai consensus that the plateau we
see in Arizona tocay has been inherited from the
moditication of a regional northeast-sioping surface
related to a broader uplitt of much of the western United
States dating from the L_aramide. This oid surface,
extensively eroded in early Tertiary time, is covered by
Cligocene voicanics on the western and southern
margin of the piateau (Peirce; Young).

Lake Mead Region

The premeeting field trip route (ied by tvo Lucchitia
and Richard Young).in an east-west direction, crossed
Lake Meac and turned southwarc along the south-
western margin o! the Colorado Plateau irom the mouth
of ithe Grancd Canyon to U.S. Intersiate 40. i1 this area,
sty'es of tectonic ceformation vary from strike slip fault-
ing 1n the north and west tc simpler normal faulting in
the south and east (Figure 3). Principal features inciude
Laramide (65 m.y.) piutons, early to middle Tertiary
uplift, erosion, voicanism, and fauiting. The Peach
Springs tuff is a distinctive widespread stratigraphic
markesthat crops out nearthe margin of the piateau.
This unit and the Miocene and Pliocene Horse Spiing
Formation and Muddy Creek Formation are criticai for
understanding the post-middie Miocene structura;
history of the major plateau margin faults, the structural
and stratigraphic relationships of these units thus were
focal points of the trip and of the meeting because they
define the time of uplift and position of the boundary oi
the Colorado Plateau relative 1o the Basin-Range pro-
vince.
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Conclusions

The conference closed with a lively discussion, lec &
Ber{Baity. Kevin Burke, and £E. M. Snoemaker. wnich
focused on the question: What .ew data ¢o we neecC 1¢:
aodress crucia! questions for the Colorado Plateau”?
There was a consensus that the answers appiy to al!
plateau uplitts of the worid and that they wili come fror
many discipiines. Important new data are likeiy 1o be
contributed by (1) geologic and geomorphoiogic map- |
ping of reiations on the margins of uplifts, especially
supportec by absolute age determinations of associ-
ated voicanics which will constrain the amount and tim !
ing of uplifts: (2} petroiogy of voicanic rot XS as clues U
tner origin and relationship to subductir 2 piaie
margins: (8) petrology of xenoliths in volcanic rocks
which provide important clues o the composition and
state of the lower crust and upper mantie and, in partic -
ular, metamorphic events occurring at depth through
quantitative constraints on pressure, temperature, anc :
chronology of these rocks (there is a critical need for
age-dating methods applicable to mafic and uitramatic .
lower crustal and upper mantie xenoliths); and (4) geo- ¢
physics which will continue to provide the bulk of cata
for the physical properties of the lower crust and upper
mantie. :

New programs such as Continental Drilling, COCORF.
satellite geodesy {e.g., NASA's proposed geodynamics .
program}, and consortia approaches to topical stucies !
may help considgerablyin providing new data.

Severa! conclusions were reached. Upper mantle
structure, composition, anc thermal procasses are the
key to understanding the ultimate causes of uplifl in vir-
tually every case. It was generally agreed that the Col- .
orado Piateau could not be separated from the regiona! :
uplitt of western North America during Tertiary ime.

The uplift of the Colorado Plateau province and adja-
cent regions can be bracketed in time betw2en about

10 and 18 m.y.. and the magnitude of ur'vard movemen:
was about 2 km. Available data (P, S velocity structure, -
Qeiectrical resistivity profiies, heat flow, and petroiogy |
of voicanics and xenoliths) strong!y suggest partial
melting within the upper mantie under much oi the
western Unitec States. The ‘Coicrado Plateau uplit
probiem’ then becomes one of explaining (1) the ulti-
mate cause oi the regional uplift of the American West
anc (2) why the Colorado Plateau survived as a sifuc-
tural and topographic entity while the country surround-
ing 1t was being severely modified by fauiting and
extensive erosion Itis apparent thatthe structural anc
topographic unit known 2s the Colorado Plateau is
being 'nibbied’ away from all sides by active erosion

and fauvlting.

