CHEMICAL
GEOLOGY

INCLUIMNG

ISOTOPE GEOSCIENCE

Chemical Geology 129 (1996) 39-69

Enriched Nd—Sr—Pb isotopic signatures in the Dovyren layered
intrusion ( eastern Siberia, Russia) : evidence for source
contamination by ancient upper-crustal material

Yu.V. Amelin “*", L.A. Neymark *°, E.Yu. Ritsk *, A.A. Nemchin *

Y Institute of Precambrian Geology and Geochronology, Russian Academy of Science, Makarova emb. 2, St. Petersburg 199034, Russia
P Geochronology Laboratory, Roval Ontario Museum, 100 Queen's Park, Toronto, Ont. M58 2C6, Canada
© U.S, Geological Survey, Box 25046, M.S, 963, Denver Federal Center, Denver, CO 80225, USA
4 Sehoot of Applied Geology, Curtin University of Technology, GPO Box U 1987, Perth, W.A. 6001, Australia

Received | June 1994, accepted 22 August 1995

Abstract

Major- and trace-element concentrations and Nd-, Sr- and Pb-isotopic ratios are reported for the Dovyren layered
mafic—ultramafic intrusion in the northern Baikal region, eastern Siberia. Sm—Nd internal isochrons for an olivine gabbro
from the layered series and a gabbronorite from a sill at the bottom of the Dovyren intrusion yield ages of 673 + 22 and
707 + 40 Ma, respectively. Initial isotopic ratios: 87Sr/ 681 (673) from 0.7101 to 0.7135, £y4(673 Ma) from —16.3 to
—14.1, *"Pb/ **Pb from 16.80 to 17.14, **’Pb/ 2™*Pb from 15.477 to 15.501 and ***Pb/ >**Pb from 37.17 to 37.59, are
similar to those of late Archean—early Proterozoic upper continental crust, but do not appear to be a result of wallrock
assimilation in the magma chamber. These isotopic features, as well as high K, Rb and LREE and low Ti concentrations in
the calculated composition of the Dovyren parental magma, may be explained by subduction of sediments derived from
upper continental crust into depleted mantle and subsequent melting of the metasomatized peridotite.

1. Introduction cated models were also applied to layered intrusions:
combined assimilation and fractional crystallization,
AFC (DePaolo, 1981) to the Kiglapait (Labrador,
Canada) and Skergaard (East Greenland) intrusions
(DePaolo, 1985 Stewart and DePaolo, 1990); and
refilling, tapping, fractionation, assimilation, RTFA
(O’Hara, 1977) to the mafic complex in the Ivrea
Zone, Western Alps, Italy (Voshage et al., 1990) and
the Fozzano complex, Corsica, France (Poitrasson et
al., 1994).

In addition, layered intrusions may acquire en-
riched isotopic and trace-element signatures because

* Corresponding author. of contamination of a primary magma during ascent

Isotopic studies of layered mafic—ultramafic in-
trusions provide valuable information on the pro-
cesses of contamination of mafic magmas. Most
models of interaction between mafic magma and
crustal rocks were inferred from, or tested using
isotopic data for layered intrusions. Models of bulk
assimilation of crustal rocks or crust-derived melts
were used in earlier studies (Gray et al., 1981;
Zindler et al., 1981). A number of more sophisti-
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through continental crust (Huppert and Sparks. 1985).
The unusual chemical and isotopic compositions may
also be related to enrichment processes in their man-
tle sources. Isotopic studies of layered intrusions
concentrated mostly on the contamination processes
in magma chambers, but these processes and the
pre-emplacement contamination and/or source en-
richment are not mutually exclusive. In some cases,
magma contamination and source enrichment can
both contribute to the enriched isotopic and trace-
element signatures, as was shown by Re-Os and
Sm-Nd study of the Stillwater complex, Montana,
U.S.A. (Lambert et al., 1989; Lambert et al., 1994).
The diversity of proposed models for the genesis of
layered intrusions probably reflects the multiplicity
of processes operating during magma generation,
ascent, emplacement and crystallization.

