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INTRODUCTION

The progress of mineralogical and petrogeochemi-
cal investigations aimed at a more reliable identifica-
tion of diamondiferous rocks has made evident that it is
advisable to use the term kimberlite sensu stricto,
restricting its application to the rocks containing dia-
mond and diamond-associated minerals and showing
specific petrogeochemical and mineralogical character-
istics.

The recent revision of the structure of the family of
kimberlites and convergent rock played an important
role in the development of this approach. It allowed a
comparison within a natural rock series of diamondif-
erous kimberlites or kimberlites sensu stricto with com-
positionally similar diamond-free or diamond-poor
rocks of other associations and metallogenic types
(kimpicrites and alpicrites). Indicator parameters were
determined for each member of this series, and diag-
nostic diagrams were proposed for the assignment of
rocks to a certain association and metallogenic type [1].

The end-members of the natural series are diamondif-
erous kimberlites, on the one hand, and picrite–alnoite
rocks associating with rare-metal carbonatite com-
plexes, on the other hand. A variety of diamond-free or
diamond-poor alkali picrites, which do not have a dis-
tinct metallogenic specialization (kimpicrites), lie
between these end-members.

In the systematics of kimberlites and rocks conver-
gent with them, the rocks of the natural series consid-
ered form a specific population or subfamily, which can
be considered as opposed to terms of petrogeochemical
and isotopic parameters by another population or sub-
family comprising olivine lamproites, orangeites, and
madjgawanites. One of the results of the more strict
systematization of the family of kimberlites and related
rocks is that it provided a basis for the correct solution
of the problem of the investigation of petrogeochemical
heterogeneity and internal structure of each association
type of igneous rocks, primarily the rocks of the kim-
berlite association.
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Abstract

 

—A comparative geochemical investigation of kimberlites from the Middle Markha region and tradi-
tional diamond-bearing areas of Yakutia supported the division of kimberlites into two geochemical types. One
of them includes kimberlites from the traditional diamond-bearing areas of Yakutia, and the other is represented
by the kimberlites of the Middle Markha region and the rocks of the Zolotitsa field and V. Grib pipe of the
Arkhangelsk province. The obtained representative parameters of the two kimberlite types indicate a sharp
geochemical contrast between them, and the individual features of correlation relationships between the ele-
ments in the rocks of the two types suggest that these differences are related to fundamental genetic factors,
which concern primarily the group of highly charged incompatible trace and radioactive elements. The presence
of geochemically contrasting rocks within a rather uniform petrochemical association and the geochemically
specialized occurrences of kimberlites and related rocks are consequences of repeated metasomatic transforma-
tions of mantle rocks under the influence of deep-derived fluids or volatiles released during the recycling of sub-
ducted crustal materials. The metasomatic processes resulted in the formation of a geochemically heteroge-
neous source and subsequent derivation of geochemically specialized types of deep magmas showing signa-
tures of individual mantle sources.
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PETROGEOCHEMICAL CHARACTERISTICS
OF KIMBERLITES FROM THE MIDDLE 

MARKHA REGION

An important achievement of the past years is the
detection of the geochemical heterogeneity of kimber-
lites, which was established for the first time during the
investigation of the Arkhangelsk province. The
geochemical parameters of kimberlites from this prov-
ince appeared to be significantly different from those of
diamondiferous rocks from the traditional diamond-
bearing regions of Yakutia, which are considered as ref-
erence complexes of diamondiferous kimberlite associ-
ations [2]. Subsequently, after the discovery of dia-
mond-bearing kimberlite pipes in the Middle Markha
region (Nakyn field), the heterogeneity of kimberlites
was established within the Yakutian diamondiferous
province [1, 3–5]. Geochemically anomalous kimber-
lites were recently reported from the Slave province of
Canada [6, 7].

It is clear that the investigation of the geochemical
heterogeneity of kimberlites is of prime importance for
the efficient metallogenic forecasting and assessment
of the prospects of alkaline ultramafic igneous com-
plexes, because it allows one to establish more pre-
cisely the parameters of potentially diamondiferous
objects. On the other hand, the solution of this problem
is undoubtedly of scientific interest, as providing neces-
sary conditions for the creation of adequate petrologic
models of igneous association originating at the great-
est depths.

