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Isotopic characteristics of potassic rocks: evid :;nce for the
involvement of subducted sediments in magma genesis
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LITHOS

ABSTRACT
Nelson, David R., 1992. Isotopic characteristics of potassic rocks: evidence for the involvement of subducted sediments in magma genesis. In: A. Peccerillo and S. Foley (Editors), Potassic and Ultrapotassic
Magmas and their Origin. Lithos, 28: 403-420.
The potassic igneous rock suite (with molar K20/Na20 > ! ) can be divided into an "orogenic" subgroup that occur in subduction-related tectonic settings and an "anorogenic" sub-group that are confined
to stable continental settings. Representatives of both sub-groups possess trace element and isotopic features consistent with the contamination of their magma sources by incompatible element rich and isotopically evolved"metasomatic" components. It is argued here that these metasomatic components are principally derived from subducted lithosphere, including subducted sediments. Most examples of orogenic
potassic magmatism (e.g. Italian potassic rocks, Spanish lamproites, Sunda arc leucitites) have traceelement and St, Nd and Pb isotopic characteristics consistent with the contamination of their mantle
sources by a component derived from marine sediments. Anorogenic sub-group potassic magmas havc
generally similar incompatible trace element and Sr and Nd isotopic characteristics to those of orogenic
potassic magmas, but many examples have unusual Pb isotopic compositions with unradiogenic 2°6Pb/
2°*Pb. Modem marine sediments characteristically have low U/Pb ratios and the unradiogeaic 2°6Pb/
2°4Pb ofanorogenic l~otassic magmas may have evolved during long-term storage of subducted sediments
(or components derived from them) within the subconhnental lithosphere. These unusual Pb isotopic
compositions require substantial time periods ( > 1 Ga) to have elapsed between the fractionation events
lowering the U/Pb ratio (i.e. erosion and ,~edimentation at the Earth's surface) and subsequent potassic
magrnatism and it is therefore not surprising that most examples of anorogenie potassic magmatism are
not associated with recent subduction processes. Although the eruption of potassic magmas is commonly
related to rifting or hotspot activity, these processes do not necessarily play an important role in the
genesis of the unusual sources from which potassic magmas are derived.

Introduction
Potassic igneous rocks are characterised by high
contents of K 2 0 and other incompatible elements
and high K 2 0 / N a 2 0 ratios (i.e. molar K,O/Na~,O
> 1; the term "ultrapotassic" refers to rocks having
molar K20/Na_,O > 3), commonly combined with
other features, such as high M g / ( M g + Fe) and Ni
Correspondence to: D.R.Nelson, Geological Su~'ey of Westem Australia, Mineral House, 100 Plain St., Easl Perth, W.A.,
6004, Australia.

and Cr contents, indicating that they have undergone relatively little differentiation (Foley et al.,
! 987 ). Representatives o f t h e potassic magma suite
occur in active island arcs (e.g. Sunda arc, Indonesia) where they are closely associated wlth contemporaneous talc-alkaline magmatism, in post-collisional settings (e.g. the R o m a n Province, Italy and
southeastern Spain) and in intraplate continental
settings where they are commonly associated with
either active rifting (e.g. Tora-Ankole Province of
the East African Rift) or hotspot activity (e.g.
southeast Australian, Gaussberg and Leucite Hills
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leucitites and possibly the lamproites of the west
Kimberley region of Western Australia). This diversity of tectonic settings has led to the development of a range of different tectonic models for potassic rocks and has resulted in some controversy
regarding the petrogenesis of the suite (e.g. Cundad, 1980; Edgar, 1980). However, as recently
pointed out by Vollmer (1989), the processes determining many of the chemical and isotopic features of potassic magmas are not necessarily the
same as those responsible for their eruption. In
many instances, there is circumstantial evidence indicating that the eruption of potassic magmas is a
consequence of rifting or hotspot activity, yet many
aspects of the geochemical and isotopic characteristics of these magmas suggest that subduction processes have played an important role in their
petrogenesis.
Because of their unusual isotopic characteristics,
potassic rocks have attracted considerable interest
from isotope geochemists. Representatives of the
potassic rock suite have been shown to possess an
extremely wide range of Sr, Nd and Pb isotopic
characteristics, requiring long and complex parentdaughter (Rb/Sr, Sm/Nd and particularly U - T h /
Pb) fractionation histories. The high abundances of
incompatible elements and volatiles such as F, Cl
and H20, the evolved (i.e. radiogenic 87Sr/86Sr and
unradiogenic t43Nd/~44Nd) isotopic signatures and
the mixing arrays commonly found on isotope-isotope diagrams are most simply interpreted as indicating derivation from "metasomatised" mantle
sources, with the metasomatic components involved conferring the enriched mantle isotopic
character to the sources of potassic magmas. (The
term "metasomatism" is here applied in a very
broad sense, to denote those processes responsible
for the introduction of chemically and isotopically
foreign components to regions of',he mantle). The
origin of these isotopica!ly evolved metasomatic
agents is an important issue that has yet to be satisfactorily resolved.
This contribution examines aspects of the geochemical and isotopic characteristics of some examples of potassic rocks and offers a gener~lised
model for the petrogenesis of the suite. Representatives of the potassic rock suite examined here have
been divided into two sub-groups: those that occur
in Palaeozoic fold belts and subduction-related tectonic environments, termed the "orogenic" sub-
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group, and those that are confined to stable intracratonic tectonic environments, termed the "anorogenic" sub-group. This simple subdivision has
been adopted in preference to other classification
schemes in order to elucidate the links between tectonic setting, volcanism and petrogenesis. The approach applied is based on the assumption that an
understanding of the petrogenesis of the potassic
suite may benefit from comparisons of the geochemical and isotopic features ofpotassic rocks from
different settings. It will be argued here that the division between orogenic and anorogenic potassic
igneous rocks separates two petrogenetically-related magma groups which differ only in the extent
of involvement of the subcontinental lithosphere as
a storage site of their magma sources.