The Dovyren (also called Dovirensky or Yoko-
Dovyren) mafic—ultramafic intrusion, northern Raikal
region, eastern Siberia, is a large late Proterozoic
layered intrusion, with well-preserved and almost
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completely exposed entire sequence of layered rocks
and the lower marginal zone. The intrusion shows
extensive evidence of crustal contamination, indi-
cated by the presence of abundant metasedimentary
xenoliths (Gurulev, 1965, Gurulev, 1983), and high
and variabled'*O and initial *’'Sr/®*Sr (/)
(Yaroshevsky et al., 1980; Krivopliasov et al., 1984;
Kislov et al., 1989). We therefore consider the
Dovyren intrusion as an excellent example of an
open magmatic system. In this paper we use elemen-
tal and Nd-, Sr- and Pb-isotopic data, and major- and
trace-element concentrations to investigate the con-
tamination processes that may ensue when a large
mafic body is emplaced in the crust.

2. Geology of the Dovyren intrusion
The Dovyren intrusion is situated in the northern

flank of the Riphean Olokit trough. within the long-
lived, tectonically active Baikal fold area, near the
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Fig. 1. a. Regional setting of the Baikal fold area.
b. Principal tectonic units of the Baikal fold area.
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margin of the Siberian Platform (Salop, 1967; Ney-
mark et al., 1991a, Neymark et al., 1991b). The
tectonic structure of the Baikal fold area and the
geological setting of the Dovyren intrusion are shown
in Figs. 1 and 2, respectively. Within the Olokit
trough, the intrusion forms the margin of the Ondoko
paleo-uplift, separating two paleo-rifts (Fig. 2).

The Dovyren intrusion is a lopolith, concordant
with the enclosing metasedimentary sequence. The
body is ~ 26 km long and has a maximum strati-
graphic thickness of 3.7 km. The present subvertical
position of the intrusion and enclosing metasedi-
ments is the result of deformation during regional
metamorphism at 550 Ma (Neymark et al., 1991b).
The country rocks are high-alumina chloritoid-,
quartz— sericite- and carbonaceous schists and quartz

Ptatform cover (Vendian-Cambrian)

meta-sandstones containing layers of quartzites and
dolomites. The host rocks are hornfelsed near the
contacts with the Dovyren intrusion and accompany-
ing mafic and ultramafic sills. Low-temperature re-
gional metamorphism (chlorite—sericite subfacies of
greenschist facies) affected the outer parts of the
marginal zone of the intrusion, whereas the layered
series and sills completely preserve their primary
igneous mineral assemblages.

The internal structure of the Dovyren intrusion
has been described by several workers (Gurulev,
1983; Yaroshevsky et al., 1983; Konnikov et al.,
1988), and is shown in Fig. 3. The proposed schemes
of petrologic subdivision of the intrusion are similar
in the main features, but differ in interpretation of
the lower marginal zone and of the uppermost gab-

Late Riphean tholeiitic metabasalts
of the Baikal-Vitim zone
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vvvl Metavolcanics
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Boundary of the Olokit zone
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Fig. 2. Geological setting of the Dovyren layered intrusion in the Olokit rift zone of the Baikal fold area.
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bronorite zone. The literal nomenclature of zones
used in this paper (Fig. 4) is after Yaroshevsky et al.
(1983) and Tonov et al. (1984a.b).

