
Evolution of the mantle: 
Geochemical evidence from alkali basalt 

ABSTRACT 
A careful consideration of the heterogeneities in the 

trace-element concentrations and lead and strontium isotope 
ratios for primary alkali basalt and nephelinite shows that the 
isotopic heterogeneities reflect real geochemical heterogeneities 
of their mantle source that have existed variously from about 
1,000 to 3 , 0 0 0 m.y. ago. It is suggested that at present there is 
not mantle-wide convection and that the mantle source for 
alkali basalt is deeper than the presently convecting mantle. 
During Archean time, mantle convect ion was much deeper than 
at the present time, and this deeper convection led to hot-line 
tectonics that may have determined the tectonic style found 
in Archean greenstone belts. 
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INTRODUCTION 
A systematic comparison of the major-element composi-

tions of alkali basalt by Schwarzer and Rogers ( 1 9 7 4 ) shows 
that alkali basalt in ocean islands, on continents, and back of 
island arcs is a primary type of magma with a similar parentage 
regardless of its tectonic environment. This does not include 
alkali basalt and high-potassic basalt typically found in the east 
African rift valleys or the Rhine graben, as these are geochemi-
cally distinct (S. Kesson, 1974, oral commun.) . Compared to 
the sources for ocean-ridge basalt, the sources for alkali basalt 
are more enriched in the incompatible elements, that is, K, Ba, 
Rb, and light rare-earth elements, and the alkali basalt appears 
to have been derived from a less depleted mantle than the 
ocean-ridge basalt (Gast, 1968) . Kay and Gast ( 1 9 7 3 ) studied 
the concentrations of the rare-earth elements, Ba, Rb, and Sr 
in alkali basalt and nephelinite and concluded that they result 
from several percent or less of partial melting of a garnet-bearing 
mantle with a chondritic rare-earth element (REE) pattern and 
REE concentrations of 2 to 5 times chondrite at depths greater 
than 6 0 km and that the chemical differences between nephe-
linite and alkali basalt can be explained by nephelinite having 
formed from the same mantle source but from lower extents 
of partial melting. We (S. Sun and G. Hanson, in prep.) have re-
evaluated the evidence for the REE composit ion of the mantle 
source for alkali basalt and nephelinite and concluded that 
alkali basalt results from 7 to 1 5 percent melting, and nephelinite 
results from 3 to 7 percent melting, of a garnet-bearing mantle 
with a light REE-enriched pattern relative to chondrite, in 
which La is about 14 times chondrite and Yb is about 3 times 
chondrite. Lead and strontium isotopes from alkali basalt and 
tholeiite on ocean islands are generally more variable and more 
radiogenic than those from ocean-ridge basalt (Gast and others, 
1964; Gast, 1967; Tatsumoto, 1966a, 1966b; Cooper and 
Richards, 1966; Doe, 1968;Oversby and Gast, 1970; Hedge 
and Peterman, 1970) . The isotopic variations in the alkali ba-
salt on ocean islands have been explained to be a result of con-
tamination by pelagic sediment, frequent addition of conti-

nental crust material to the mantle, mixing of alkali-basalt 
source with ocean-ridge basalt source, isotopic disequilibrium 
during partial melting, or real heterogeneities within the mantle 
source that have existed for at least many hundreds of millions 
of years (Gast and others, 1964; Cooper and Richards, 1966; 
Tatsumoto, 1966b; Gast, 1967; Armstrong, 1968; Oversby and 
Gast, 1970; Armstrong and Hein, 1973; O'Nions and Pankhurst, 
1973). The sources of alkali basalt and nephelinite may be 
attributed to melting of mantle in the low-velocity zone, deep-
mantle plumes (Morgan, 1972) , or less depleted portions of 
present-day convection cells. 