it wes pointed out, partly in jest, by George Thompson .
that Dutton in 1892 sugoested that uplifts are due pri-
marily to expansion. No less than 14 fundamental uplift
mechanisms were suggested (see Tatie 3}, essentially
allinvolving subduction, plate motion, and/or expansion
due 10 heating or partial melting. The extensive voican-
ism in and around the Colorado Plateau is clear evi-
dence thatthe upper mantie was being heated by some
process, geophysical dzta on the current state of the
upper mantle support this view. The wealth ol data
emerging Irom many disciplines is constraining the
many possibilities for models of uplift mechanics. This
conference was a dialogue among specialists of widely
different disciplines largely focused on the Colorado
Piateau; atthe conciusion it was clear that we have
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made sybstantial progress in the 12s! gecage butinere
was g clear cansensus onine neec {ornewcata Com-
parisons 1o D:ateaus eisewhere On CONUNEN!s Cn the
sez tinor, anc even on other pianets (the Tharsis uphift
on Marsj provigec an overview tnat uslifts are most
commonly associated either {1} with subduct.on or its
direct etfects or (2) with ceep-seated thermal distur-
pances which result in expansion and uplift.

Like tne Coiorado Plateau itself, the probiem of
pla.eau uplifis 1s being niobied at from all
§:nes—progress is steady, it not spectacuiar.
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ABSTRACT

Two widespread features of the continental interiors of plates,
re-elevated ancient mountain chains and intra-continental basins, imply .
considerable vertical displacement a long way from plate margins. The
rates at which uplift and subsidence occur in these envi-onments are
sufficiently slow that seismic risk in them is generally low. Basin
subsidence may occur for a variety of reasons but a ciincidence in timing
with plate-margin collisional episodes indicates the possibility that
stresses transmitted from the plate-margin help in initiating subsidence.
Although many intra-continental basins overlie rifts,cooling in response
to the thermal perturbation represented by rifting is not generally the
cause of basin subsidence.

INTRODUCTIOW

Studies by members of the Department of Geological Sciences at the
State University of New York at Albany concentrate on the tectonics of the
past. We have adopted the pecsition that with the recognition of the plate
structure of the lithosphere (Wilson, 1965) basic understanding of the way
in which tectonic processes operate today has been achieved. We have
examined ancient rocks and structures with a view to seeing how the
processes that operated in the past resembled those act’ve now and to
assess whether observations on the ancient systems can heip to illuminate
the way in which the modern processes are happening. The contrast with the
methods of seismologists is great, but the limitations that are imposed
both by the short periods over which earthquakes occur and by the short
length of the seismic record are well known (Allen, 1975). Our approach
has, perhaps, been to some extent compleaientary.

Much of our effort has been spent in studying ophiolites, and this has
proved fruitful in furthering understanding of processes at mid-ocean
ridges and oceanic transform faults (see, for example, Dewey and Kidd, 1976
and Dewey and Karson, 1978). Here I speculate briefly on two general
problems of intra-continental tectonics that emerge from studies of ancient
rocks and that have some relevance to a conference on intra-continental
seismicity because both types of phenomenon imply substantial displacements
within continents at a long distance from active plate boundaries.
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LOCALIZED RE-ELEVATION OF OLD MOUWTAIN BELTS

High mountain belts within continents today such as the Himalaya,
Tibet, the Kun-Lun and the Tien-Shan are products of continental collision
{Molnar and Tapponnier, 1975).

The history of elevation of these mountains since the collision between
Asia and India about 40 m.y. ago has not, as yet, been worked out in detail
but it is certainly complex. Evidence of antecedent drainage from Tibet to
India shows that the Himalayas have gone up more recently than the Tibetan
plateau and folding of Recent sediments in the Tsaidam basin (Sengbr and
Kid?,'1979) may indicate progressively younger, more northeasterly mountain
building.

Global assessments of current relative plate motions (for example,
Minster and Jordan, 1978) reveal that India and Asia continue to converge
at a rate of about 60 mm/yr. The general elevation of the collisional
mountains can be attributed to active tectonics resulting from this conver-
gence. ctrosion rates among the great collisional mountains of Asia are
extremely high, and it has long been recognized that such erosion is rapid
&nougn to remove mountain belts in a few tens of millions of years (see for
a discussion of erosion rates, Blatt, et al., 1980, pp. 22-30). If the
process of plate convergence responsible for the elevation of the collisional
mountains of Asia were to cease erosion could remove all vestiges of the
mountains within 160 million years.