The lower marginal zone is graded from gabbroic
harrisite to peridotite. The base of the lower marginal
zone comprises quenched pyroxene—plagioclase ag-
gregate in an olivine matrix that is as much as 2 m
thick. The overlying plagioclase-bearing peridotite
forms the remainder of the 150-200-m-thick lower
marginal zone. Also included in the lower marginal
zone is minor olivine gabbro and ophitic gab-
bronorite (Gurulev, 1983). Sills of plagioclase-
bearing peridotite, gabbronorite, granophyre-bearing
gabbro and diabase, similar in composition to the
rocks of the lower marginal zone, are located within

Metarhyolite
Metabasalt
Fault

-"4 Quaternary sediments

Riphean metasandstones
and schists

Gabbronorite sill

Peridotite sill

Dolomite

Pl peridotite (lower marginal zone)

Dunite (zone A)

Dunite and troctolite (zone B)

Ol gabbro, gabbronorite
(zones C and D)

Granophyre-bearing gabbro-
norite (zone E}

Dipping of igneous foliation

the metasedimentary rocks below the base of the
Dovyren intrusion.

Above the lower marginal zone is a layered series
that ranges in composition from dunite to gab-
bronorite. The layered series is subdivided into 5
zones ( A-E), on the basis of cumulus mineral para-
genesis (Yaroshevsky et al., 1983). The dunite zone
( A) is an Ol and Ol + Cr-spinel cumulate. Intercum-
ulus material is < 5% clinopyroxene, orthopyroxene
and plagioclase. The lower part of zone A, ~ 150 m
thick, is composed of plagioclase-bearing dunite with
5-10% PI. Scattered partially digested dolomitic
xenoliths (magnesian skarns) and gabbro-pegmatites
occur in the upper part of the dunite zone (Fig. 4).
Disseminated Cu-—Ni-sulfide mineralization, com-
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Fig. 3. Geological sketch map of the central part of the Dovyren intrusion, based on geological data of L.M. Baburin, V.A. Chabanenko,
S.A. Gurulev, A.G. Krapivin, A.G. Stepin and the authors, and petrographic cross-sections of Gurulev (1983), Konnikov et al. {1988) and

Yaroshevsky et al. (1983).
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posed mostly of pyrrhotite and pentlandite, occurs in
the lower marginal and dunite zones, and in ultra-
mafic sills beneath the base of the intrusion (Konni-
kov et al., 1988, Konnikov et al., 1990; Papunen et
al., 1992).

The troctolite zone ( B) is composed of alternating
layers of troctolite, dunite and plagioclase-bearing
dunite. Cumulus minerals in the troctolites are olivine
(70-85%) and plagioclase (10-25%), and small
amounts of Cr-spinel; the main intercumulus mineral
is clinopyroxene. Maximum thicknesses of zones A
and B are 1050 and 1150 m, respectively. Zone C is

composed of olivine gabbro (Ol + Cpx + Pl cumu-
late), and rare layers of toctolite. Zone D is also
dominated by olivine gabbro, and, in addition, con-
tains rocks with cumulus Opx: olivine-bearing gab-
bronorite (Ol + Cpx + Opx + Pl cumulate) and
olivine-bearing norite (Ol + Opx + Pl cumulate).
Olivine-free gabbronorite and norite are also present.
Intercumulus mineral is clinopyroxene. Zone L is
composed of gabbronorite and quartz- and gra-
nophyre-bearing gabbro and gabbronorite with sub-
layers of ophitic and olivine-bearing gabbro. Xeno-
liths of schists and meta-sandstones are common in