This paper is an outgrowth of our study of the alkali 
basalt at Ross Island, Antarctica, as part of the Dry Valley 
Drilling Project (S. Sun and G. Hanson, in prep.) and the study 
of lead isotopes from oceanic volcanic rocks (S. Sun, in prep.). 
New ways of looking at the geochemical data resulted when 
we asked the question, "How similar in trace e lements and Sr 
and Pb isotopes is the source of the volcanic rocks that occur 
on a continental crust to similar volcanic rocks on ocean is-
lands?" With recent high-quality data from the literature (S. Sun 
and G. Hanson, in prep.; S. Sun, in prep.), it is possible to 
evaluate the proposed models for the geochemical hetero-
geneities found in alkali basalt and nephelinite. We find the 
most viable model to be one in which the isotopic hetero-
geneities are in the source; this has implications for present-
day convect ion in the mantle as well as for convect ion during 
Precambrian time. The depth of convect ion may have had an 
effect on controlling the style of Archean and later tectonics. 

TRACE-ELEMENT AND ISOTOPE DATA 
We will assume that during melting the major and trace 

elements in the melt are in at least local equilibrium with the 
residual minerals. This seems reasonable, as Kay and Gast ( 1 9 7 3 ) 
have explained the enrichment in light REE and incompatible 
elements and the relative depletion of the heavy REE by using 
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minera l -mel t d i s tr ibut ion c o e f f i c i e n t s for an e x p e r i m e n t a l l y 
d e t e r m i n e d garnet per ido t i t e m i n e r a l o g y necessary t o p r o d u c e 
alkali basalt and n e p h e l i n i t e (Green , 1 9 7 3 ) . A l so , if there were 
large and vary ing e x t e n t s o f d isequi l ibr ium, it w o u l d be d i f f i cu l t 
t o exp la in w h y the major and trace e l e m e n t s in alkali basalt 
and n e p h e l i n i t e are so similar. 

Figure 1 c o m p a r e s R E E for pr imary 1 alkali basalt f r o m 
Ross Island, Antarc t i ca , w i th h ighes t prec i s ion R E E data f r o m 
o t h e r pr imary alkali basalt f r o m o c e a n is lands and c o n t i n e n t s . 
The tota l variat ion for an R E E for primary alkali basalt is less 
than a fac tor o f 2 .5 and m a y re f l ec t var iat ions in ( 1 ) R E E 
a b u n d a n c e s o f m a n t l e source , ( 2 ) minera log ic c o m p o s i t i o n of 
m a n t l e source , or ( 3 ) e x t e n t s o f partial mel t ing . 

1 To reduce the effect of fractional crystallization, primary alkali 
basalt and nephelinite are considered to be those with Mg/(Mg+Fe+ 2) 
(atomic) > 0 . 6 4 and nickel contents > 1 0 0 ppm. Irving (1971) showed 
that primary basalt equilibrated with mantle olivine ( F 0 8 8 - 9 2 ) should 
have Mg/(Mg+Fe ) ratios of 0.68 to 0.77. Since olivine has a mineral-
melt distribution coefficient for Ni of about 10 (Gast, 1968), primary 
melts of a mantle with about 2,000 ppm Ni (a common value for perido-
tite nodules) should have about 300 ppm Ni. For 10-percent fractional 
crystallization of equal amount of olivine and clinopyroxene, the liq-
uidus minerals for alkali basalt will reduce the Mg/(Mg+Fe+2) ratio in 
the melt by about 5 percent of the original ratio and the Ni content by 
about 40 percent of the original Ni content. Thus the Ni concentration 
in particular is very sensitive for indicating small percentages of frac-
tional crystallization of olivine and clinopyroxene. 
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Figure 2 presents the lead data for ocean- is land vo l can ic 
rocks and the c o n t i n e n t a l R o s s Island vo lcan ic rocks and ocean-
ridge basalt . T h e ocean-r idge basalt o c c u p i e s a restricted f ie ld 
on the diagram, whereas the ocean- is land vo l can ic rocks vary 
l inearly, and the l ines f or e a c h is land or is land group are sub-
parallel. T h e l inear relat ion for the ocean- is land v o l c a n i c rocks 
m a y be in terpreted in t w o w a y s : ( 1 ) a result o f mix ing , s u c h 
as an alkali-basalt c o m p o n e n t m i x i n g w i t h an ocean-r idge ba-
salt or a s e d i m e n t c o m p o n e n t e i ther b e f o r e or a f ter me l t ing , or 
( 2 ) the alkali basalt sources hav ing a h i s tory of i so la t ion , w i t h 
long- term mant l e h e t e r o g e n e i t y in the 2 3 8 U / 2 0 4 P b ratio, the 
h e t e r o g e n e i t y having e x i s t e d for a p p r o x i m a t e l y the last 2 , 0 0 0 
m.y . Data for a precise 2 3 8 U / 2 0 4 P b versus 2 0 6 P b / 2 0 4 P b iso-
chron age are sparse; h o w e v e r , the available data p l o t wi th very 
large scat ter a b o u t an i s o c h r o n o f a p p r o x i m a t e l y 1 , 0 0 0 m . y . 