An anomaly is that some quite cld intra-continental mountain belts
are elevated today. For example, ti2 Appalachians of North America where
the first convergent event nappened about 450 m.y. ago and the last
continental collision about 29C m.y. ago contain extensive areas over 1 km
above sea level and reach, in two areas, an elevation of about 1.5 km. The
trend of the old fold belt shows up clearly in topographic maps although
some areas with the youngest tectonism - for example, the Piedmont province -
are not the most elevated. In the Yral Mountains, where collision occurred
about 290 m.y. ago, elevations in two areas also reach 1.5 km and a large
areas exceeds 1 km above sea level.

The Caledonides of western Europe, where convergence ended as long ago
as 350 m.y., also contain substantial areas higher than 1 km above sea
level and reach a maximum elevation of about 1.5 km.

Two possible explanations of these elevated ancient mountains are
(1) that estimated erosion rates are misleadingly high and (2) that the
old mountain belts, having had their elevations rapidly removed by erosion,
are re-elevated in response to renewed tectonic stress. Holmes (1965)
concluded that the first hypothesis was valid and that erosion rates were
particularly high at present because of the activities of man so that mis-
leadingly high estimates of erosion rates are obtained. Workers in south-
eastern Europe and Asia Minor have been particularly impressed with the
contribution of goats to rapid erosion (James Jackson, personal comnunica-
tion, 1979).

New light has been shed on the second hypothesis with the increasingly
widespread observation that intraplate stresses are commonly compressional




(see, for example, papers at this conference and Sykes, 197%). This
suggests the possibility that the old mountain belts serve to localize
newly applied intra-plate stresses and owe their elevation to the develop-
ment of compressional structures, thrust-faults at the level of brittle
fracture, in response to the concentration of intra-plate stress.

It is intuitively easy to envisage that the rocks of mountain belts,
even after the initial elevations have been eroded away, may contain weak
zones along which strain can be concentrated when intra-plate stress is
later applied. The oceanic parts of plate interiors being made largely of
oiivine, are much stronger than the continental parts and therefore less
Tikely to fail in response to intraplate stress. The interiors of the
continental parts of plates can be considered as broadly made up of
Phanerozoic mountain belts and material representing older Precambrian,
mountain belts.

A significant observation is that although considerable elevations do
occur locally within the older terrains (for example, the Torneggt Mountains
of Labrador are made of gneisses yielding ages of up to 3.5 X 107 years and
are 1.5 km high), Precambrian mountain belts are nowhere represented by
generally elevated elongate chains like the Urals or the Appalachians. The
oldest continuously elevated mountain belt is perhaps the Akwapim -Atacora
chain stretching from Accra, in Ghana, to the Niger River. This belt
formed by collision at the very beginning of the Phanerozoic about 600 m.y.
ago (Burke and Dewey, 1972). The absence of elevated Precambrian mountain
chains can be interpreted as indicating that although mountain belts may be
reactivated during about the first 600 m.y. after their formation older
mountain belts have taken up all the additional strain along their zones of
weakness and are not susceptible to further reactivation. Sykes (1978)
has pointed out that intraplate tectonics associated with the opening of
new oceans are concentrated in the youngest orogenic belts on the ocean
margins indicating that the older terrains are less susceptible to reacti-
vation.

An implication of the foregoing discussion is that the elevation of
old mountain belts is episodic. A mountain belt that remained elevated
for 300 million years with active erosion would expcse extremely deep
crustal levels. The Appalachians and Caledonides typically expose rocks
found no deeper than a maximum of 10-15 km. If the concept of episodic
elevation is valid, it is important to be able to show that there are parts
of Phanerozoic mountain belts that are not elevated and that this was true
for other areas in the past. Much of the Hercynian of Europe forms low
ground and parts of the Appalachians (in, for example, the Piedmont and
Maritime Canada) are low-lying. There is also stratigraphic evidence that
the Appalachians and Caledonides were not substantially elevated at times
in the Mesozoic.

A further problem is: how do intra-plate stresses differ between the
episodes of elevation of the old mountain belts and the times when they are
not elevated? This presumably depends on the nature of the stresses acting
within the plates. So little is known about these stresses that it is
difficult to know where to begin. One consideration is that not only the
magnitude of the stress but also its orientation may be important. Zones
of weakness in old mountain belts are likely to run parallel to the trend
of the belt and the response to compressional stresses applied parallel to




the belt may be more intense than the response to stresses applied
perpendicular to it.

