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Abstract  

Arculus, R.J., 1987. The significance of source versus process in the tectonic controls of magma genesis. In: S.D. 
Weaver and R.W. Johnson (Editors), Tectonic Controls on Magma Chemistry. J. Volcanol. Geotherm. Res., 32: 
1-12. 

Despite the association of certain characteristic trace-element signatures with particular tectonic environments of 
eruption, there are accumulating data which would result in significant tectonic misassignments. Ambiguity of signals 
appears in active arc/back-arc systems of the southwestern Pacific and particularly in some intracontinental plate 
suites. Given the selective preservation of continental as opposed to oceanic lithosphere, inappropriate paleotectonic 
inferences are probable using trace-element criteria alone. 

Strong relative fractionation of the alkalis and alkaline earth elements (AEE) with respect to the rare earth ele- 
ments (REE) in the majority of arc-related magmas and a number of intraplate continental basalts is strongly sugges- 
tive of the involvement of hydrous fluids at some stages in the respective petrogenetic processes occurring in these 
two tectonic regimes. In contrast, fractionation of high-field-strength elements (HFSE) such as Nb and Ta with 
respect to the REE in the same suites is most readily explained by the involvement, at some stage in the magma 
formation process, of high-SiO2 melts. A number of widely applied tectonic discriminants makes use of AEE/HFSE 
fractionation, but the processes and sources involved in subduction-zone petrogenesis may be duplicated during inter- 
action of mantle-derived basalt with the heterogeneous components of continental lithosphere, both mantle and crust. 
A significant role for both volatile-dominated fluids and silicate melts is implicated in collision and some intraconti- 
nental plate magmatism. 

Introduct ion  

Petrologists have been aware of the associa- 
tion of distinct geochemical characteristics with 
specific geographic and tectonic environments 
practically since the inception of petrographic 
and analytical studies. More recently, with the 
advent of high-quality and abundant  trace-ele- 
ment  and isotopic data, considerable effort has 
been expended in at tempts not only to finger- 
print particular tectonic environments of erup- 
tion but also by inversion of the data to 

determine the nature of the magma sources and 
petrogenetic processes involved. 

There seems to be little remaining doubt that  
particular trace-element abundance patterns 
and isotopic signatures are associated with dif- 
ferent eruption environments from spreading 
ridge through to subduction- and hot-spot- 
related centers of activity. Controversy abounds 
over the detailed petrogenetic interpretation of 
these data. There are also some ambiguities in 
the uniqueness of tectonic association of cer- 
tain geochemical signatures that pose interest- 
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ing problems not only in genetic terms but also 
with respect to possible paleotectonic 
( mis ) interpretations. 

Consistency and dist inctiveness  of 
chemical pattern 

In a seminal contribution, Chayes (1965) 
pointed out a distinct difference in terms of 
major-element geochemistry between what 
would now be termed hot-spot and subduction- 
related volcanics, specifically with respect to the 
higher TiO2 contents of the former at any given 
SiO2 concentration or M g # .  The major-ele- 
ment  geochemistry and relative volumetric 
abundance of evolved rock types ( intermediate 
and high-SiO2) can be generally distinctive of 
some tectonic environments (e.g. Gill, 1981) 
but on the whole, major-element geochemical 
discrimination has unfortunately been much 
less successful when applied to basaltic rocks 
(cf. Pearce et al., 1977). For example, although 
hot-spot and subduction-related magmas can be 
fairly readily distinguished on the basis of TiO2 
contents, there is extensive overlap between 
spreading ridges (both major ocean and back- 
arc basin) and island arcs in these terms (Per- 
fit et al., 1981 ). The available data seem to indi- 
cate that  the major-element geochemistry of the 
products of melting of the upper mantle is sim- 
ilar irrespective of the exact locus of melting 
( i.e. basaltic ), and it is only with respect to the 
more refined detail of minor-element, trace- 
element and isotopic characterization that  sub- 
tle differences appear from one tectonic envi- 
ronment to another. 