Figure 3 is a 8 7 S r / 8 6 S r versus 8 7 R b / 8 6 S r p l o t o f pr imary 
alkali basalt and n e p h e l i n i t e . For c o m p a r i s o n purposes , a 
4 , 6 0 0 - m . y . - o l d i s o c h r o n w i t h an initial rat io o f 0 . 6 9 9 and a 
2 , 0 0 0 - m . y . - o l d i s o c h r o n wi th an init ial rat io o f 0 . 7 0 1 5 are 
p l o t t e d . The primary alkali basalt and n e p h e l i n i t e can be seen 
to p l o t a b o u t the 2 , 0 0 0 - m . y . i s o c h r o n . F o r b o t h the lead and 
s t r o n t i u m data (Figs . 2, 3 ) , individual v o l c a n i c groups have 
s lopes suggest ing a h e t e r o g e n e i t y o f ages f r o m a b o u t 1 , 0 0 0 t o 
3 , 0 0 0 m . y . but w i t h a m o d e of a b o u t 2 , 0 0 0 m . y . 

T h e a p p r o x i m a t e 2 , 0 0 0 - m . y . age for the Pb and Sr 
i s o t o p e data w o u l d suggest that i n h o m o g e n e i t i e s in the 
2 3 8 U / 2 0 4 P b and R b / S r rat ios were i m p o s e d a b o u t 2 , 0 0 0 m . y . 
ago if t h e y are n o t a result o f recent processes . In order to 
d e t e r m i n e if m i x i n g m a y be a viable m o d e l , 2 0 6 P b / 2 0 4 P b is 
p l o t t e d against 8 7 S r / 8 6 S r in Figure 4. If there is any corre la t ion 
b e t w e e n 2 0 6 P b / 2 0 4 P b and 8 7 S r / 8 6 S r , it is an inverse relat ion-
ship, and the data d o n o t lie on a m i x i n g l ine b e t w e e n ocean-
ridge basalt and a primit ive alkali basalt . F o r Ice land, h o w e v e r , 
where there is m i x i n g w i t h ocean-r idge basalt m a g m a (Schi l l ing, 
1 9 7 3 ; O ' N i o n s and Pankhurst , 1 9 7 3 ; Sun and others , in prep.) , 
the data for a su i te o f v o l c a n i c rocks p l o t a long a l ine b e t w e e n 
the ocean-r idge basalt and alkali basalt . Gast and o t h e r s ( 1 9 6 4 ) 
have s h o w n that s e d i m e n t a r y c o n t a m i n a t i o n s u f f i c i e n t t o 
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Figure 1. Comparison of REE for primary alkali basalt covering 
the total range in REE. The shaded field is for Ross Island, Antarctica. 
Data are normalized to Leedey chondrite (Masuda and others, 1973). 
REE data are from Frey (1970), Kay and Gast (1973), Hubbard (1971), 
and S. Sun and G. Hanson (in prep.). 

Figure 2. Plot of 2 0 7 P b / 2 0 4 P b versus 2 0 6 P b / 2 0 4 P b fields for ocean-
island volcanic rocks not restricted to primary alkali basalt or nephelinite 
and for ocean-ridge basalt. Data from S. Sun (in prep.), S. Sun and G. 
Hanson (in prep.), Oversby (1972), and Tatsumoto (1966a). 
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change s ign i f i cant ly the 8 7 S r / 8 6 S r rat io for alkali basalt requires 
so m u c h s e d i m e n t that it w o u l d greatly change the major-
e l e m e n t chemis try and minera logy and w o u l d c o m p l e t e l y domi -
nate the l ead- i so tope c o m p o s i t i o n . 