Potassic magmatism from orogenic settings
The Sr and Nd isotopic compositions of potassic
rocks from orogenic settings are summarised in Fig.
1. Geochemical studies (e.g. Nicholls and Whitford, 1978; Foden and Varne. 1980; Stolz et al.,
1988, 1990; Ellam and Harmon, 1990) have shown
that, apart from their elevated K20, most examples
of potassic magmatism from active subduction
zones have many geochemical features in common
with subduction-related magmas. Most show the
high A1203 and large ion lithophile element abundances and low abundances of the high-fieldstrength elements Ti, Ta, bib and Zr which characterise arc magmas and are clearly petrogenetically
related to the arc lavas with which they occur. These
features provide strong evidence of the involvement of subduction-related processes ia the generation of orogenic potassic magmas. On the Sr- ~'~d
isotope diagram (Fig. 1 ), all examples of orogenic
potassic magmatism plot close to a mixing line joining an upper mantle end-member, having Sr and Nd
isotopic compositions similar to mid-ocean ridge
basalts and an enriched mantle end-member having
Sr and Nd isotopic compositions similar to those of
oceanic sedilnents. However, recent studies suggest
that ocean-island plume components may also be
involved in the generation of some examples ofpotassic magmatism associated with modern subduction zones.
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Fig. 1. Initial Nd-Sr isotopic compositions for orogenic potassic rocks compared to the field for mid-ocean ridge basalts. All
examples plot close to a mixing line joining an uDper mantle end-member, having Sr and Nd isotopic compositions similar to
mid-ocean ridge basalts, and an enriched mantle'end-member having Sr and Nd isotopic compositions similar to those of oceanic
sediments. Data sources - MORB: Cohen and O'Nions ( 1982 ), White and Hofmann ( 1982 ), lto et al. ( 1987 ). Potassic suites:
Hawi~esworth and Voilmer (1979), Whitlord el al. ( 198 ! ), Nelson et al. ( i 986), Stolz el a!. ( i 9,,,,
Q~ ) and Edwards et al. ( ! 99 ! ).
S. Venanzo and Cupaello: author's unpublished data, ! 987.

Leucitites of the eastern Sunda arc, Indonesia
The Sunda arc of Indonesia was formed during
the subduction of the northward-migrating IndianAustralian lithospheric plate beneath the Southeas t
Asian plate. High-K alkaline volcanism is known
from at least five Quarternar)' volcanoes, which are
generally located more than 150 km above the inferred Benioff zone. Varne (1985) demonstrated
that K20/SiO., ratios of the less differentiated east
Sunda arc volcanics (i.e. those having less than 53
gt.% SiO:) are positively correlated with sTSr/S6Sr,
with the ultrapotassic leucitites having the most ra-