The most successful discriminations on trace- 
element grounds depend on the relative frac- 
tionation of the alkaline earths (AE) and high- 
field-strength element to (HFSE) such as Nb, 
Ta, Zr and Th. Variants of presentation from 
binary through to ternary plots, factorial anal- 
ysis and normalized "spidergrams" have been 
employed (e.g. Pearce and Cann, 1973; Wood 
et al., 1979; Pearce, 1982 ). Although it is impor- 
tant  to be aware of the dangers of normalized 

data projections when assessment of similarity 
is made (Wright, 1974 ), the robustness of many 
trace-element abundance ratios do permit suc- 
cessful attribution of tectonic environment with 
known data sets as test cases, and inspire some 
confidence in the use of discriminant diagrams. 

It is also clear however, that  the attribution 
success rate is generally highest in cases where 
the sites of eruption are remote from continen- 
tal crust and subcontinental lithospheric man- 
tle (Arculus and Johnson, 1981; Duncan, 1987; 
Pearce, 1987), and severe misidentification of 
tectonic environments can arise where magma 
genesis and passage involves these compo- 
nents. It would appear for example that  the 
fractionation and relative enrichments of K, Rb, 
Sr and Ba with respect to HFSE that  are char- 
acteristic of basaltic arc magmas, can be repro- 
duced during the genesis of continental flood 
basalts such as those of the Columbia River 
Plateau and Siberian Traps (Arculus and 
Johnson, 1981), the Karoo (Duncan, 1987) and 
on the flanks of the nascent North Atlantic 
during the lower Tertiary in northwest Britain 
(Thompson et al., 1986). 

In terms of correct assignment of paleoenvi- 
ronment  of eruption of volcanic suites, the high 
probability of error for those associated with 
continents is disturbing, because it is precisely 
this type of crust that  is most readily conserved 
in the plate-tectonic cycle and, consequently, 
the most accessible to geologic study. As a result, 
quite clearly incorrect paleotectonic recon- 
structions can be and no doubt have already 
been made which may not be of great concern 
to some geochemists and petrologists, but have 
significant importance for studies of continen- 
tal growth, structure and economic potential. 

Another example of the potential pitfalls in 
the desirable interweaving of tectonics and 
petrogenesis is the possibility of error in the 
application of the "K20 at specific wt.% Si02 
versus depth to subduction zone (K-h)"  rela- 
tionship. Although the K-h tectonic relation- 
ship is of fairly widespread applicability in 
existing plate collision regimes (Gill, 1981), 



enough exceptions are known that independent 
confirmation of subduction polarity should be 
sought (Arculus and Johnson, 1978; Foden and 
Varne, 1980). The fact is that the origin of cou- 
pled variations of K20 contents and depths to 
Benioff Zones is very poorly understood, and 
may in fact result from the interactions of sev- 
eral processes, any one of which may be subject 
to disturbance in individual arcs. 

The critical question arising from these 
observations is how frequently does incorrect 
assignment occur at present, and what failure 
rate is acceptable for paleotectonic reconstruc- 
tions (Pearce, 1987). It is worth emphasizing, 
however, that the conservation of continental 
lithosphere as opposed to the mantle recycling 
of oceanic lithosphere means that the critical 
success rate is essentially that for continental 
magmatism. Also deserving of mention is the 
danger of assuming that the diagnostic trace- 
element discriminants employed for Recent to 
Tertiary volcanics can be used unambiguously 
for substantially older suites, especially those 
for Proterozoic and Archean age. The combi- 
nation of secular change in the geochemistry of 
crustal growth and evolution of continental 
lithosphere, changes in thermal structure and 
changes in the nature of contamination pro- 
cesses within that lithosphere (Taylor and 
McLennan, 1985) could result in significantly 
different trace element signatures of intracon- 
tinental magmas compared with the present- 
day. 