O 'Nions and Pankhurst ( 1 9 7 3 ) have sugges ted that the 
variat ions in the s t r o n t i u m i s o t o p e ratios might be e x p l a i n e d 
by i s o t o p i c disequi l ibr ium during partial m e l t i n g o f a h o m o -
geneous mant le . T h e y suggest that during me l t ing the minerals 
that me l t at l o w temperature , presumably a m p h i b o l e , ph logo-
pi te , and apat i te , give their i s o t o p i c character t o the me l t ; that 
is, the me l t is n o t in i s o t o p i c equi l ibr ium w i t h the total residue. 
This leads t o m e l t s wi th a m o r e radiogenic i s o t o p i c c o m p o s i -
t ion than the tota l parent . A s s u m i n g that a m p h i b o l e , ph logo -
pite , and apat i te in the mant l e can retain a radiogenic i s o t o p i c 
c o m p o s i t i o n for h u n d r e d s o f mi l l ions o f years at m a n t l e tem-
peratures, the lead data in Figure 2 suggest that the m a n t l e 
source has mainta ined at least minera l - i so top ic h e t e r o g e n e i t i e s 
for a b o u t 2 , 0 0 0 m . y . In the me l t ing process p r e s u m a b l y m o r e 
radiogenic lead w o u l d first be r e m o v e d f r o m a mineral such as 
apatite , and as me l t ing p r o c e e d e d the less radiogenic lead f r o m 
p h l o g o p i t e or a m p h i b o l e w o u l d be added , or vice versa. In 
e i ther case, the l ead- i so top ic data w o u l d be a long an i sochron 
de f in ing the t ime w h e n the minerals were last i s o t o p i c a l l y 
h o m o g e n i z e d . If d isequi l ibr ium were an i m p o r t a n t process , the 
s t r o n t i u m - i s o t o p e ratios in m e l t s f r o m o n e reg ion s h o u l d s h o w 
an inverse relat ion to the e x t e n t o f partial mel t ing . In the 
Hawai ian Islands, h o w e v e r , tho le i i t e as wel l as alkali basalt, 
and nephe l in i t e f o r m e d by very d i f f erent e x t e n t s o f partial 
me l t ing ( K a y and Gast, 1 9 7 3 ; Hubbard, 1 9 6 9 ) , give essent ia l ly 
the same 8 7 S r / 8 6 S r ratio. T h u s we c a n n o t ser ious ly cons ider 
that i s o t o p i c d isequi l ibr ium during partial me l t ing is the main 
source o f the i s o t o p i c variat ions f o u n d in alkali basalt and 
nephe l in i t e . Rather , the variat ions in the 2 3 8 U / 2 0 4 P b and R b / S r 
ratios s e e m t o be in the mant l e source and have e x i s t e d for 
1 , 0 0 0 t o 3 , 0 0 0 m . y . 

Trace -e l ement data have b e e n used by Kay and Gast 
( 1 9 7 3 ) t o c o n f i r m that alkali basalt and nephe l in i t e are derived 
by l o w percentages o f partial m e l t i n g of garnet per idot i t e . It 

shou ld also be poss ib le t o test f or the presence of the iso-
topical ly i m p o r t a n t minerals apat i te and p h l o g o p i t e in the 
residue at the t ime the m e l t l e f t the res idue. T h e c e r i u m con-
tent can be u s e d to de termine the e x t e n t of partial m e l t i n g if 
the mant le source for alkali basalt is relat ively h o m o g e n e o u s , 
if there is n o apat i te in the res idue, and if the numer ica l value 
for the f rac t ion o f m e l t i n g is greater than the bulk d is tr ibut ion 
c o e f f i c i e n t for the m a n t l e . 2 If apat i te is a m i n o r phase in the 
mant le during mel t ing , it will contro l the Ce c o n t e n t o f the 
melt , as apat i te has a mineral -mel t d is tr ibut ion c o e f f i c i e n t for 
Ce of a b o u t 5 ( inferred f r o m Frey and Green, 1 9 7 4 ) , whereas 
the o t h e r p r e s u m e d mant l e minerals have a bulk d i s tr ibut ion 
c o e f f i c i e n t o f less than 0 . 0 1 ( K a y and Gast, 1 9 7 3 ) . If there is 
apati te in the residue, the P2O5 c o n c e n t r a t i o n s o f the m e l t s 
w o u l d be i n d e p e n d e n t o f the e x t e n t o f mel t ing , because P is a 
s t o i c h i o m e t r i c e l e m e n t in apat i te , whereas the Ce c o n c e n t r a t i o n 
w o u l d be inversely propor t iona l t o the e x t e n t o f m e l t i n g and 
percent o f apat i te present . However , if there is n o p h o s p h a t e 
mineral in the residue, P2O5 and Ce s h o u l d be covariant because 