With this in mind, in order to scrutinize this prob-
lem, obtain reliable characteristics of contrasting
geochemical types of rocks, and analyze the possible
nature of the geochemical heterogeneity of kimberlites,
we carried out a comparative petrogeochemical investi-
gation of kimberlites from the Middle Markha region
and the traditional diamond-bearing areas of Yakutia.
Table 1 presents the analyses of individual samples for
the kimberlites of the Nakyn field and average kimber-
lite compositions for several pipes from the traditional
diamond-bearing regions of Yakutia, because of the
great amount of data for the latter. However, the graph-
ical interpretation of the results and construction of pet-
rochemical and geochemical diagrams involved the
analyses of individual samples for all of the complexes
considered here.

The petrochemical diagrams previously proposed
by us [1] were used for the interpretation of the results.
In the petrochemical diagrams (Fig. 1), the rocks of the
Middle Markha region fall unambiguously within the
field of diamondiferous kimberlites, which was out-
lined using the compositions of kimberlites from the
traditional diamond-bearing regions of Yakutia, which
are considered as reference rocks for this association.
The indicator geochemical parameters of the rocks of
the Nakyn field are within the ranges of values charac-
teristic of kimberlites from the traditional diamond-
bearing regions of Yakutia.

The kimberlites of the Nakyn field are somewhat
peculiar in that their points are mainly confined to the
low-Ti part of the kimberlite field (Fig. 1c) and are
slightly shifted toward elevated (Al

 

2

 

O

 

3

 

 + 

 

Na

 

2

 

O

 

 + 

 

K

 

2

 

O)
values (Fig. 1b). However, these features are not suffi-
cient to distinguish contrasting petrochemical groups of
kimberlites; our data suggest that their compositions
are rather uniform.

Fundamentally different conclusions can be drawn
from a geochemical comparison of the Middle Markha
kimberlites with the rocks from the traditional dia-
mond-bearing regions of Yakutia. The geochemical
parameters of these kimberlite groups are distinctly dif-
ferent, which allows us to distinguish two geochemical
types of rocks. The main geochemical type corresponds
to the petrotype of the kimberlites association and can
be represented by the rocks of the traditional diamond-
bearing regions of Yakutia: Malaya Botuobiya, Dal-
dyn–Alakit, and Upper Muna. The rocks of this type
show moderately high contents of highly charged trace
and radioactive elements.

These rocks are in sharp contrast to the kimberlites
of the Nakyn field, which show significantly lower con-
tents of Nb, Ta, Ce, U, and Th. This geochemical type
of kimberlites is distinguished by the negative anomaly
of highly charged trace and radioactive elements, rela-
tively low (compared with other occurrences of kimber-
lite rocks) concentrations of titanium, and low Ce/Y,
Nb/Zr, and Th/U values. In addition to the kimberlites
of the Nakyn field, similar characteristics were
observed in the rocks of diamondiferous pipes from the
Arkhangelsk province [1, 2, 7, 8].

The division of kimberlites into two geochemical
types is clearly manifested in the covariation diagrams
of highly charged lithophile elements: Zr–Nb (Fig. 2a),
Ce–Y (Fig. 2b), and U–Th (Fig. 2c) and their indicator
ratios: Zr/Nb–Ce/Y (Fig. 3a) and Ce/Y–Th/U (Fig. 3b).
In all of these diagrams, the rocks of the Nakyn field are
clearly distinguished from the kimberlites of the tradi-
tional diamond-bearing regions of Yakutia, falling near
the rocks of the Zolotitsa field and the V. Grib pipe in
the Verkhotina field of the Arkhangelsk diamondiferous
province.

The analysis of geochemical differences between
the two types of kimberlites suggests that they are
related to fundamental genetic distinctions reflecting
the specific character of mantle sources for these rocks.
This is indicated by the Ce–Y (Fig. 4a) and Ce–P

 

2

 

O

 

5

 

(Fig. 4b) relationships in the two groups of kimberlites.
In the Ce–Y diagram (Fig. 4a), the rocks of each pipe
from the traditional diamond-bearing regions of Yaku-
tia occur mainly in their own characteristic field; all of
these fields are confined to a common regression line.
The rocks from the Botuobiya and Nyurbinskaya pipes
of the Nakyn field also fall within individual fields,
which overlap in part and form a common regression
line. The slope of the line is significantly different from
that of the above-described trend for the traditional dia-
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Fig. 1.