diogenic STSr/S6Sr and unradiogenic 143Nd/144Nd
values. Highly radiogenic STSr/S6Sr (i.e. from 0.7057
to 0.7061 ) and unradiogenic ~43Nd/144Nd (correspondiag to eNa values between - 0 . 2 and - 3 . 4 )
values were also recently reported by Stolz et al.
(1988) for the leucite basgnites and ieucite tephrites of Batu Tara, an isolated volcano located
about 230 km above the inferred Benioff zone of
the east Sunda arc. These data are consistent with
the involvement of isotopicaily evolved and K:Orich components in the genesis of the east Sunda arc
potassic volcanics. Varne ( 1985 ) proposed that the
Indonesian arc volcanoes which have erupted po-
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tassic magmas were tapping subcontinental lithospheric sources similar to those from which the
lamproi~es of the west Kimberley region of Australia, located about 1000 km to the south, were derived. However, differences between the Pb isotopic compositions of the arc rocks (White et al.,
1983; $tolz et al., 1990; Edwards et al., 1991 ) and
the lamproites (Fraser et al., 1985; Nelson et al.,
1986) rule out the possibility that the same source
is involved in both cases. It is also unlikely that
ocean-island plume components, such as the Dupal
component of Hart (1984), are responsible for the
extreme isotopic enrichment shown by some Sunda
arc potassic rocks (e.g. Batu Tara), as the isotopic
compositions of these potassic lavas extend to more
radiogenic S7Sr/86Sr and 2°7pb/2°4pb and unradiogenic 143Nd/l~4Nd values than those typical of
ocean-it;land rocks in the region. The St, Nd and Pb
isotopic characteristics of the more isotopically
evolved potassic rocks of the Sunda arc are similar
to those of terrigenous sediments (Whitford and
Jezek, 1982; White et al., 1983; Ben Othman et al.,
1989) and it is likely that the sources of~hese potassic magmas have been contaminated by metasomatic components derived from the subducted slab,
including subducted oceanic sediments.
While there is clear evidence of the involvement
of metasomatic components derived from subducted sediments in some examples of potassic
magmatism from the Sunda arc, this is not the case
for all Sunda arc potassic rocks. Wheller et al.
(1987) emphasised that some Indonesian arc lavas
which are highly enriched in K20 are not highly isotopically enriched and have argued that K20-enrichment may sometimes occur independently of
isotopic enrichment. These at:thors pointed out that
the leucite-bearing lavas of Soromundi and Sangenges in the Bali segment of the Sunda arc show
high K20/SiO2 values but have only moderate 87Sr/
86Sr ratios of ca. 0.705. The 87Sr/86Sr ratios of the
potassic magmas of these volcanoes are low compared to those measured in other Sunda arc volcanics having similar high K20/SiO2 values, but they
are generally higher than the S7Sr/S6Sr ratios of the
low-K20 calc-alkaline lavas with which they are associated and are considerably higher than might be
anticipated if these magmas were derived from uncontaminated upper mantle. It is therefore likely
that some contamination of the sources of these potassic magmas by components derived from the
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subducted slab has occurred. A variety of factors,
such as the chemical and isotopic compositions of
the subducted lithosphere (including subducted
sediments), the composgtion of the melt (or fluid)
and the solid-melt (or fluid) distribution coefficients of the elements involved, the modification of
the metasomatic components during their passage
through the mantle wedge and the possible involvement of fluids or melts released during dehydration
of altered subducted basaltic crust, will influence the
relative K20 and isotopic enrichments caused by
metasomatic components derived from the subdueted slab. It is also conceivable that subducted
sedimentary material is physically mixed into the
mantle wedge from which subduction zone magmas
are derived. If this occurs, isotopic enrichment of
the subduction zone magma source will occur without accompanying increase in K20/Na20 (unless
the sediments involved have high K20/Na20). This
may be the case with volcanics of the Banda arc
(McCulloch et al., 1982; Wheller et al., 1987).
A further example of apparent enrichment in I(20
without accompanying isotopic enrichment is provided by the leucite-bearing lavas of 1he dormant
Pleistocene volcano of Muriah, located in northcentral Java approximately 360 km above the Benioffzone. Based on petrographic criteria, Nicholls
and Whitford ( ! 983) distinguished two magma series at Muriah: a "hydrous" series, characterised by
abundant hydrous phenocrysts of amphibole or
biotite and a generally less siliceous and more potassic "anhydrous" series, dominated by anhydrous
phases such as Ca-rich clinopyroxene set in a feldspathoid-rich groundmass. Representatives of both
series have generally low -FiO2 and Nb and high
A1203 contents, in common with other island arc lavas (Ferrara et al., 1981; Calanchi et al., 1983; Nicholls and Whitford, 1983; Edwards et al., 1991 ).
Anhydrous series lav~,: have generally lower 87Sr/
a6Sr ratios (0.7043 - 0 7046) than hydrous seres
lavas (0.7046 - 0.7053; Whitford, 1975; Ferrara et
al., 1981; Edwards et al., 1991 ) and have relatively
low 2°TPb/2°4pb ratios compared to other Sunda arc
lavas and ocear~ic sediments (Edwards et al., 1991 ).
The comparatively weak Nb depletion of the Muriah potassic lavas compared to other Sunda arc lavas and their isotopic similarities with some oceanisland basalts were interpreted by Stolz et al. (1990)
and Edwards el al. (1991) as evidence that an
ocean-island source coraponen~ was involved in the
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generation of the Muriah potassic rocks. However,
as pointed out by Morris and Hart (1983), there
are many geochemical and isotopic similarities between ocean-island and island-arc magmas and the
features of the Muriah potassic rocks emphasised
by Stolz et al. (1990) and Edwards et al. ( 1991 ) are
not sufficiently diagnostic to offer convincing proof
of the involvement of an ocean-island source component. Instead, it is equally plausible that the Muriah potassic lavas were derived from a phlogopiterich source located within the mantle wedge and
which has undergone enrichment in incompatible
elements by fluids or melts derived from subducted
lithosphere, as proposed by Ferrara et al. (1981)
and Calanchi et al. (I983). Ringwood (1990) argued that depletions in TiO2, Nb and Ta in cale-alkaline magmas are due to the retention of these elements in residual rutile within the subducting slab
at depths less than ! 50 kmo Because rutile is no
longer a residual phase at depths of 150-350 kin,
melts derived from 1he subducted slab at these
depths may be enriched in Ti, Nb and Ta relative to
other incompatible elements. It is likely that the
Muriaa potassic magmas were derived by smaller
degrees of partial melting of metasomatised mantle
at considerably greater depths than most other more
typical Sunda arc lavas~ This may partly explain the
relatively high Nb contents of the Muriah potassic
rocks compared to other island-arc lavas. Nevertheless, other recent studies of the potassic rocks of Indonesia (e.g. Van Bergen et al., 1991, this issue;
Varne, 1991 ) have advocated the involvement of
ocean-island components in the generation of the
potassic rocks of the Sunda arc and further detailed
geochemical and isotopic studies of the Muriah lavas and other occurrences of island-arc potassic
magmas are necessary to satisfactorily resolve this
issue.

Potassic rocks of ltaly and southeastern Spare
A number of recent studies of ~he potassic rocks
of Italy and southeastern Spain (e.g. Thompson,
1977; Edgar, 1980; Civetta et at., 1981; Holm and
Munksga~d, 1982; Peccerillo eta!., 1984; Venturelli e~ al., 1984; Pecceriilo, 1985; Rogers et al., 1985:
Nelson et al., ! 986; Beccaluva et at., 1991 ) have argued for the involvement of subduction processes
in their generation. ,~dthough potassic rocks from
both Italy and southeastern Spain have geochemi-