ZONE MINERALS SAMPLES
Thickness {m) Cumulus Intercumulus! Number Lithology
Ol V-1 Hornfels
250-600 Opx+Cpx ) %F;X- %’IJ V-3 Quartz gabbro
. P, Iv-12 Gabbronorite
IV-34 Ol gabbro
g cas D-9 Ol gabbro
- - ; Cpx, Opx
700-1100 .. Plagioclase px. =P D-28 Ol gabbro
1V-48 Ol gabbro
IV-56 Troctolite
V-84 Dunite
700-1150 D8 Pl bearing dunite
Cpx D-109 Melanotroctolite
b6 Pl bearing dunite
Iv-78 Troctolite
Cpx
3 11-25 Dunite
Up to 1050 Cpx, Opx
-2 Pl peridotite
150-200 | opx Bi 12 gaFgronoriterH
- - -1 olomitic marble
. Maior: Pl+-Opx+C. Minor: Bi, TST-24 Diabase (sill)
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d» Anorthosite vein
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Fig. 4. Generalized cross-section of the Dovyren intrusion, showing stratigraphic positions of studied samples (from Gurulev, 1983;
Konnikov et al.. 1988; Yaroshevsky et al.. [983). Modal compositions are shown for predominant rock types and do not reflect lateral
variations and the fine structure of the section (e.g., the presence of dunite and plagioclase-bearing dunite in zone B).
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zone E. No marginal facies rocks are observed in the
upper part of the Dovyren intrusion (Yaroshevsky et
al., 1983). Thicknesses of zones C—E are shown in
Fig. 4.

The age of the Dovyren massif is not well
geochronologically constrained. It was first dated by
Gerling et al. (1962) using the K—Ar method on
biotite at 730-780 Ma. Kislov et al. (1989) obtained
a Rb—Sr whole-rock age of 739 + 55 Ma with initial
¥Sr/%Sr=0.7113 + 0.0002, and a total range of
initial *’Sr/ % Sr of 0.709-0.715. Isotopic studies of
the Dovyren intrusion have also involved oxygen
isotopes (Yaroshevsky et al., 1980; Krivopliasov et
al., 1982, Krivopliasov et al., 1984) and have shown
anomalously high and variable &'®O-values, be-
tween +6.5 and + 14%o, with even higher 6'°0
values (+15 to +20%¢) in the magnesian skarns.

3. Samples and analytical procedures

Fifteen ~ I-kg samples from the Dovyren intru-
sion were collected to represent the compositional

Y.uV. Amelin et al. / Chemical Geology 129 (1996) 39-69

range of the body. Sample localities are shown in
Fig. 4, and their chemical compositions are presented
in Table 1 and Fig. 5. Two mafic footwall sills and
six metasedimentary country rocks were also sam-
pled for the comparative study. Samples I-1 and [-2
were collected ~ 1 m from each other at the lower
contact of the Dovyren intrusion and represent horn-
felsed dolomitic marble from the exocontact and
chilled marginal gabbronorite, respectively. Samples
TST-23, TST-28 and TST-29 are schists reworked
by contact metamorphism during emplacement of the
Dovyren intrusion.

The samples, denoted D and TST, were collected
by one of the authors (E.Yu.R), and the others were
provided by E.V. Koptev-Dvornikov (Moscow State
University). All samples of mafic and ultramafic
rocks are fresh, with completely preserved igneous
mineralogy. Weathering crusts were carefully re-
moved before crushing. Mineral separates from sam-
ples D-2, D-9, D-28 and D-109 were prepared at the
Institute of Precambrian Geology and Geochronol-
ogy (IPGG) with conventional magnetic and heavy-

Table 1

Major- and rare-earth element data

Sample V-3 IV-12 1V-34 D-9 1V-48 [V-56 IV-64 D-8§ D-6 1IV-78 II-25 II-12 12 1-1 D-2  TST- TST-
24 28

Si0,  48.96 5031 44.09 4286 47.66 41.96 41.65 3790 37.69 41.37 39.73 46.04 4848 7.54 50.51 49.67

(wt%)

TiO, 056 037 010 007 012 002 002 004 007 002 003 032 045 002 058 075

Al,O; 1492 1560 1570 1632 17.31 1478 351 287 202 1215 132 923 1497 120 1498 13.02

FeO,,, 7.83 8.8l 993 744 521 863 1333 1275 1406 932 11.84 1032 674 0.16 7.13 9.06