 

 Compositions of kimberlites from the traditional diamond-bearing areas and the Middle Markha region of Yakutia in the
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 diagrams. Kimberlite pipes: (

 

1

 

) Mir,
Internatsional’naya, Udachnaya, Aikhal, Yubileinaya, Komsomol’skaya, 23rd Party Congress, Taezhanaya, Dachnaya, (

 

2

 

) Botuo-
biya, and Nyurbinskaya. The solid line shows the field of diamondiferous kimberlites, the long-dashed line shows the field of kimp-
icrites, and the short-dashed line shows the field of alpicrites. The solid gray line encloses the field of kimberlites from the Middle
Markha region.

 

mond-bearing regions of Yakutia and the Ce content is
significantly lower. The Ce–Y diagram (Fig. 4a) illus-
trates considerable differences both in the concentra-
tion of Ce-group REE and in the composition of REE
in the kimberlites of the two groups. This is supported
by Fig. 5, which shows the distribution patterns of REE
in the kimberlites. The less fractionated REE patterns
of the rocks of the Nakyn field reflect a substantial
decrease in the concentration of light lanthanides and a
relatively high role of heavy lanthanides and yttrium in
their composition, as compared with the kimberlites of
the traditional diamond-bearing regions of Yakutia.

Similar relationships can be observed in the
Ce

 

−

 

P

 

2

 

O

 

5

 

 diagram (Fig. 4b), where two correlation
lines, one for the kimberlites of the traditional dia-
mond-bearing regions of Yakutia and the other for the

rocks of the Nakyn field, indicate that different modes
of Ce-group REE occurrence dominate in the two kim-
berlite types: phosphates in the former case and sili-
cates or oxides in the latter case.

Important relationships were observed in the Nb–Ti
diagram (Fig. 6). The rocks of the Nakyn field cluster in
the region of low Nb contents along a distinct regres-
sion line, which is restricted to low Ti contents. In con-
trast, the kimberlites of the traditional diamond-bearing
regions of Yakutia plot at much higher Nb contents and
show considerably variable Ti contents, from low to
moderately high ones. In the general data set, the points
of rocks from individual pipes are usually confined to
rather narrow specific intervals of Ti contents, within
which a direct correlation between Nb and Ti is often
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observed. The slopes of these correlation lines are dif-
ferent from that of the Nakyn field kimberlites.

It is noteworthy that the character of correlation
relationships between Nb and Ti in the kimberlites of
this type varies depending on the level of Ti content.
The regression line is steep at low Ti (International
pipe), and a slight increase in Ti content is accompanied
by a sharp increase in Nb. With increasing Ti content,
the slope of the regression lines decreases, and at high
Ti contents, a significant increase in Ti is accompanied

by only a slight increase in Nb concentration. The reg-
ular change in the character of correlation relationships
between Nb and Ti, which is manifested by a gradual
decrease in the slope of regression lines with increasing
Ti content, indicates common genetic features for the
kimberlites of the traditional diamond-bearing regions
of Yakutia. Such a character of the regression lines is
probably related to the fact that Nb has a higher charge
and a smaller effective ionic radius compared with Ti,
which results in its preferential partitioning into Ti-
bearing minerals during the early stages of their crystal-
lization. The peculiar characteristics of the kimberlites
of the Nakyn field, which do not follow the general
trend of Nb and Ti relationships formed by the kimber-
lites of the traditional type, indicate that the two types
of kimberlites are probably contrasting in terms of both
geochemistry and genesis.

ON THE NATURE OF THE GEOCHEMICAL 
HETEROGENEITY OF KIMBERLITES

As follows from our analysis, the geochemical
parameters of kimberlites are much more variable com-
pared with their petrochemical characteristics and vary
within broad limits. The systematic character of these
variations allows us to distinguish contrasting
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geochemical types of rocks. The existence of contrast-
ing geochemical types of diamondiferous kimberlites
indicates both geochemical and genetic heterogeneity
of this association and metallogenic type of igneous
rocks. The origin of kimberlite heterogeneity is not
fully understood and deserves special consideration. It
is evident that it is connected with some specific fea-
tures of the sources of these rocks or different condi-
tions of their generation.