Examples of discriminant-straddling 
suites 

Some examples of tectonic assignment prob- 
lems are useful as a basis for discussion of the 
relative significance of processes and sources in 
the development of characteristic trace ele- 
ment signatures. In Fig. 1, critical data for a 
suite of basalts from the Witu Islands of Papua 
New Guinea are projected into the discrimi- 
nant diagrams of Pearce and Cann (1973) and 
Pearce (1975). The Witu Islands lie about 100 
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Fig. I. Trace-element data for basaltic rocks of the Witu 
Islands, Papua New Guinea (Johnson and Arculus, 1978) 
projected in the Ti vs Cr diagram of Pearce (1975), and Ti- 
Zr-Y and Ti-Zr-Sr diagram of Pearce and Cann (1973). 
Abbreviations are as follows: O F B = o c e a n  floor basalt; 
L K T =  low-potassium tholeiite; W P B  = within plate basalt; 
C A B  = calc-alkalic basalt. 

km northwest of the Willaumez Peninsula of 
New Britain, in the Bismarck Sea. Overall geo- 
chemical coherence with the island-arc volcan- 
ics of New Britain, and the superposition of the 
Witu Islands over the deepest part of the asso- 
ciated Benioff Zone led Johnson and Arculus 
(1978) to conclude that the islands are indeed 
part of the New Britain arc. It is noteworthy 
that in all three of the discriminant plots of Fig. 
1, the data from the Witu Islands either fall 
within, or straddle, the boundaries between the 
fields of low-K tholeiites ( island-arc type ) and 
ocean floor basalts. The same basalt samples do 
plot more convincingly in the volcanic arc field 
alone of the Cr-Y discriminant diagram of 
Pearce (1982). With respect to major elements, 
it is significant that data for these same sam- 
ples plot in an extraordinarily diverse number 
of fields in tectonic discriminants such as that 
of MgO-total Fe oxides-A12Os (Pearce et al., 
1977). 

In cases like this, we are faced with making a 
choice between holding fast to the notion that 
trace-element diagnostic signals are consistent, 
and that the Witu Islands represent a change 
from arc to spreading ridge environment, or that 
a mixed, inconsistent signal has resulted despite 
a uniform tectonic configuration. There is in 
fact no stratigraphic evidence for a separation 



of magma packages into ocean floor and arc- 
type respectively, and all of the lavas appear to 
have been erupted within the present collision 
framework. Of interest is the fact that the Witu 
Islands are located on the southwestern margin 
of a vigorously spreading back-arc (Manus) 
basin ( Sinton et al., 1986), and to some extent 
the mixture of arc and spreading center geo- 
chemical signals may be the result of this geo- 
graphic proximity. A smearing of the trace- 
element characteristics of divergent and con- 
vergent margin volcanics seems to be prevalent 
in the active margins of the southwestern 
Pacific Ocean (e.g., Perfit et al., 1987). It is 
somewhat ironic, in view of the ambiguity of 
trace-element-based tectonic assignments that 
can be made for the Witu Islands, that they 
should have also been chosen by other workers 
as type examples for calc-alkaline differentia- 
tion processes ( Grove and Baker, 1984). A final 
point is that the K-h relationships for the New 
Britain arc as a whole would indicate a north to 
south subduction polarity for the northern Wil- 
laumez Peninsula-Witu Islands segment, which 
is totally opposite to the true situation (John- 
son, 1976). 

In strong tectonic contrast with the oceanic 
setting of the Witu Islands is the active volcan- 
ism of the southwestern margin of the Colorado 
Plateau. The San Francisco Volcanic Field 
(SFVF) is one of several magmatic centers in 
the region, and includes a wide spectrum of 
compositional types from strongly silica- 
undersaturated basalts through to hyper- 
sthene- and quartz-normative basalts, ande- 
sites, dacites, rhyolites and trachytes (Moore 
et al., 1976). The age range of the volcanics is 
from about 5 Ma to Present (Tanaka et al., 
1986 ) and considerably postdates any plausible 
passage of the subducted Farallon Plate beneath 
the region at about 15 Ma before Present ( Sny- 
der and Dickinson, 1976). The intermediate 
volcanics of the SFVF are an example of "an- 
orogenic" (i.e. noncollision) andesites which 
also occur in several other centers along the 
southern rim of the Colorado Plateau (Mount 
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Fig. 2. Trace-element data for basalts of the San Francisco 
Volcanic Field (SFVF) (circles) and Taos Volcanic Field 
(triangles) projected in the Hf-Th-Ta diagram (A) of Wood 
(1979) and Ti-Zr-Y diagram (B) of Pearce and Cann 
(1973). 