MnO 0.14 016 014 012 009 o012 019 021 020 012 017 015 011 002 014 016

MgO 834 9.5 1696 1842 974 2196 37.04 3924 4049 2575 3997 2386 934 2487 1009 7.23

CaO 1091 11.29 994 1038 1656 782 1.71 232 132 694 199 596 951 3080 1191 1475

Na,O 1.84 154 090 088 087 057 0.11 <002 024 049 003 094 206 003 166 2.19

K,O 057 036 011 009 002 002 002 007 006 002 002 040 122 002 078 053

P,0; 0.09 002 002 001 002 002 002 001 001 002 002 004 007 011 007 O0.11

mg # 0.651 0.645 0.750 0813 0.766 0.817 0.830 0.844 0.835 0.829 0.856 0.802 0.708 0.996 0.712 0.583

La 1.393 0.725 12.85 12.94

(ppm)

Ce 2.807 1.247 2.262 26.69 2543 81.77

Nd 1.422 0.495 1.040 12.78 12.55 37.18

Sm 0.319 0.092 0212 2,675 2.717 7.288

Eu 0.300 0.045 0.066 0.802 0.919 1.158

Gd 0.336 0.090 0.212 2,656 2.863 6.540

Dy 0.352 0.094 0.228 2.784 3.006 6.264

Er 0.216 0.072 0.154 1.706 1.863 3.474

Yb 0212 0.095 0.176 1.591 1.770 3.293
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liquid techniques. An additional hand-specimen of
olivine gabbro D-9 was processed at the Royal On-
tario Museum (ROM) where 2—4-mg pure fractions
of plagioclase and clinopyroxene were separated by
hand-picking.

Major-element concentrations were determined by
conventional X-ray fluorescence (XRF) techniques at
the IPGG. Rare-earth element (REE) concentrations
were measured with isotope dilution techniques
(Puchtel et al., 1993) at the Institute for the Geology
of Ore Deposits, Petrography, Mineralogy and Geo-
chemistry of the Russian Academy of Science,
Moscow (IGEM). The accuracy and precision of
REE determinations are ~ 4 3% for La and Lu, and
better than +2% for the other REE.

45

All Nd-, Sr- and Pb-isotopic analyses were per-
formed at the IPGG, except Nd and Pb analyses of
an additional specimen of D-9 that were performed
at the ROM. The following description refers to the
analytical procedures used at the IPGG. Whole-rock
powders and mineral separates weighing 50-200 mg
were spiked with mixed “"Rb—**Sr and "*’Sm-"**Nd
solutions and digested in screw-capped polytetrafluo-
roethylene (PTFE) capsules with HF-HNO,; or
HF-HCI1O, mixtures at 100°C for 1-3 days, then
evaporated to dryness and redissolved in 2 N HCI.
Rb, Sr and light REE (LREE) were separated using
conventional cation-exchange techniques on quartz
columns packed with 5 ml of Bio-Rad® AG 50W X 8
resin. Rb and Sr were eluted with 2 N HCI and
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Fig. 5. Major-element compositions of the studied samples from different stratigraphic zones of the Dovyren intrusion and footwall sills.
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LREE fractions were eluted with 4 N HCI. Nd and
Sm were separated on 1-ml quartz or PTFE columns
packed with hydrogen di-ethylhexyl phosphate
(HDEHP) -coated Teflon® powder (modified from
Richard et al., 1976). Samples were loaded in 0.1 N
HCI; Nd and Sm were eluted with 0.2 ¥ HCI and
0.4 N HCI, respectively. The procedure blanks were
~ 50 pg Rb, 600 pg Sr, 70 pg Sm and 300 pg Nd.