2The concentration of trace elements in the magma relative to 
the original mantle (C i /C 0 ) as a result of simple partial melting is given 

by Shaw (1970) as CJC0 = — F where D is the bulk distribu-
D(\-R) + R 

tion coefficient of the residue at the moment of removal of liquid from 

" T the residue. D = "EXQK^ where XA is the weight fraction of each 

phase and K^ is the mineral-melt distribution coefficient. If D is very 
large for small percentages of melting, C1 /C0 = 1 ID. If D approaches 
zero, C i /C 0 = L/F. If zone refining is an important process, it will in-
crease the concentration of the trace elements for alkali basalt to the 
limit OICJCO - 1 ID (Harris, 1974). In most cases the effect of zone 
refining cannot be distinguished from the effects of small extents of 
partial melting. Whether zone refining occurs or not has little effect 
on_the conclusions derived regarding the mantle source for alkali 
basalt or nephelinite. 

8 7 R b / 8 6 S , 

Figure 3. Plot of 8 7Sr/8 6Sr versus 8 7 Rb/ 8 6 Sr for primary alkali 
basalt and nephelinite for ocean islands. 1, Samoa; 2, Kerguelen; 
3, Gough; 4, Tristan de Cunha; 5, Tahiti; 6, Reunion; 7, Amsterdam; 
8, Crozet; 9, Eniwitok; 10, Kilauea, Hawaii (tholeiite); 11, Oahu, 
Hawaii; 12, St. Helena; 13, Galapagos; 14, Guadalupe. Data from 
Stuckless (1974, oral commun.), Hedge and Peterman (1970), Hedge 
and others (1973), Hedge (1974, written commun.), McBirney and 
Williams (1969), Peterman and Hedge (1971), Hedge and others (1972), 
Hart (1973), S. Sun and G. Hanson (in prep.), and O'Nions and 
Pankhurst (1974). 
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Figure 4. Plot of 8 7Sr/8 6Sr versus 2 0 6 Pb/ 2 0 4 Pb for volcanic rocks 
(not restricted to primary volcanics) from ocean islands and Ross Island. 
Data from references in Figure 2 and Figure 3 plus S. Sun (in prep.), 
Swainbank (1967), O'Nions and Pankhurst (1974), Sun and others (in 
prep.), McDougall and Compston (1965), Stuckless (1974, oral com-
mun.), Grant and others (1973), and Klerkx and others (1974). 

GEOLOGY 299 



Figure 6. Plot of K 2 0 versus cerium for primary alkali basalt and 
nephelinite. Data from Philpotts and others (1972) and from references 
in Figure 5. 

the c o n c e n t r a t i o n o f b o t h will be inverse ly p r o p o r t i o n a l t o the 
e x t e n t o f partial m e l t i n g as a result o f d i lut ion . Figure 5 is a 
p l o t o f P 2 O s versus Ce s h o w i n g that b o t h are r o u g h l y co-
variant for b o t h alkali basalt and n e p h e l i n i t e . M u c h o f the 
variat ion a b o u t the l ine in Figure 5 m a y be a result o f rela-
t ively large analyt ical uncer ta int i e s , part icularly for P 2 0 5 . 
H o w e v e r , f r o m these data it can be sugges ted that t h e 
P 2 O s / C e ratio in the m a n t l e source is 75 ± 15. We c o n c l u d e 
that apat i te is p r o b a b l y n o t a mineral phase in the residue at 
the t ime o f m a g m a separat ion and that it s h o u l d be poss ib le to 
use Ce c o n c e n t r a t i o n as an ind ica tor o f the e x t e n t o f partial 
me l t ing , as suming alkali basalt and n e p h e l i n i t e were p r o d u c e d 
f r o m relatively h o m o g e n e o u s m a n t l e sources . 