The dramatic geochemical differences between the
kimberlites with rather similar petrochemical proper-
ties allow us to conclude that the geochemical and pet-
rochemical parameters of these rocks are decoupled
and were probably controlled by different factors. The
major element composition of rocks depends mainly on
the composition of the magma-generating mantle
source. Under the condition of incipient melting and
fluidization, this material is extensively incorporated
into the kimberlite. Thus, the petrochemistry of kimber-
lites is a function of the parameters that, similar to the dia-
mond content of rocks, are controlled by the depth of gen-
eration. This is why the diamond content of kimberlites is
always correlated with their petrochemical parameters and
distribution of compatible elements [9–11].

On the other hand, the main factor controlling the
geochemistry of rocks, including the distribution of

incompatible HFS elements, is probably the metaso-
matic alteration of mantle rocks, which occur repeat-
edly under the influence of deep fluids or volatiles
released during the recycling of subducted crustal
materials. The processes of mantle metasomatism,
which operate both long before the generation of kim-
berlites and immediately prior to their formation, could
be responsible for the formation of geochemically het-
erogeneous source materials and subsequent generation
of geochemically specialized types of deep-derived
magmas showing signatures of individual mantle
sources.
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An alternative mechanism that is often proposed for
the formation of geochemical and isotopic heterogene-
ities in mantle rocks and their magmatic derivatives is
the mixing of a primitive mantle source with a lithos-
pheric reservoir of the EM-1 or EM-2 type. This sug-
gestion was invoked, for example, to interpret the isoto-
pic signatures of lamproites and orangeites, which are
strongly different from those of group 1 kimberlites.
Given the similarity of the isotopic characteristics of
the enriched sources to those of the lower crust, one
possible scenario is the subduction of crustal material,
younger (Neoproterozoic) in the case of the EM-2
source or older (Late Archean–Paleoproterozoic) for
the EM-1 source. It is believed that the subduction of
the crust could supply volatile components (promoting
melting) and incompatible elements.

Although the theoretical possibility of the occur-
rence of the subduction mechanism cannot be denied,
there are a number of arguments for a more universal
role of deep flows of thermal fluids (mantle jets) and
metasomatism caused by these flows. The results of
these phenomena are similar to those of subduction
processes. There is direct evidence that in many cases
the chemical heterogeneity of mantle material affecting
the geochemical characteristics of kimberlites and

related rocks is caused by mantle metasomatism, which
is most commonly manifested in the development of
the phlogopite–ilmenite assemblage. This assemblage
occurs in kimberlites as inclusions of phlogopite–
ilmenite and phlogopitized ultrabasic rocks, deformed
phlogopite xenocrysts, and coarse-grained ilmenite
clots and nodules.

It can be shown that the geochemical characteristics
of kimberlites are directly related to the presence and
amount of the minerals of metasomatic phlogopite–
ilmenite assemblages. For instance, the rocks that are
almost free of ilmenite (kimberlites of the Nakyn field
of Yakutia and the Zolotitsa field of the Arkhangelsk
province) have anomalously low contents of not only
titanium but also niobium, zirconium, thorium, ura-
nium, and cerium. In contrast, elevated contents of
ilmenite in kimberlites and kimpicrites are usually
accompanied by enrichment in niobium, zirconium,
and some other elements. This is clearly illustrated by
the kimpicrites of Liberia containing abundant ilmenite
xenocrysts [12]. An increase in titanium content in
these rocks is correlated with an increase in niobium,
zirconium, and chromium, i.e., the elements that reside
primarily in ilmenite (Fig. 7).

As was noted above, there were probably several
deep metasomatic events, which might have different
geochemical signatures and significantly different con-
centration levels and proportions of incompatible ele-
ments. The repeated occurrence of metasomatic pro-
cesses deep in the mantle is supported by strongly vari-
able model ages of the mantle sources of kimberlites,
lamproites, and rocks convergent with them (Table 2).
As follows from Table 2, each regional and association
group of kimberlites and related rocks, as well as each
geochemical type of kimberlite, corresponds to a cer-
tain interval of the model ages of the mantle source.