407

cal features consistent with a subduction-re!ated origin, potassic magmatism in both of these regions is
post-collisional and is associated with block-faulting and rifting (see Beccaluva et al., 1991 and Venturelli et ai., 1984 for a more detailed discussion ).
The Spanish lamproites have high Ba/La ratios, low
K / R b ratios and rare-earth-element patterns with
negative Eu-anomaiies (Nixon et al., 1984; Vemurelli et al., 1984), consistent with the contamination of their mantle sources by a component resembling modern oceanic sediments. Furthermore, the
Spanish lavas possess Sr, Nd and Pb isotopic compositions similar to those of modern marine sediments (Nelson et al., 1986). The involvement of a
similar crustal component can also account for the
isotopic and trace element features of the Italian
potassic suite, although there are some conflicting
interpretations of the tsO/160 data and the role of
extensive high-level crustal contamination in some
of 1he more differentiated Italian magmas (e.g.
Taylor et al., 1979; Holm and Muaksgaard, 1982,
1986; Turi et al., 1986; see also discussion by Vollmet, 1989). The Italian potassic lavas also have
pronounced negative Eu anomalies (e.g. Hawkesworth and Vollmer, 1979; Civetta et al., 1981, Peccerillo et ai., 1984), even though there are no liquidus mineral phases capable of producing these Eu
anomalies. Hawkeswor,.h and Vollmer (1979) proposed that either a residual Ca ~+- and Eu-dch phase
was retained in the mantle sources of the lavas or
that "metasomatising" fluids or melts are responsible for these Eu anomalies. As the rare earth element patterns of upper crust and sediments typically possess negative Eu anomalies, this feature is
also consistent with the cont~ination of the magma
sources of these lavas by crustal components.
While there appears to be a broad consensus that
the sources of the Italian potassic magmas have been
contaminated by crustal components (see also
Conticelli and Peccerillo, this issue) there are diverging views about the mechanisms responsible for
this contamination. Much of this disagreement
a~~ s from the observation, first made by Volimer
( 1976, 1977), that the isotopic trends displayed by
the Italian potaqsic magmas extend from one endmember isotopically resem:.0";agcontinental crust or
marine sediments, to a second end-member, represented by ~he alkaline tarns of Pietrc Nero, which
isotopically resembles ocean-island basalts. Vollmer (1989) accounted for the ocean-island end-
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member by proposing that metasomatic fluids were
released from an asthenospheric mantle plume and
infiltrated and variably metasomatised mantle
which was earlier contaminated by subducted sediments. Vollmer (1990) also argued that the eruption of the Italian potassic magmas was due to the
movement of the Adriatic plate over this hotspot.
However, Peccerillo (1990) has emphasised that
mid-Tertiary magmatism at Pietre Nere is much
older than, and is therefore unrelated to, the predominantly Quarternary Italian potassic magmatism, although he conceded the possible involvement of a plume component in the generation of at
least the Campanian potassic lavas. Peccerillo
(1990) advanced a model for the genesis of the Italian potassic rocks in which crustal material is introduced into the upper mantle by subduction processes to form phlogopite-bearing pyroxenite bodies.
A rise in the mantle isotherms following the cessation of subduction causes these phlogopite pyroxenite bodies ~a melt, generating the Italian potassic
magmas. Further potassic volcanism was considered to be related to rifting associated with the
opening of the Tyrrhenian Sea and the rotation of
the Adriatic plate. It is, however, also conceivable
that the Pietre Nere plume extensively contaminated ~he upper mantle below the Adriatic plate
prior to its widespread con'.amination by subducted
sediments.

Southeastern Australian leucitites
i'he olivine leucitites of southeast Australia
(Cundari, 1973) represent a further occurrence of
potassic magmatism within a post-coUisional orogenic setting - in this case, the early Palaeozoic
Lachlan Fold Belt. Although there is convincing
evidence for the operation of subduction during and
after the Cambrian period within the Lachlan Fold
Belt (see for example, Crook, 1980 or Nelson et al.,
1984), evidence for the direct involvement of subduction processes in the generation of the southeast
Australian leucitites is less convincing. Instead, the
southeast Australian leucitites possess relatively high
TiO2 contents and have chemical affinities with anorogenic pc;tassic magmas rather than with orogenic (or subduction-related) potassic magmas.
Wellman and McDougall (1974) and Sutherland
(1983) have shown that the age of leucitite volcanism decreases systematically from noah to south
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and have proposed tha~ the eruption of the southeast Australian !eucaites was initiated by a hotspot.
The leucitites have St, Nd and Pb isotopic compositions (Nelson et al., 1986) resembling those ofthe
lavas of some ocean-islands, such as those of Kerguelen and Society Islands and it is possible that they
were derived from hotspot plume sources. However, it is also pe~::'.'b!etha~ the hotspot provided a
source of heat which activated the leucitite magmatism from pre-existing K20-enriched subcontinental lithospheric sources located beneath the
Lachlan Fold Belt. If this latter interpretation is
correct, the trace-element and K20 enrichment of
these subcontinental lithospheric source~ may have
been associated with subduction during the
Cambrian.