Taylor, as described by Baker and Ridley, 1970) 
and in the Taos Volcanic Field of the Rio Grande 
Rift (Basaltic Volcanism Study Project, 1981 ). 

Although many of the basalts from the SFVF 
fall appropriately in the "within-plate" fields of 
the Hf-Th-Ta and Ti-Zr-Y tectonic discrimi- 
nant diagrams of Fig. 2, there are some that 
straddle the boundary zone with "calc-alkalic" 
basalts in the case of the former or even within 
the "calc-alkalic" field in the latter diagram. 
These basalts are interleaved in terms of tem- 
poral and spatial distribution in the Field. The 
andesites of the SFVF are characterized by 
strong enrichments of the light relative to the 
heavy rare earth elements (REE),  and in the 
discriminant diagrams of Bailey (1981) would 
appear to represent a further enhancement of 
the trends developed in the sequence from intra- 
oceanic to Andean margin arcs (Fig. 3 ). 

Shorn of the present-day tectonic controls 
that can be brought to bear upon the petrogen- 
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Fig. 3. Trace-element data for andesites of the SFVF com- 
pared with other orogenic andesites in the discriminant 
diagrams of Bailey {1981). Terms on the figure refer to 
oceanic as intraoceanic without developed basement, other 
oceanic including mature oceanic arcs, and continental 
representing arcs on relatively young continental crust. The 
ordinate is the same for both parts of the figure. 

esis of the SFVF, it would be tempting to assume 
on the basis of an integrated study of the bas- 
alts and intermediate volcanics that a major 
transition from stable within-plate activity to 
collision-zone, arc-related volcanism had 
occurred. This of course is remote from the 
reality of the situation, and the SFVF consti- 
tutes another example of constant tectonic but 
mixed trace-element signature magmatism. The 
current petrogenetic interpretation of the data 
is that major interaction between upper man- 
tle-derived basalts and components of the lower 
continental crust of the Colorado Plateau has 
taken place, and that much of the development 
of the intermediate and silicic volcanics is the 
result of assimilation and fusion of the crust 
( Gust et al., 1984; Keating and Arculus, 1985). 
Combined assimilation of and fractional crys- 
tallization (AFC) within the crust underlying 
the Taos Volcanic Field has also been proposed 
by M.A. Dungan and co-workers (Dungan et 
al., 1986; McMillan and Dungan, 1986; Thomp- 
son et al., 1986) and may account for the strad- 
dling by the TVF basalts of the within-plate and 
calc-alkalic discriminant fields of the Ti-Zr-Y 
diagram of Fig. 2. 

Comprehensive examples of constant-tec- 
tonic transdiscriminant volcanics are also pre- 
sented in this volume by A.R. Duncan for the 
Karoo, and it would seem that the point is now 

well established that mixed signals are not rare 
in magmatic environments. This should be suf- 
ficient to give pause to any erstwhile tectonic 
reconstructors. The more important next step 
is to examine the possible underlying causes for 
the generation of these mixed signals. 

Dist inct ive  trace-e lement  fract ionat ion 

In many of the examples cited above and also 
observed by others, ambiguity in terms of tec- 
tonic discrimination seems to arise in particu- 
lar from the relative fractionation of HFSE with 
respect to the AE, and also from fractionation 
within the HFSE as a group. For example, there 
is quite apparently fractionation within the 
basalts of the SFVF in terms of trace elements 
that are relatively compatible with major crys- 
talline hosts such as zircon (Zr, Hf, Th) and 
Fe-Ti oxides such as ilmenite and rutile (Nb, 
Ta). In general, depletion of the elements that 
are geochemically coherent with Ti, such as Nb 
and Ta (i.e. the TNT group) relative to the REE 
has come to be regarded as a ubiquitous sub- 
duction zone signature. Concurrent with the 
relative depletion of the TNT elements, the 
strong relative enrichments of the trace alkalis, 
AE and Pb are also distinctive. However, the 
abundances of other HFSE like Zr, Th and U 
are more variable on an interarc comparative 
basis (Basaltic Volcanism Study Project, 1981 ). 