Such intervals were established for the kimberlites
from the majority of pipes of the traditional diamond-
bearing regions of Yakutia (~600–700 Ma). The kimber-
lites of the Udachnaya and Aikhal pipes (~700–900 Ma)
are conspicuous within this group. The model age of
the Nakyn field kimberlites is from 800 to 1240 Ma,
and each pipe shows its individual model age (1180–
1240 Ma for the Nyurbinskaya pipe and 832–979 Ma
for the Botuobiya pipe). The model ages of kimberlites
from the Zolotitsa field (~1200–1300 Ma) and V. Grib
pipe (~880–1050 Ma) are close to these intervals. Note-
worthy are markedly older model ages of the source
rocks of the lamproite family, olivine lamproites of
Kostamuksha and madjgawanites of India, which are usu-
ally higher than 2 Ga and occasionally up to 2.6–2.7 Ga.

The geochemical signature of metasomatic pro-
cesses is probably affected by a number of factors,
including the temporal and geochemical stage of Earth
evolution, the character of phase transitions in the inte-
riors, the depth of origin and source of juvenile emana-
tions, etc. The existence of geochemically specialized
metasomatic processes in the mantle is supported by
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the compositions of the alkaline ultramafic rocks of the
lamproite clan, olivine lamproites and madjgawanites.
The geochemical peculiarity of these rocks includes the
extremely high (for ultramafic rocks) concentrations of
Ti, Zr, Ce, K, Rb, Ba, P, and F at elevated Zr/Nb, Ce/Y,
and Ba/Sr values [13, 14]. The fact that the concentra-
tions of most of these elements in the rocks of the lam-
proite clan are much higher than those of crustal rocks
is difficult to explain in terms of the mixing and recy-
cling of crustal materials. On the other hand, these data
and the old model age of the source of lamproitic rocks
suggest a contribution from ancient deep-seated meta-
somatism to the formation of a geochemically peculiar
source material enriched in incompatible elements and
radiogenic isotopes.

The existence of ancient mantle metasomatism with
a geochemical signature similar to that of lamproitic
rocks is directly supported by the metasomatic phe-
nomena that were documented by Spetsius [15] in a
garnet–orthopyroxene nodule from the kimberlites of
the Udachnaya pipe. The nodule contains a secondary
assemblage of metasomatic minerals (phlogopite +
rutile + zircon), which developes between the garnet
and orthopyroxene grains and often intersects the gar-

net. The modal composition of the inclusion is the fol-
lowing: Opx – 30.4%; Gr – 29.4%; Fl – 36.6%; Ru –
3.0%, and Zr – 0.6%. The U–Pb age of the zircon was
estimated by Spetsius as 1.8 Ga. Judging from the com-
position of the metasomatic assemblage, this ancient
metasomatic process had a K–Ti–Zr specialization sim-
ilar to that of lamproite magmas.

Examples of geochemically specialized occurrences
of kimberlites and related rocks were found in various
provinces of the world. Among them are the rocks of
the Koidu complex in Sierra Leone (Nb, Ce, Th, and
U), the Aries pipe in Western Australia (Nb and Th),
and the Alto Paranaiba province in Brazil (Zr, Ce, and
U) [7, 12, 16, 17].

Based on these data and the results of the geochem-
ical investigation of xenoliths of metasomatically
altered ultrabasic rocks in kimberlites [18], it can be
concluded that the metasomatic alteration of mantle
rocks under the influence of deep fluids is always
accompanied by enrichment in indicator trace ele-
ments, primarily incompatible highly charged trace and
radioactive elements. This allows us to propose a more
comprehensive interpretation of the origin of the pecu-
liar geochemical type of kimberlites which is repre-

Table 2.  Model Nd age of kimberlites, lamproites, and related rocks

Analysis no. Sample no.  Rock Pipe, region Absolute 
age of rock T(DM) T(DM2)

1 038/284/154 kimberlite Yubileinaya 360 601 703
2 508/1040 " Aikhal 360 790 898
3 “Int” " International 360 588 668
4 G-751 " International 360 632 732
5 V-585 " Mir 360 617 704
6 V-585 " Mir 360 637 732
7 502/865 " Udachnaya 360 779 960
8 513/1050 " Udachnaya 360 687 802
9 113/251 " Komsomol,skaya 358 604 700