Orogenic potassic magmatism: subduction-related
and hotspot-related?
While the evidence in favour of the involvement
ofsubduction-related processes in the generation of
most examples of orogenic potassic magmatism is
compelling, it is also apparent that plume-related
processes may also be involved in the generation of
many examples of potassic magmatism associated
with subduction. It is noteworthy that leucite-bearing rocks with K20/Na20 ratios near or greater than
unity have been repo~1ed from a number of ocean
islands, such as Kerguelen, Tristan da Cunha (see
Baker et al., 1964) and Ullung-do Island in the Sea
of Japan (see Nelson et al., 1986). Bishop and
Wooiley (1973) recognised two separate petrogenetic lineages, one sodic and one potassic, on the
lviarquesas island of Ua Pu, whereas Duncan et al.
(1986) demonstrated that the lavas of the island
possess isotopic variations indicating derivation
from isotopically heterogeneous mantle sources.
Mildly potassic lavas have also been reported from
Gough (Le Maitre, 1962), Cape Verde, St. Helena
and St. Paul Islands (see Gupta and Yagi, 1980). It
is curious that leucite-bearir|g lavas occur on those
ocean islands (such as Ke~guelen and Tristan da
Cunha) which possess relatively high e°Tpb/2°4pb
values compared to the mid-ocean ridge basalt Pb--Pb isotope array, as this feature has been attributed
to the involvement of recycled sedimentary components (see, for example, Weaver et al., 1986).
Differences in the K20/Na20 ratios of ocean-island lavas are generally attributed to differentiation
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processes, but it is possible that they result from
varying degrees of "metasomatic" trace-element
enrichment within their magma sources. Nevertheless, highly potassic rocks having the evolved "enriched mantle" isotopic signatures which characterise most occurrences of potassic magmatism have
not been idcr, fified on ocean islands. Although some
examples of polassic magmatism are clearly associated with hotspot activity, the absence of highly potassic rocks on ocean islands suggests that the K20rich and isotopically evolved metasomatic components involved in the generation of potassic magmatism are unlikely to have been derived from hotspot plume sources.
The processes responsible for the K20 enrichment, independently of enrichment in Na20, in orogenic potassic magmas are not well-understood.
One possible mechanism is suggested by the experimental work of Schreyer et al. (1987) on crustal
:'ocks under upper mantle conditions. These authors have shown that, at pressures of 15-20 kbar
and temperatures of 400-700 °C, the minerals Kfeldspar and phlogopite (or biotite) mutually react
to form a K- and Mg-rich siliceous fluid. These two
minerals are common in crustal rocks such as granites and felsic gneisses. K- and Mg-rich flu'~ds released during the subduct~on of crustal rocks may
react with the surrounding mantle and give rise to
chemically modified mantle capable of yielding
lampro~tic or leuc.ititic melts (Schreyer et al., 1987;
Schreyer, 1988). Volatile-rich fluids with extremely
high K20/Na20 ratios have been detected in micro-inclusions in diamonds (Navon et al., 1988),
indicating that such fluids may occur at considerable depths (at least ca. 150 km) within the Earth's
mantle. Alternatively, the K20/NazO ratios of some
arc lavas may have been enhanced by the preferential incorporation of Na20 from slab-derived melts
or fluids into other Na20-bearing mineral phases
(such as jadeite) at greater depths within the mantle wedge, or by the depletion oftheir magma sources
in Na20 by the extraction of partial melts prior to
the metasomatic enrichment in K20.
In summary, it seems that the processes tri~ering the eruption ofpotassic magmatism in orogenic
tectonic settings are commonly more closely related
to rifting or hotspot activity than they are to subduction processes. However, subduction-related
processes are deafly implicated in the petrogenesis
of most orogenic potassic rocks, such as those of the

Sunda arc, Italy and southeastern Spain. The distinctive geochemical and isotopic characteristics of
these suites indicate that subducted lithosphere, and
in particular subducted sediments, have provided
an important source of volatiles and incompatible
elements (including K20 ).

Potassic magmatism from anorogenic settings
The geochemical and mineralogical features of
those occurrences ofpotassic magmatJsm which are
found within stable Archaean or Proterozoic continental (or anorogenic) settings has recently been
reviev~ed by Bergman ( 1987 ). The Sr and Nd isotopic compositions of some examples of anorogenic
potassic rocks are displayed in Fig. 2. As with ex.
amples from orogenic tectonic settings, potasslc
rocks from anorogenic settings possess an extremely wide range of Sr and Nd isotopic compositions, extending to highly radiogenic 8~Sr/SrSr and
unradiogenic 143Nd/144Ndvalues. In contrast to orogenic potassic rocks, which plot along a well-defined negative curvilinear array on this diagram (see
Fig. 1 ), examples ofanorogenic potassic rocks having comparatively unradiogenic 143Nd/m44Ndvalues possess an extremely wide range of Sr isotopic
compositions. The Sr and Nd isotopic characteristics of these magmas resemble those of old continental crust, but the extremely high concentrations
of most incompatible elements (including St, the
rare-earth elements and Pb) make the isotopic
characteristics of these magmas highly insensitive
to bulk crustal contaminatioa processes. Their
mantle origins are also indicated by their generally
high Mg/(Mg+Fe), high Ni, Co, Cr and Sc contents and the presence of mantle-derived peridotite
xenoliths and, in some examples, diamonds. The Pb
isotopic compositions of examples of anorogenic
potassic rocks are displayed in Fig. 3. Many occurfences possess radiogenic 2C~Pb/2°4pb combined
with unradiogenic :°rPb/Z°4pb, compared to the Pb
isotopic compositions of the upper mantle as inferred from those of oceanic basalts.
The generally high MgO, Ni and Cr abundances
and low AlzO~ and Na20 of anorogenic ultrapotassic magmas are most reasonably attributed to their
derivation from relatively depleted (depleted lherzolitic or harzburgitic) mantle sources. However,
their very high incompatible element contents and
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Fig. 2. Initial 5r-Nd isotopic compositions for anorogenic potassic rocks, compared to the field for mid-ocean ridge basalts. The
isotopic evolution occurring during the period of storage of the magma sources ofanorogenic potassic rocks within the subcontinental lithosphere can account for the differences shown between these and orogenic potassic rocks (see Fig. 1). Data sources MORB: as in Fig. I. Potassic rocks: Langwonhy and Black ( 1978 ), Collerson and McCulloch (1983), McCulloch et al. (1983),
Smith (1983), Vollmer and Norry (1983), Vollmer et al. (1984), Fraser et al. (1985), Nelson et al. (1986), Middlemost et al.
(1988), Nelson and McCulloch (1988), Nelson (1989), Nelson et ai. (1989) and Thompson et al. (1989).
steep LREE-enriched rare-earth-element patterns
suggest that the sources of these magmas have been
refertilised with incompatible trace elements, as the
generation of such extreme trace-element enrichment by partial melting of primitive or trace-element depleted mantle sources would require unrealistically small degrees of partial melting. In some
examples (e.g. Western Australian lamproites),
weak correlations exist between K 2 0 / N a 2 0 and Sr
and Nd isotopic compositions, indicating that enrichment in K20 was at least partly coupled with
isotopic enrichment. The near-vertical trends shown
by many occurrences on the 2°'lpb/2°4pb versus

2°6pb/:°4pb diagram (Fig. 3) are also indicative of
the operation of mixing processes.