There is considerable debate at present over 
the source of these fractionations and their 
effects on trace-element discrimination classi- 
fications. It is possible that our understanding 
of the origin of these fractionations will be aided 
by a comparison of the types of sources and pro- 
cesses that are involved in compressional ver- 
sus intraplate ( especially continental 
components thereof) magmatism. 

In order to explain the alkali and AE enrich- 
ments in subduction zone magmas relative to a 
reference group of coherently behaved trace 
elements such as the rare earths, current models 
can be divided basically into the following 
groups: 



(1) the enr ichments  result from one-way 
metasomatic t ransport  of the AE in supercriti- 
cal fluids released from the dewatering of the 
upper layers of a subducted slab, into the over- 
lying mantle wedge (e.g., Kay, 1980; Gill, 1981 ) ; 

(2) given the similarities between many 
oceanic intraplate and arc magmas in terms of 
AE/REE ratios, the fractionations may result 
from contrasts in melting processes in the two 
environments (e.g., Arculus, 1981; Morris and 
Hart, 1983 ) ; and 

(3) the strong AE/REE fractionations 
observed in many lower continental  crustal 
materials and continental  flood basalts sug- 
gests that  the lower crust may be a very impor- 
tant  component  in contamination processes 
( Arculus and Johnson, 1981 ). 
More complex models invoking two or all three 
of these groups have been proposed (Arculus 
and Powell, 1986; White and Dupre, 1986; Da- 
vidson, 1986; Hickey et al., 1986). 

The most important  underlying conclusion 
of this debate seems to be that  enrichments  of 
the alkalis and AE relative to the REE probably 
indicate the involvement at some stage of a 
metasomatizing hydrous fluid. Although the 
agency of this fluid has of course been invoked 
by many to account for the overall phenome- 
non of subduction zone volcanism ( Gill, 1981 ), 
there is also evidence for mobilization of 
hydrous fluids in other environments  such as 
the subcontinental lithospheric mantle (Haw- 
kesworth et al., 1983, 1984), apparently inde- 
pendent  of immediate subduction zone 
involvement. 

The depletions of some HFSE in island-arc 
basalts with respect to the REE (Fig. 4) have 
provoked a variety of explanations without a 
current  consensus. Retention of Nb and Ta in 
the subducted slab (e.g., in a rutile-bearing 
eclogite) is an appropriate corollary of model 
(1) above (e.g., Saunders et al., 1980). Stabi- 
lization of a TNT-bear ing phase within the 
mantle wedge during melting has been pro- 
posed by proponents of model (2), and a simi- 
lar role for rutile or ilmenite in the lower crust 
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Fig. 4. Chondrite-normalized abundances of selected trace 
elements of the "type arc suite" of the Basaltic Volcanism 
Study Project (1981). Numbers on the right-hand side of 
the patterns refer to suite sample numbers. Normalizing 
factors in this and subsequent figures are those of Taylor 
and McLennan (1985). 

has been suggested by Arculus and Johnson 
(1981). 

There are difficulties with all of these expla- 
nations however, that need to be examined in 
view of the significance of HFSE abundances 
and relative fractionations for tectonic discrim- 
ination. For example, retention of Nb and Ta 
in the subducted slab does not result in relative 
fractionation of these elements with respect to 
the REE in the mantle wedge, unless the REE 
are transported into the wedge along with the 
alkalis and AE from the subducted slab. The 
order of relative mobility required is 
alkalis > AE > REE > HFSE, which is plausible 
but not altogether consistent with some obser- 
vations of trace element/isotopic systematics in 
arc magmas (Arculus and Johnson, 1981 ). The 
REE are known to be potentially mobile in hal- 
ogen-bearing CO2-rich fluids (e.g., Wendlandt 
and Harrison, 1979 ) and may be transported in 
subduction zones. 