The isotopic analyses were performed in static
mode on a Finnigan® MAT 261 mass spectrometer
equipped with variable 8-collector system. The Nd
peaks were measured at masses 143, 144, 145, 146,
148 and 150. Fractionation correction used
"$Nd/ **Nd = 0.24157; reported '¥’Nd/ **Nd ra-
tios are relative to '*’Nd/ **Nd =0.511860 in La
Jolla standard. Fractionation and spike corrected
"Nd/ "Nd and "°Nd/"**Nd ratios were calcu-
lated in each run to ensure data quality. Possible Sm
interferences were monitored on mass 147 but
147 /144 ratios during Nd runs werc always lower
than 107% and typically no detectable signals on
mass 147 were found. Approximately 70—100 indi-
vidual ratios were taken within each run, resulting in
internal precision of +0.003% or better when the
"**Nd intensity was higher than 10~'" A. The exter-
nal precisions are +0.004% for '“Nd/ '**Nd and
+0.5% for "*’Sm/ *Nd based on replicate analy-
ses of standard rocks. The precisions reported here-
after correspond to 95% confidence level. The mean
values of 13 analyses of BCR-1 are listed in Table 2.

Sr-isotopic ratios were normalized to **Sr/ % Sr
= 8.37521. The mean ' Sr/ ¥ Sr for NBS SRM-987
is 0.710244 1+ 0.000015 on 4 runs. Both internal and
external precisions for *'Sr/ *Sr are +0.005% and
the external precision for ¥Rb /%Sris +0.5%. The
mean values for BCR-1 standard are listed in Table
2.

Pb was separated from whole rock and plagio-
clase by anion exchange in HBr following Manhes et
al. (1978). Plagioclase fractions were washed with |
N HNO, to remove surface contamination. Pow-
dered plagioclase was additionally subjected to
““strong”” (12 N HNO, for 5-6 hr on a hot plate)
acid leaching, to remove possible radiogenic Pb
components. Total blank of the common Pb proce-
dures was 5 + 2 ng Pb. Isotopic analysis of lead was
carried out with the aid of silicate emitter. The
mass-discrimination of 0.0013 + 0.0003 amu ', de-

termined by numerous measurements of NBS stan-
dard SRM-982, was used to correct for fractionation
in the samples. Average values for NBS-982 mea-
sured during the course of these analyses are
Wopp s 04ph = 36,643, *'Pb/Pb=17.092 and
2%¥pp / 204Ph = 36.551. Estimated errors based on
between-run precision of the standard are +0.04%
per amu, within-run precision for individual Pb anal-
yses was typically +0.004-0.01%.

Nd and Pb analytical procedures at the ROM are
similar to those described by Heaman and Machado
(1992), with a few changes summarized below. Total
procedure blanks for Nd, Sm, Pb and U were 30, 15,
5 and 0.25 pg, respectively. Nd was loaded on single
Re filaments with SiO, gel following Thirlwall
(1991) and analyzed as NdO™ ions in dynamic
multicollector mode. Oxygen isotopic ratios
¥0/%0 =0.00214 and "0/ '*0O = 0.000397, mea-
sured using "UNdO~ ion beam, were used for oxy-
gen isotope correction. Nd-isotopic ratios are normal-
ized to "*Nd/™Nd=0.7219, and '*Nd/'“*Nd
ratios are reported relative to *Nd/'Nd =
0.511860 in La Jolla standard. Uncertainties of indi-
vidual analyses were propagated to include within-run
precisions, external reproducibility of +0.003% for
“INd/“Nd and +0.3% for '*’Sm/ '“*Nd based
on replicate analyses of BCR-1, and uncertainties of
Nd and Sm blanks.

Data regressions have been performed using the
Isoplot® program (Ludwig, 1992). Nd-isotopic com-
positions are given in the £y, notation as proposed
by DePaolo and Wasserburg (1976) with values cal-
culated using the CHUR (chondritic uniform reser-
voir) parameters of Jacobsen and Wasserburg (1980).