A generalised model for the petrogenesis of potassic
rocks
That continental anorogenic potassic rocks from
a number of different localities possess similar but
unusual isotopic compositions is strong evidence for
their generation by common processes. Furthermore, the processes involved in the generation of
orogenic and anorogenic potassic magmas, as in-
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ferred from geochemical and isotopic trends, have
many features in common. For example, geochemical and isotopic trends displayed by representatives of both orogenic and anorogenic sub-groups
indicate that incompatible-element-rich components (either solids, melts or hydrous fluids) have
been added to their mantle sources, are responsible
for the enrichment in K20 and have i m p a l e d the
evolved Sr, Nd and Pb isotopic compositions which
charactetise these magmas. As discussed earlier,
there is evidence that the ismopicaily evolved metasomatic components involved in the generation
of some examples of orogenic potassic magmatism
have been derived from subducted sediments. A

similar subducted sediment origin for the metasomarie componems involved in the genesis of,:aany
examples of anomgenic potassic magmatism is also
consistent with their geochemical and isotopic
characteristics, as will be outlined below, even
t~:~ough these magmas are rarely found in subduelion-related tectonic settings. This explanation reconciles the mantle characteristics ofanorogenic polassie magmas, such as their high M g / ( M g + F e )
and Ni and Cr contents, with apparent crustal features such as their incompatible-element pauerns
and Sr, Nd and Pb isotope characteristics. The
complex multistage U / P b fractionation histories
indicated by the unusual Pb isotopic compositions
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ofanorogenic potassic magmas, which are not readily explained by models advocating their generation
entirely within the upper mantle or subcontinental
lithosphere, are also consistent with this
interpretation.
Ratios of the highly incompatible elements in igneous rocks are relatively unaffected by partial
melting or differentiation processes and closely resemble those of the mantle sources from which the
melts were derived. In undifferentiated examples of
potassic magmas, the ratios of these elements approximate those of the incompatible-element-rich
metasomatic components which have been added
to their mantle sources. The ratios of these elements
in anorogenic potassic rocks more closely resemble
those found in subduction-related magmas, continental crustal rocks and pelagic sediments than those
of other mantle-derived rocks (Fig. 4). For example, anorogenic potassic magmas typically have low
K/Rb, K/Ba, Ba/La and high Th/U ratios which
are we!l outside the range found in mid-ocean ridge
or ocean-island basalts but are comparable to those
of crustal rocks and marine sediments. Although the
ratios of some of these elements may have been
modified by extensive fractionation of some mineral phases (i.e. K/Rb by extensive fractionation of
leucite or phlogopite), geochemical trends (where
adequate data are available) suggest that crystal
fractionation processes are not responsible for these
unusual incompatible element ratios. For example,
no correlation exists between Ba/La and K/Ba ratios and differentiation parameters such as wt.%
MgO for the Western Australian lamproites. Th/U
and K/Rb ratios in the Western Australian lamproites are respectively positively and negatively
correlated with wt.% MgO, with the more primitive
olivine lamproites having generally higher Th/U
and ~,~:~'er K/Rb ratios than those of the leucite
lamproites. The similarities in the incompatibleelemen~ ratios ofpotassic magmas and crustal rocks
are consistent with the derivation of the metasomatic componems involved in the generation ofpotassic magmas from upper crustal sources. Comparison efthe trace-element aburtdances of anorogenic
potassic magmas and marine sediments (Fig. 5 ) also
reveals generally similar patterns, with both rocktypes commonly showing positive Ba and Pb and
negative Nb anomalies.
Many examples of anorogen]c potassic magmatism, such as the Western AuslIralian lamproites and

D.R. NELSON
i

I

I

i i i i

i

|

I II

i

i

I

i

i i |

i

i

r~WA la/mpr°ites A~est., aver.ageocean
I
-~f...~.
seoimen!
I W~vis R ~
' " Priestley Peak
I sediments( ~ , . . , ~ ,
I~,.W
-""/:'%
3 ~..
Colroado
|
LeuciteHills x~
I ~'-]
~,
orend,tes/ ~
O/f
I

100
50
40
30

\

,//

wyom,n
l,es

%.

_/

_ ........ J j ~ =

-"/'islandArcs

"t 20
IZl

Leucite Hills madupites"

~cean

10

Manning M a s s i f / ' ~ % ~

5
4
3
200~

Islands

MORB []
!

i

'

'

i
i
i
i
. . . . . . .

i

i i

1

I

I

I

I

',lllllll

Ii

MORB U

]

I

lO0~
50
40
30

Manning Mass,f-~(..~

y^

sediments ( 5 ) ~
/ \ ....
Gaussberg---"~ ~
~,
est. average
~
% \ | - - ~ I..

t~ 20
oo
x,,
10

oceansed,r eot <_. \ \ X 4

Wa..visRidge~ ~ r , ~ _
~,~
seoiments (35) /
k~L\ ~
/
/w V
/
LeuclteRills A

~

I

!

20 30

t

....
C~lurado
Leuc,leHit s
orendites /
wyomingites

PriestleyPeak

!

50

i

I t it

1'39

I

'

'