The concave-upward normalized abundance 
patterns in some boninites appear to reflect the 
selective addition of light REE to the mantle 
wedge (Jenner, 1981; Hickey and Frey, 1982). 



Furthermore, the light REE-enriched patterns 
of many arc basalts (e.g., in the Aleutians and 
Antilles), despite 143Nd/l**Nd values indica- 
tive of derivation from long-term light REE- 
depleted mantle sources, would also seem to be 
indicative of recent REE mobility in subduc- 
tion zones (Saunders et al., 1980). However, 
REE abundances in some tholeiitic arc basalts 
(e.g., Izu-Honshu and New Britain) are strik- 
ingly low (down to 2-5 × chondritic) (Fig. 4) 
and unfractionated with respect to chondrites. 
These features do not seem to be consistent with 
additions of REE from the subducted slab to 
the primary mantle wedge source. 

One of the striking features of the trace-ele- 
ment abundance patterns in these primitive 
tholeiites however, is the persistence of strongly 
negative Nb anomalies with respect to the REE, 
even at these remarkably low overall REE 
abundance levels (Fig. 4). Another explana- 
tion that has been proposed for the depletion of 
Nb and Ta with respect to the REE in arc ba- 
salts is that the source peridotites have suffered 
extensive previous melt extraction, with marked 
preferential loss of Nb and Ta compared with 
the light REE ( Arculus and Powell, 1986; Wat- 
son and Ryerson, 1986 ). Available partitioning 
data for these elements between the major 
phases likely to be stable in strongly depleted 
peridotite, and coexisting melt do not indicate 
an order of magnitude smaller Kd's for Nb or 
Ta compared with La or Ce (Irving and Frey, 
1984). Furthermore, the same degree of rela- 
tive fractionation between these element groups 
persists in strongly alkaline, silica-undersatu- 
rated arc magmas such as the feldspathoidal 
volcanics of the Tabar-Lihir-Tanga-Feni 
(TLTF) islands, east of New Ireland in Papua 
New Guinea (Wallace et al., 1983 (Fig. 5). 
Assuming that these magmas represent lower 
degrees of partial melting of a peridotite wedge 
source than the tholeiitic basalts of New Brit- 
ain, it is surprising that the fractionation of Nb 
compared to Ce is of the same magnitude if the 
Kd for Nb during wedge anatexis is a factor of 
5-10 smaller than Ce. At low degrees of partial 
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Fig. 5. Chondrite-normalized abundances of selected trace 
elements in the strongly alkaline lavas of the Tabar-Lihir- 
Tanga-Feni islands of Papua New Guinea (Wallace et al., 
1983). 

melting, the degree of relative fractionation of 
Nb and Ce should be markedly diminished or 
even the reverse of that observed. 

Retention of the HFSE in the subducted slab 
no doubt occurs, and relative fractionation of 
alkalis and AE, REE and HFSE in fluids 
released from the slab may be important in the 
genesis of some subduction-related magmas 
such as boninites. However, the features out- 
lined above for other types of arc magma do not 
seem consistent with fluid-slab fractionation 
alone, and alternatives have to be sought. One 
of these alternatives is the stabilization of a 
refractory phase in the mantle wedge during 
melting which results in the preferential reten- 
tion of the HFSE in the residual solid. A variety 
of potential phases has been suggested includ- 
ing ilmenite, rutile, sphene, perovskite and 
chondrodite-related structures (Green, 1981; 
Morris and Hart, 1983; Wheller et al., 1987). 
The major difficulty with these proposals is that 
saturation of a basaltic melt with a phase such 
as ilmenite or rutile results in high Ti concen- 
trations in the melt (as observed with high-Ti 
lunar basalts), totally opposite to that observed 
in arc magmas (Fig. 5 ). 