10 G-887 " Nyurbinskaya 364 1242 1204
11 G-889 " Nyurbinskaya 364 1180 1209
12 E-410 " Botuobiya 364 832 779
13 E-412 " Botuobiya 364 979 935
14 16/4/305 " Botuobiya 364 911 868
15 P-1490/937-941 " Pionerskaya 350 1346 1368
16 L-488/723-726 " Lomonosovskaya 350 1209 1376
17 G-9Ts/981 " V. Grib 350 878 1050
18 77/243-246 kimpicrite Terskii Coast 350 1000 1253
19 M-52 madjgawanite Madjgawan 1140 2510 2392
20 M-52a " Madjgawan 1140 1729 1947
21 17-E olivine lamproite Kostomuksha 1230 2183 2649
22 31 " Kostomuksha 1230 2174 2673

Note: The Nd isotope compositions were analyzed at the center of isotope investigations of the All-Russia Geological Institute. The mea-
sured values were corrected for Nd fractionation by normalizing to 148Nd/144Nd = 0.241578 and adjusting to 143Nd/144Nd =
0.511860 in the La Jolla international isotope standard.
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sented by the rocks of the Nakyn field of Yakutia and
the Zolotitsa field and V. Grib pipe of the Arkhangelsk
province. These rocks are characterized by a negative
anomaly of highly charged trace and radioactive ele-
ments. The kimberlites of this type show very low tita-
nium contents and are almost free of ilmenite. These
observations cast doubt on the significant role of deep
metasomatism in the formation of these rocks and their
mantle source and allow us to prefer the variant of a
lithosphere source metasomatized under the influence
of fluids supplied from the subducted crust [19]. This
example can probably be considered as a geochemical
precedent reflecting the contribution of the processes of
subduction and recycling of crustal material to the gen-
esis of kimberlites.

CONCLUSIONS

The geochemical investigation of kimberlites from
the Middle Markha region and their comparison with
kimberlites from the traditional diamond-bearing areas
of Yakutia supported the discrimination between two
geochemical types of kimberlites. One of them is rep-
resented by the rocks of the traditional diamond-bear-
ing regions of Yakutia, whose parameters correspond to
the petrotype of the kimberlite association. In addition
to the kimberlites of the Middle Markha region, the sec-
ond type includes the rocks of the Zolotitsa field and
V. Grib pipe of the Arkhangelsk province and the kim-
berlites of the Slave province of Canada. This type can
be considered as geochemically anomalous. The
obtained representative parameters of the two kimber-
lite types indicate a considerable geochemical contrast
between these rocks, and the individual features of cor-
relation relationships of elements in the two types of
rocks suggest that their differences are related to essen-
tial genetic reasons.

Contrasting differences were established primarily
for the group of incompatible highly charged trace and
radioactive HFS elements, including Ce, Nb, Zr, U, and
Th. The Ce/Y, Nb/Zr, and Th/U ratios can be used as
geochemical indicators. The contrasting geochemical
differences between petrochemically uniform kimber-
lites emphasize the heterogeneous nature of these rocks
and their mantle source. In contrast to the major com-
ponents and geochemically similar compatible trace
elements (Cr, Ni, Co, V, etc.), whose contents are con-
trolled by the composition of the mantle source and
depend on the depth of kimberlite generation, the main
factor controlling the distribution of incompatible HFS
elements is probably the metasomatic alteration of
mantle rocks under the influence of deep-derived fluids
or volatiles released during the recycling of subducted
crustal material. The processes of mantle metasoma-
tism that occurred both long before the derivation of
kimberlites and immediately prior to their generation
could promote the appearance of geochemically heter-
ogeneous materials and subsequent generation of

geochemically specialized types of deep magmas
showing the signatures of individual mantle sources.

The geochemical specialization of deep metaso-
matic processes probably depends on a number of fac-
tors, the detailed study of which will be a subject of
future studies. The real existence of geochemically spe-
cialized metasomatic processes can be proved by some
occurrence of kimberlites and convergent rocks, such
as Koidu in Sierra Leone, Aries in Western Australia,
Alto Paranaiba in Brazil, as well as the olivine lamproi-
tes of Western Australia and other alkaline ultramafic
occurrences of lamproitic rocks. The metasomatic
alteration of mantle rocks under the influence of fluids
of deep-seated origin is always accompanied by a con-
siderable increase in the concentrations of alkalis, tita-
nium, and highly charged incompatible trace and radio-
active elements. This can be considered as an additional
argument for the suggestion that the rocks of the Mid-
dle Markha field, as well as other kimberlite occur-
rences with negative HFSE anomalies are generated in
a lithospheric source region metasomatized by fluids
released from the subducted crust.
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