200
K/Rb

I

t

|

500

I

i

TM

1000

i

I

2000

Fig. 4. Incompatible-elementratios Ba/La, K/Ba and K/Rb
for some examplesof anorogenic potassic magmatismcompared to those of marine sediments,ocean-islandbasalts and
mid-oceanridgebasalts. Modemoceanicsedimentsand many
examples of potassic magmatis,n have generally low K/Rb,
variable but generallylow K/Ba and high Ba/La compared
to ocean-island and mid-ocean ridge basalts. Data sources:
Jakes and White (1972), Church (1973), Erlank and Kable
(1976), Whiteand Bryan (1977), Kay (1980), Sheratonand
Cundari (1980), Morris and Hart (1983), Jaques et al.
(1984), Liu and Schmitt (1984), Venturelliet al. (1984) and
Thompson et al. (1989).
Gaussberg and Leucite Hills leucitites, possess radiogenic 2°Tpb/2°4pb combined w~th unradiogenic
2°6pb/2°4pb compared to mid-ocean ridge and
ocean-island basalts (see Fig. 3 ), indicating that the
metasomatic components which have imparted
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these isotopic characteristics have undergone long
and complex histories. In order to produce these
unusual Pb isotopic compositions, a complex history of U/Pb fractionation involving an early period of high U/Pb foUowed by more recent low U/
Pb (relative to the 2°Tpb/E°4pb-2°6pb/2°4pbarray
of mid-ocean ridge and ocean-island basalts) is required. By contrast, the sources of most mid-ocean
ridge and many ocean-island basalts have undergone an increase (either progressively or episodically) in their U/Pb ratios. The substantial fractionation events causing these changes in the U/Pb
ratios are diffictdt to produce by magrnatic processes, such as partial melting or crystal fractioriation, because of the similar geochemical behavior
of U and Pb during these processes. However, substantial fractionation of U and Pb may occur during
weathering, sedimentation and hydrothermal processes at the Earth's surface, due to the relative insolubility of U4÷in aqueous systems under reducing conditions. This is evident from the available
data on the U and Pb contents of modern pelagic
oceanic sediments (for example, Chow and Patter-

son, 1962; Church, 1973; Calvert, 1976; Chester and
Ashton, 1976; Unruh and Tatsumoto, 1976; White
et al., 1985; Ben Othman et al., 1989), which indicate that the U/Pb ratios of marine sediments are
variable and are commonly low. Oceanic sediments
may have had generally lower U/Pb ratios during
the Archaean when the lower degree of oxidation of
the Earth's atmosphere would favour the less soluble U4+ion over U ~÷. A model which accounts for
the Pb isotopic compositions of anorogenic potassic rocks and which incorporates the involvement
of metasomatic components derived from subducted sedimentary sources is presented diagrammatically in Fig. 6.
Other aspects of the geochemistry of anorogenic
potassic magmatism are also consistent with the involvement of subducted sedimentary components.
The highly variable oxidation state of this group of
potassic magmas {Foley, 1985, this issue; Edgar and
Vukadinovich, this issue), their high ab~ ndances of
P205 { ~< 3.3 wt.%) and of volatiles such as F ( ~<
1.0 wt.%), CI ( ~< 0.1 wt.%) and H20 ( ~< 6 wt.%;
Sheraton and Cundari, 1980; Sheraton and Eng-
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example shown, 3 Ga ago), Pb is extracted from the mantle during a crust-forming event and evolves for some period in the high
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land, 1980; Kuehner et al., 1981; Jaques et al.,
1984), their variable but generally radiogenic 87Sr/
86Sr and ~.heir unradiogenic ~43Nd/~44Nd are all
readily explained by the involvement of sedimentary components. According to Sun and McDonough (1989), the highly fractionated rare-earth
element patterns of the Western Australian lamproites show an average 20 % negative Eu anomaly.
This is also consistent with the contamination of
their mantle sources by a crustal-derived component. The presence of diamonds in the Western
Australian lamproites provides further support for
the involvement of sedimentary, components, as an
extremely wide range oft~~aC values (including values as low as - 3 4 % vs. PDB) have been documented by carbon isotopic studies of diamonds from
kimberlites and lamproites (Sobolev et al., 1979;
Milledge et al., 1983; Swart et al., 1983; Ozima et
al., 191~5;Jaques et al., 1986; Wiens et al., 1990),
consistent with an origin of some diamonds from
sedimentary sources of carbon. A wide range of 3He/
4He ratios were also recently reported by Ozima et