Figure 6 is a p l o t o f K 2 0 versus Ce for primary alkali 
basalt and n e p h e l i n i t e . T h e minera l -mel t d i s t r ibut ion c o e f f i -
c i en t s for K are l o w for all poss ib le mant l e minera ls e x c e p t 
p h l o g o p i t e , for w h i c h K is s t o i c h i o m e t r i c , and perhaps amphi-
bole . T h u s if p h l o g o p i t e is absent and a m p h i b o l e is minor , 
there s h o u l d be an inverse re la t ionsh ip b e t w e e n K 2 0 and the 
e x t e n t o f me l t ing , l ead ing t o a covar iance of K 2 0 and Ce. This 
is the case for the alkali basalt . T h e n e p h e l i n i t e data, h o w e v e r , 
are m o r e scat tered , suggest ing that K is e i ther m u c h m o r e 
variable in the mant l e source for the n e p h e l i n i t e or that a phase 
c o n t r o l l i n g K c o n t e n t , f or e x a m p l e , p h l o g o p i t e ( Y o d e r and 
Kushiro , 1 9 6 9 ) , is a residual mineral in the m a n t l e f or nephe-
l ini te me l t s . T h e s u g g e s t i o n that n e p h e l i n i t e is a result o f l o w e r 
degrees o f partial m e l t i n g than is the alkali basalt (Green , 1 9 7 3 ) 
is in a g r e e m e n t w i t h the h igher Ce c o n c e n t r a t i o n for nephe l in i t e . 
For the n e p h e l i n i t e we interpret the K 2 0 - v e r s u s - C e p l o t t o 
ind icate that a K-rich mineral such as p h l o g o p i t e is in the resi-
due and that the variat ion in the K c o n t e n t in n e p h e l i n i t e m a y 
be a f u n c t i o n o f mant l e and m e l t c o m p o s i t i o n (part icularly 
vo la t i l e s such as F, CI, and H 2 0 ) as wel l as t e m p e r a t u r e and 
total pressure, w h i c h w o u l d c o n t r o l the s tabi l i ty o f p h l o g o p i t e 
and t h u s the c o n c e n t r a t i o n o f p o t a s s i u m in the me l t . 

MANTLE EVOLUTION 

We suggest that m a g m a mix ing , s e d i m e n t c o n t a m i n a t i o n , 
or i s o t o p i c d i sequi l ibr ium during partial m e l t i n g are n o t con-
trol l ing fac tors in d e t e r m i n i n g the i s o t o p i c c o m p o s i t i o n o f Pb 
and Sr for alkali basalt and n e p h e l i n i t e . Rather t h e y are con-
trol led by h e t e r o g e n e i t i e s in the minera logy and c h e m i s t r y of 
the m a n t l e and h i s t o r y of the mant l e . It is also sugges ted that 
alkali basalt and n e p h e l i n i t e have a m a n t l e source w h i c h is s imi-
lar t o and i n d e p e n d e n t o f the e n v i r o n m e n t s in w h i c h t h e y are 
f o u n d . T h e ocean-r idge basalt, derived p r e s u m a b l y f r o m the 
c o n v e c t i n g mant l e , has R b / S r ratios t o o l o w t o s u p p o r t its 
8 7 S r / 8 6 S r ratios, l o w e r Ba/Sr rat ios relative t o alkali basalt, 
d e p l e t e d l ight R E E c o n c e n t r a t i o n s relative t o h e a v y REE, and 
high K / R b ratios relative t o alkali basalt (Gast , 1 9 6 8 ) . These 
g e o c h e m i c a l proper t i e s sugges t that the m a n t l e s o u r c e s f or 
ocean-r idge basalt have u n d e r g o n e m o r e e x t e n s i v e m e l t i n g than 
have the sources for alkali basalt and n e p h e l i n i t e . T h e sources 
o f alkali basalt and ocean-r idge basalt m u s t d i f fer , and mant l e 
c o n v e c t i o n m u s t have a g e o m e t r y that i so lates these sources . 
Figure 7 is a graphical representa t ion s h o w i n g poss ib le m a n t l e 
act iv i ty and i ts surficial vo l can ic e x p r e s s i o n . 