Perovskite is a particularly interesting can- 
didate however, because the relative fractiona- 
tions of AE-REE-HFSE in arc magmas seem 



consistent with the known distribution coeffi- 
cients between melts and this phase (Wheller 
et al., 1987), without the necessity of involve- 
ment of any slab-contribution whatsoever. Fur- 
thermore, alkaline lavas of the Sunda arc in 
addition to low Nb/La ratios show a consistent 
positive correlation of Nb and La despite an 
essentially constant Ti content, perhaps con- 
sistent with buffering of Ti levels in the mantle 
source regions by perovskite (R. Varne and J. 
Foden, pers. commun., 1986). In contrast, no 
such buffering is observed for equivalent 
strongly alkaline lavas of Papua New Guinea 
(Fig. 5). 

Additional critical observations can be made 
with respect to a potential role for perovskite: 

(1) At pressures _< 4 GPa, the activity of SiOe 
in the mantle is too high to permit the stable 
existence of perovskite in peridotite (Arculus 
and Powell, 1986). 

( 2 ) At pressures > 4 GPa, the combination of 
residual garnet and perovskite in anatectic 
events can result in appropriate light/heavy 
REE and HFSE/REE fractionations (e.g., Fig. 
5). Nevertheless, strong Nb depletions are 
observed in island arc tholeiites with no indi- 
cations of the influence of garnet and which 
were erupted over shallow Benioff Zone depths 
(Fig. 4). 

(3) Perovskite has not been identified in 
peridotite xenoliths in kimberlites even though 
barometric calculations indicate pressures of 
equilibration >_ 4 GPa (Dawson, 1980). 

In view of the difficulties encountered var- 
iously with slab retention, refractory phase par- 
ticipation and extreme source depletion as 
explanations for the observed trace element 
abundances, it is apparent that  more complex 
models are indicated (Arculus and Powell, 
1986). Perhaps the most promising avenue for 
further progress is offered by the experimental 
studies of E.B. Watson and colleagues on satu- 
ration levels of HFSE in silicate melts, espe- 
cially with respect to other trace elements such 
as the AE and REE. In broad summary, it is 
apparent that saturation levels of elements such 

as Zr, P and Ti are a strong function of melt 
structure (i.e. composition), temperature and 
pressure (Watson, 1979; Watson and Capo- 
bianco, 1981; Watson and Ryerson, 1986). Sig- 
nificantly lower concentrations of elements like 
Zr are required for zircon saturation in melts of 
rhyolitic composition than in basalt. In con- 
trast, no such dramatic solubility effects are 
observed for the larger, less highly charged AE 
and REE. As a consequence, significant frac- 
tionation of these element groups can take place 
providing high-SiOz melts are involved at some 
stage. 

Partial melting of the basaltic and/or sedi- 
mentary layers of the subducted slab is cer- 
tainly one possibility for the genesis of high- 
SiO2 melts in subduction zones. The alterna- 
tive is melting of basaltic zones trapped within 
the overturning, convecting peridotite wedge 
(Arculus and Powell, 1986). Direct evidence for 
the localized preservation of such materials, at 
least in the continental lithosphere, comes from 
the presence of high-pressure eclogites and 
metasomatized peridotites in kimberlite pipes. 
Overall thermal structures of subduction zones 
are probably more favorable for devolatiliza- 
tion of the slab and melting of the wedge rather 
than direct melting of the slab (Anderson et al., 
1978; cf. Marsh, 1979), but in either case, reac- 
tion of a high-SlOe melt with surrounding peri- 
dotite would buffer the melt to equilibrium 
basaltic composition (Ringwood, 1974), while 
retaining the fractionated AE/HFSE values. 
The overall trace-element abundance patterns 
could well correspond with those ratios observed 
for subduction zone magmas. 