From the point of view of intracontinental seismicity it would appear
that those currently elevated old mountain belts are likely to be only
slightly seismically active. The amount of faulting needed to re-elevate
a mountain belt lying at sea level across a width of 200 km to a central
peak elevation of 1 km in 1 million years ignoring erosion is small. If
200 equal thrusts are used for the uplift the average vertical offset is
only 10 m and the average repeat time for 10 cm of offset on each fault is
10,000 years so that one of the 200 faults should move 10 cm on the average
every 50 years. Both the time of elevation and the number of faults in-
volved are likely to be underestimated in this crude calculation.

o

SUBSIDENCE IN INTRACONTINENTAL BASINS

A second problem relates to the subsidence of intracontinental basins.
These tasins, lying within continents and remote from active mountain-belts,
cont2in thicknesses of a kilometer or more of sediments.

Basins such as the Michigan, Paris, North Sea and Chad basins have
been the subject of much recent theoretical discussion. Papers in Bott
(1976) have been followed by detailed local studies, such as those cn the
Michigan Basin (Sleep and Sloss, 1978; Stakes, 1978; McCallister, et al.,
1978; VanSchmus, 1978; Fowler and Kuenzi, 1978; Haimson, 1978) and
theoretical analyses (e.g., McKenzie, 1978a). Interpretations of basin
evolution as the result of lithospheric rupture and stretching (McKenzie,
1978a, 1978b), loading and cooling (Haxby, et al., 1976) are popular. :
Major problems emerge when these interpretations are applied to basins in o
which the sequence of evolutionary events is established by geological §
evidence. For example, in the Nerth Sea rifting extended through several
discrete episodes between early Permian and earliest Cretaceous times
(7140 m.y. time span) and the development of the overlying broad “epeirogenic
basin has occurred during the Tertiary (Ziegler, 1978). No model, based
on phenomena coextensive with the basin can account for all the properties
of such an area and involvement of the Alpine collision about 1000 km away
may prove important.

"

The idea that basins cormonly overlie rifts (fig. 1) is being
increasingly widely recognized (see, for example, Burke, 1976) and although
in some cases basin subsidence follows as an immediate and therefore
possibly as a thermal consequence of the rifting in many cases, subsidence
does not take place until very much later. If this late subsidence is to
be treated as a consequence of cooling then it bccomes necessary to postu-
late a second thermal event. Unless there is some independent evidence
of such an event the thermally controlled subsidence hypothesis is not
attractive as an explanation.

An alternative possibility is that subsidence in some basins may be
related to events at relatively remote plate margins. F8r example, the
beginning of subsidence in the Michigan Basin (rifted 10° years ago) was
ccritemporary with the collision of the Taconic island arc with the North
American continent (in Trentonian time 450 m.y. ago, Church and Stevens,
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BASIN RIFTING 6 BASIN KEY
Years Ago X 10 DEVELOPMENT REFERENCE
Yrs. Ago X 106
CHAD 135 - 100 25 + BURKE 1976
PARIS ~280 75 - 50 DEBELMAS (ed. )
Geol. de la
France 1976
6507 + 350
MICHIGAN -1,100 450 - 350 HAXBY et al.,
1976
S. OKLAHOMA -650 310 HOFFMAN, et al.,
1976 T
~ 280
HORTH SEA 230 - 180 65 Cecs R Midn
150 1978 '
130
RUDKEVITCH,
WEST SIBERIA 230 ? -160 - 70 et al.,
7976

Table 1. Basins overlie rifts but there is no obvious relationship in

timing.

Some basins begin to subside long after rifting and

their subsideince cannot be controlled by the rift related
thermal event.
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1971) recorded in the Appalachian Mzuntain belt more than 1000 km away.
Although limited Jurassic subsidence is recorded in the West Siberian
basin following Triassic rifting (Rudkevitch, et al., 1976) the rate of
subsidence increased in the Early Cretaceous following collision of the
Okhotsk and Kolyma blocks with the Siberian platform some 2000 km farther
east (Herron, et al., 1974).

Transmission of compressional stress through the continental
lithosphere may therefore play a role in the development of intracontinental
basins as it appears to in the re-elevation of ancient mountain belts.
Subsidence rates in intracontinental basins averaged over their tens of
millions of years of life are usually much less than uplift rates for re-
elevated mountain belts and seismic risk is probably even lower in these
areas.
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Figure 1.

Sketch illustrating how intracontinental basins cormmonly
overlie rifts. The resemblance to a bovine head nhas led

to this being known,as the 'long-horn condition' 7in iexas.
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