al. (1985) for diamonds. These authors interpreted
•~'",,~high 3He/4He ratios of some diamonds as indicating that they had remained closed systems for almost the age of the Earth. However, an alternative
interpretation is offered by the recent!y confirmed
high 3He/4He ratios of some ocean sediments
(Ozima et al., 1984) and manganese nodules (Sano
et al., I985), believed to be carried by interplanetary dust particles (Amari and Ozima, 1985). It is
conceivable that unradiogenic helium carried into
the upper mantle in subducted oceanic sediments
may swamp the mantle helium signature within the
mantle wedge and become incorporated into diamonds growing within carbon-rich zones within the
subducted slab, mantle wedge or subcontinental
lithosphere. Recent sulphur isotope analyses of sulphide mineral inclusions in diamonds (Eldridge et
al., 1991 ) are also consistent wilh the involvement
of subducted sedimentary material in the formation of many diamonds.
McKenzie (1989) has recently proposed that extremely small melt fractions (i.e. < 103% partial
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melt) which are highly enriched in K20 and other
incompatible elements may migrate from the asthenosphere and invade regions of the overlying
subcontinental lithosphere. His model envisages
that anorogenic potassic magmas are derived by the
remelting of these modified regions ofsubcontinental lithosphere during heating by mantle plumes or
during extension or compression events. A similar
model has been advanced by Green (1976). There
are a number of difficulties with these models which
advocate the derivation of the metasomatic components involved in the generation of ano~rogenic
potassic magmatism entirely by magmat~c processes occurring within the Earth's mantle. 1:or example, these models cannot readily account for the
complex long-term histories of U/Pb variation required to generate the Pb isotopic compositions of
anorogenic potassic magmas. A passible scenario
which is at least partly consistent with the Pb isotopic constraints is that the metasomatic components involved in the generation of anorogenic potassic rocks were derived from hotspot plume
sources. Many hotspot-rela~ed ocean4sland basalts
have high 2°Tpb/~°4Pb :-alues and the involvement
of n~elis derived from such mantle plumes may account for the high 2°7pb/2°4pb values which are a
common feature of many potassic magmas. These
plume-derived melts may have underplated or invaded the subcontinental lithosphere and the "enriched mantle" Sr and Nd isotopic characteristics
of anorogenic pmassic rnagn~as may have evolved
during long periods of storage of the sources of these
magmas within the subcontinental lithosphere, as
envisaged by McKenzie (1989). However, those
examples of hotspot-related ocean-island basMts
having high 2°Tpb/2°4pb values also generally have
high 2°°pb/2°4pb. Furthermore, ocean-island basalts do not have particularly low U/Pb ratios. This
scenario cannot therefore account for the generally
low 2°6Pb/2°4Pb ratios of anorogenic potassic magmas. These models also fail to account for the distinctive crust-like nature of the ratios of the highly
incompatible elements which are found in many
anorogenic potassic magmas (see Figs. 4 and 5 ).
The unusual isotopic characteristics of anorogenic potassic rocks require that their magma
sources evolved in isolation from the convecting
mantle for long time periods, with the most obvious
site of storage being within the subcontinental lithosphere. In support of this, high 4°Ca/42Ca ratios,
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resulting from the radiogenic decay of "nK, have
been measured in potassic lamproites from the Sisimiut region of central west Greenland (Nelson and
McCulloch, 1989). These data indicate that the K20
enrichment within the sources of the lamproites occurred at least l Ga prior to lhe extraction of the
lamproite melts from their sources and that these
enriched sources must have remained isolated from
the convecting asthenospheric mantle since their
enrichment. Some proportion of the radiogenic
STSr/S6Srand unradiogenic 2°6pb/2°4Pb and 143Nd/
t44Nd found in anorogenic potassic rocks must
therefore have evolved during the storage of their
magma sources within the subcominental lithosphere. It is the isotopic evolution occurring during
this period of storage which accounts for the differences in the isotopic trends shown by anorogenic
and orogenic potassic sub-groups, evident from
comparison of Figs. l and 2. For example, anorogenie potassic rocks whidi have comparatively unradiogenic a7Sr/86Srand t43Nd/~44Nd, such as those
of northwest Colorado, Smoky Butte and Leucite
Hills, were probably derived from ancient metasomatised subcontinenta! lithospheric sources having
long-term low Rb/Sr and Sm/Nd ratios. The unradiogenic 2°6pb/2°4pb ratios of many examples of
anorogenic potassic magmatism require substantial
time periods between the events lowering the U/Pb
ratio (i.e. erosion and sediment deposition within
~anic basins) and subsequent potassic magma,~m and it is therefore not surprising that these potassic rocks are generally not associated with the operation of active subduction processes. This
interpretation is also consistent with the observation of Bergman (1987) that lamproites are commonly located over fossil Benioff zones.
As with potassic magrnatism fl'om orogenic tectonic settings, the eruption ofpotassic magmas from
anorogenic settings is commonly associated with
rifting or hotspot activity (e.g. Thompson et al.,
1989 ). These processes provide the conditions (i.e.
sources of heat, decompression melting, conduits,
etc. ) which trigger the ext,'action of potassic magmas from pre-existing chemically anomalous sources
located either within the subcontinental lithosphere
or, in the case of orogenic potassic rocks, the mantle
wedge ofa subduction zone. A distittction is therefore required between ti~ose processes involved in
the generation of the sources of polassic magma-
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tism and those responsible for the eruption of potassic magmas.

Summary
Based on the interpretation of the distinctive geochemical and isotopic characteristics of potassic
rocks, a case has been presented here advocating an
important role for metasomatic components derived from the subducted slab in the genesis of potassic rocks from both orogenic and anorogenic tectonic settings. The distinctive geochemical and
isotopic characteristics of most examples of orogenic potassic magmatism, such as those of the
Sunda arc, Italy and southeastern Spain, provide
evidence that volatiles and incompatible elements
(including K20) derived from subducted lithosphere, and including subducted sediments, have
been added to their mantle sources. It has been argued here that similar incompatible-element-rich
and isotopically-evolvcd components have also been
added to the magma sources of anorogenic potassic
rocks, but because these magma sources have remained isolated within the subcontinental lithosphere for long periods of time, some anorogenic
potassic rocks possess different isotopic character~stics to those of the orogenic sub-group. By analogy
with orogenic potassic rocks, the metasomatic components added to the sources of many examples of
anorogenic potassic magmas probably also possessed "enriched mantle" isotopic characteristics
(i.e. radiogenic 87Sr/S6Sr and unradiogenic ~43Nd/
~44Nd compared to Bulk Earth values at the time of
the enrichment), but some proportion of the isotopic characteristics observed in anorogenic potassic rocks will have evolved during the period of
storage of their magma sources within the subcontinental lithosphere. In particular, it has been argued here that the unradiogenic 2°6pb/2°4Fb values
found in many examples of the anorogenic potassic
sub-group have evolved largely during this storage
period and as a consequence of the low U/Pb ratios
of the metasomatic components involved. Triggering of the eruption of potassic magmatism from
metasomatised magma sources in both orogenic and
anorogenic tectonic settings is commonly related to
rifting or hotspot activity, but as no examples of
hi~::;alypctassic magmatism have been reported from
any ocean-island, it is considered unlikely that the
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metasomatic components involved in the generation of potassic magmatism are derived from hotspot plume sources.
Given the lack of combined high-quality geochemical and isotopic data for many known potassic rock occurrences, the application of the generalised model proposed here to the entire potassic rock
suite may not be justified. The complex nature of
the mantle enrichment and melt extraction processes is also evident from the apparent decoupling
of radiogenic and stable isotopic compositions from
major- and trace-element abundances in some occurrences (see, for example, Vollmer, 1990). Furthermore, as potassic magmatism is argued here to
be a consequence of a combination of different processes, including sediment subduction, mantle metasomatism, possible storage of metasomatised
magma sources within the subcontinental lithosphere and the interaction ofmetasomatised sources
with mantle plume melts, the combined effects of
these processes, as reflected in the geochemical and
isotopic characteristics of potassic magmas, will be
unique to each occurrence. Nevertheless, the model
presented here is testable and its assessment awaits
further detailed geochemical and isotopic studies of
these unusual rocks.
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