In summary then, the involvement of fluids 
as potent  agents for AE/REE fractionation and 
silicic melts for AE-REE/HFSE fractionation 
seem the most attractive working hypotheses. 
The interesting implication stemming from this 
conclusion is that  neither of these components 
need be uniquely subduction zone related. For 
example, with respect to intracontinental plate 
magmatism, the development of pronounced 
AE/REE and REE/HFSE fractionation in 
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Fig. 6. Chondrite-normalized abundances of pristine man- 
tle-derived and crustally contaminated lavas of the Skye 
Main Lava Series of the British Tertiary Volcanic Prov- 
ince, after Thompson (1982). 

environments remote from subduction zones 
can perhaps be accounted for if fluid gain and/or 
silicic melt interactions occur in the source 
regions or during magma uprise into the conti- 
nental crust. 

Comprehensive studies of the British Ter- 
tiary Volcanic Province (BTVP) serve as an 
example for such processes (Thompson, 1982). 
In Fig. 6, trace-element data for basaltic lavas 
that  have been recognized on isotopic grounds 
as reflecting variable degrees of contamination 
by Precambrian basement are displayed. The 
interesting features in the current context are 
the high Ba/Ce and low Nb/Ce ratios and gen- 
eral dilution of the REE, Zr, Ti and Y of the 
contaminated compared with the primitive 
magmas. This latter feature is obscured in 
Thompson's  (1982) presentation by a second 
normalization to a uniform Yb = 10 × chon- 
dritic. Nevertheless, as proposed by R.N. 
Thompson and colleagues, it would appear that  
selective interaction with fluids and silicic melts 
derived from the continental crust have taken 
place during this continental rifting episode of 
the BTVP. 

The contamination processes in the case of 
the BTVP seem to be dominantly crustal but 
there is reason to believe that  similar processes 
could be involved with petrogenesis in the upper 
mantle beneath continental regions like south- 
ern Africa, as argued in this volume by A.R. 

Duncan. Metasomatic transport  of the AE has 
been demonstrated for some eclogite xenoliths 
from kimberlites in southern Africa 
(McCormick and Smyth, 1985), and signifi- 
cant fractionation of REE/HFSE/AE has been 
shown for various high-pressure xenolith pop- 
ulations (Hawkesworth et al., 1986). Melting 
and interaction with fluids derived from these 
materials seems reasonable given the thermal 
disturbance represented by the Karoo episode. 

Although melts from the upper mantle are 
inevitably buffered in terms of major-element 
composition by peridotite and generally erupted 
as basalts, the known heterogeneity of mantle 
lithospheric components permits the genera- 
tion, at least in restricted and localized amounts, 
of a much wider variety of melt compositions 
and fluid components that  seem detectable on 
trace-element and isotopic grounds. 

Concluding remarks 

There is no doubt that  systematic gathering 
and interpretation of trace-element data for 
igneous rocks have revealed many persistent 
and important  links with tectonic processes. 
Progress in petrogenesis and tectonics has been 
advanced considerably as a result of these com- 
bined efforts. It is clear however, that  juxtapo- 
sition of potential magma and fluid sources and 
the incidence of certain magma generation pro- 
cesses can take place in more than one tectonic 
environment; uncritical acceptance of a set of 
trace-element signals as being diagnostic of a 
particular tectonic framework is obviously sub- 
ject to error, varying in extent from considera- 
ble ambiguity in oceanic-collision/back-arc 
regimes to downright error within continental 
plates. Paleotectonic reconstructions that  
ignore these basic constraints should be 
regarded with suspicion. 
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t i o n  to  p a r t i c i p a t e  in  t h e  m e e t i n g  a n d  t h e i r  

s u b s t a n t i a l  l o g i s t i c a l  a n d  t a i l o r i n g  s u p p o r t .  
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p l a t e  a n d  a rc  m a g m a t i s m  c o n t r i b u t e d  s u b s t a n -  

t i a l l y  i f  w i t h o u t  l a s t i n g  e f f ec t s  t o  t h e  

d e v e l o p m e n t  o f  t h e  i d e a s  p r e s e n t e d  he re .  T h e  

p a t i e n c e  o f  v o l u m e  e d i t o r s  S t e v e  W e a v e r  a n d  
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