One poss ib le source for the alkali basalt is near the m i d d l e 
o f a c o n v e c t i o n cell s h o w n by p l u m e 1, w h i c h m a y n o t have as 
c o m p l i c a t e d a h i s t o r y as the o u t e r parts o f the cell . Th i s source 
w o u l d restrict alkali basalt t o reg ions a w a y f r o m p la te margins 
and there fore is n o t a g o o d source for all alkali basalt and 
n e p h e l i n i t e . A n o t h e r poss ib le source is the l o w - v e l o c i t y z o n e . 
Leeds and o t h e r s ( 1 9 7 4 ) sugges ted that the lid o f the l o w -
v e l o c i t y z o n e c o m e s essent ia l ly t o the base o f the o c e a n i c crust 
near the ridge and b e c o m e s deeper away f r o m the ridge. Many 
o c e a n is lands w i t h alkali basalt o c c u r near ridges ( s o u r c e 2 in 
Fig. 7) , where the l o w - v e l o c i t y z o n e w o u l d be t o o sha l low t o 
have garnet present as a s table phase ( R i n g w o o d , 1 9 6 9 ) and 
where a d e p l e t e d m a n t l e w o u l d be involved . T h e l o w - v e l o c i t y 
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Figure 7. Diagrammatic representation of present-day mantle. 
1 is possible source of alkali basalt and nephelinite in center of convec-
tion cell, 2 is possible source in low-velocity zone, and 3 is most proba-
ble source in mantle below present-day convection. 

z o n e , therefore , is probab ly n o t the source . Unles s there is 
s o m e way to mainta in an i so la ted c l o s e d s y s t e m for l o n g 
per iods o f t i m e wi th in a large part o f the c o n v e c t i n g mant le , 
we suggest that a mant l e p l u m e (Morgan, 1 9 7 2 ; Wilson, 1 9 7 3 ; 
3 in Fig. 7) or ig inat ing b e l o w the present ly c o n v e c t i n g mant l e 
is the o n l y viable alternative for a relatively similar source 
available u n d e r all t e c t o n i c e n v i r o n m e n t s . 

If the alkali basalt is a result o f mant l e p l u m e s , then this 
deeper mant l e was invo lved in m a g m a generat ion prior t o s o m e 
1 , 0 0 0 t o 3 , 0 0 0 m . y . ago, suggest ing deeper c o n v e c t i o n and 
s teeper geo thermal gradients . Presumably , t h e n , in early Pre-
cambrian t ime the c o n v e c t i o n was m u c h deeper , and high per-
centages o f m e l t e d materials f r o m this less d e p l e t e d mant l e 
were the source o f basalt in the Archean greens tone belts . This 
suggest ion is s u p p o r t e d by the trace-e lement g e o c h e m i s t r y of 
tho le i i te in Archean greens tone belts , w h o s e m a n t l e sources 
have s trong a f f in i t i e s to the mant le sources o f present -day 
alkali basalt (Hart and others , 1 9 7 0 ) . R ich ter ( 1 9 7 3 ) suggested 
that wi th s teeper geo thermal gradients a s e c o n d - o r d e r (or m a y -
be even a h igher order) c o n v e c t i o n m a y occur , f o r m i n g hori-
zonta l rolls normal t o the major c o n v e c t i o n . This results in 
h o t l ines, w h i c h m a y be capable o f breaking up a c o n t i n e n t , 
rather than h o t spots . T e c t o n i c a l l y this might be similar in 
s o m e ways to present-day rift va l leys or interarc basins on 
c o n t i n e n t s . 

The h o t l ines w o u l d have assoc iated wi th t h e m massive 
a m o u n t s o f tho le i i t i c m a g m a result ing f r o m high percentages 
o f me l t ing of the mant le . Basalt w o u l d be f o r m i n g a long h o t 
l ines o n the o c e a n i c crust as well as o n the c o n t i n e n t a l crust. 
If at the same t ime there was an o c e a n i c crust ac t ing s o m e w h a t 
l ike that o f t o d a y , w i t h ridges, is land arcs, and s u b d u c t i o n 
zo nes , the v o l c a n i c rocks assoc iated w i t h the h o t l ines o n the 
o c e a n i c crust w o u l d be returned t o the mant l e , whereas those 
vo l can ic rocks f o r m e d adjacent t o or w i th in the pre-ex is t ing 
c o n t i n e n t a l crust w o u l d be preserved. 

This m o d e l might expla in w h y the Archean terrane is 
made up of low-grade greens tone be l t s and higher grade and 
s o m e t i m e s o lder gneiss bel ts ( H e p w o r t h , 1 9 7 1 ; Windley , 1 9 7 3 ) . 
The gneiss bel ts w o u l d represent the pre-ex is t ing c o n t i n e n t a l 
crust derived b y processes probab ly unre la ted t o g r e e n s t o n e 
belts (Br idgewater and others , 1 9 7 4 ) . The g r e e n s t o n e bel ts 

w o u l d represent the u p l i f t e d and r i f ted parts that are f i l led w i t h 
vo lcanics and main ly v o l c a n o g e n i c s e d i m e n t . T h e later granitic 
rocks intrusive i n t o the greens tones are derived by partial melt -
ing of the deeper parts o f the vo l can ic and s e d i m e n t a r y pile or 
are derivatives o f partial m e l t i n g of material at mant l e d e p t h s 
(Arth and Hanson , 1 9 7 5 ) . T h e l o w e r e d c o n t i n e n t a l crust w o u l d 
be the b a s e m e n t for s e d i m e n t a r y basins in w h i c h the pre-
ex i s t ing c o n t i n e n t a l crust and s e d i m e n t are m e t a m o r p h o s e d t o 
granulite grade by the high heat f lux . Due to the h igh heat f lux , 
there m a y be me l t ing of the l o w e r c o n t i n e n t a l crust, result ing 
in s y n k i n e m a t i c granitic in trus ions at higher levels . In the later 
stages o f the c y c l e , w i th r e d u c t i o n o f the heat f l u x , l o w e r ex-
tents o f me l t ing w o u l d be represented in the greens tone be l t s 
by alkali basalt ( C o o k e and M o o r h o u s e , 1 9 6 9 ; Ridler, 1 9 7 0 ) 
and by late alkalic s t o c k s ( A n h a u e s s e r and others , 1 9 6 9 ; Arth 
and Hanson, 1 9 7 5 ) . At the end of the t e c t o n i c cyc l e , w i th 
isostat ic readjustment , the r i f ted z o n e s are l o w e r e d and o n l y 
sl ightly e r o d e d , leaving the relat ively low-grade m e t a v o l c a n i c 
and m e t a s e d i m e n t a r y rocks in the greens tone belts . The cont i -
nenta l crust w o u l d r e b o u n d and be m o r e deep ly eroded , ex-
pos ing the high-grade m e t a m o r p h i c rocks of the gneiss belts . 

This m o d e l exp la ins m a n y of the major features f o u n d 
in an Archean terrane ( A n h a u e s s e r and others , 1 9 6 9 ) and also 
exp la ins the lack o f s o m e features necessary for island-arc 
analogies , for e x a m p l e , the lack of b lueschis t - fac ies rocks, 
A l p i n e - t y p e per idot i te , and major compress iona l t e c t o n i c 
features in greens tone belts . 

Perhaps because o f loss o f heat due to e x t e n s i v e vol-
canism during Archean t ime, the mant l e c o o l e d , c o n v e c t i o n 
became sha l lower , and there was separat ion of the present -day 
mant le source o f ocean-r idge basalt and the mant l e source o f 
alkali basalt . T h e Rb-Sr and Pb-Pb ages w o u l d suggest that s o m e 
parts o f the mant l e were i so la ted o n l y for the last 1 , 0 0 0 m . y . 
Perhaps the d e p t h of c o n v e c t i o n grew sha l lower unt i l at least 
that t ime. The 1 ,000 - t o 3 , 0 0 0 - m . y . ages for the present-day 
mant le source for alkali basalt and nephe l in i t e m a y thus repre-
sent the last t ime of c o n v e c t i o n or beg inning of i so la t ion of 
d i f f erent parts o f the Earth's mant le , w h i c h m a y or m a y n o t 
be related t o a t ime of special t e c t o n i c act iv i ty . In any case, 
it w o u l d appear that after Archean t i m e , the s ty le o f convec -
t ion changed and b e c a m e m o r e similar t o that o f t h e present . 
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