4. Results
4.1. Major-and trace-element concentrations

Major-element chemistry of the Dovyren intrusive
rocks and footwall sills (Table 1; Fig. 5) covers
almost the entire range of compositions typical for
layered intrusions (Wager and Brown, 1967; Par-
sons, 1986). Dunite in zones A and B contains
37-40.5 wt% MgO and is very low in Ca0, Al,Q,,
TiO,, Na,O and K,O. The abundances of CaO,
Al,O, and Na,O, elements which are compatible in
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plagioclase, increase gradually with the decreasing
MgO from dunite to troctolite and olivine gabbro.
The abundances of TiO, and K,O in troctolite are
similar to those in dunite or even lower, and increase
only slightly in olivine gabbro. Gabbroic rocks of
zone E have the highest $iO,, CaO, TiO,, Na,O
and K,O, and the lowest MgO and FeO in the
layered series, while the abundance of Al,O; reaches
maximum values in olivine gabbro (zones C and D)
and slightly decreases in zone E. Compositions of
mafic rocks in the lower marginal zone and in
footwall sills are comparable to those in zone E.
Plagioclase-bearing peridotite from the lower
marginal zone (sample I1-2) has similar MgO and
Ca0 abundances to troctolites in zone B, but consid-
erably higher SiO,, TiO, and K, 0O and lower Al,O,;.

The concentrations of Sr and Nd against MgO
content are also shown in Fig. 5. Variations of Sr
concentrations are similar to those of major ele-
ments, compatible in plagioclase, namely CaO and
Na,O. Variations of Nd resemble those of K,0 and
TiO,. An anomalously high Sr concentration in the
diabase TST-24, 903 ppm, is much higher than in
other samples from the Dovyren intrusion or foot-
wall sills.

REE distributions were analyzed in three rocks
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Fig. 6. Chondrite-normalized REE patterns for three ultramafic—
mafic cumulates, two rocks from mafic sills and an enclosing
schist. Chondritic REE concentrations are after Taylor and
McLennan (1985).

from the layered series, two samples from footwall
mafic sills, and one country rock schist (Table 1. The
REE pattern for the country rock sample TST-28 is
similar to that for the average post-Archean Aus-
tralian shale (PAAS), taken by Taylor and McLen-
nan (1985) to represent average upper continental
crust. REE concentrations in mafic and ultramafic
samples vary over a factor of 30 and have variable
Eu anomalies that range from weakly negative to
strongly positive. However, all these samples show
similar strong enrichment in LREE relative to middle
REE (MREE) and heavy REE (HREE) (Fig. 6). The
concentrations of REE in mafic rocks from footwall
sills (TST-24 and D-2) are ~ 3 times lower than in
the schist TST-28, but the REE distributions are
similar to the pattern for the schist, except that no
pronounced Eu anomaly is observed in the mafic sill
samples. Olivine gabbro D-9 has REE concentrations
~ 8 times lower than in samples TST-24 and D-2
and shows strong positive Eu anomaly. Plagioclase-
bearing dunites D-6 and D-8 are distinguished by
relative HREE enrichment, which, in combination
with the LREE enrichment mentioned above, results
in a U-shaped REE pattern.

4.2. Age of the intrusion

We attempted to determine the crystallization age
of Dovyren intrusion by Sm—Nd and Rb—Sr internal
isochron methods. In contrast to the whole-rock
isochron approach, internal isochron dating does not
require uniformity of initial isotopic ratios between
samples, and the calculated ages are insensitive to
possible variable contamination. Sm-Nd and Rb-Sr
data for whole rocks and mineral separates are pre-
sented in Table 2. Sm—Nd internal isochrons for an
olivine gabbro (D-9) from zone D and a gab-
bronorite (D-2) from a sill injected into schists and
sandstones beneath the Dovyren intrusion are shown
in Fig. 7 the ages of 673 22 and 707 £ 40 Ma,
respectively, are within error of each other. How-
ever, the ages of the main intrusion and associated
sills may be slightly different, as was demonstrated
by U—Pb dating of the Stillwater intrusion and asso-
ciated footwall mafic sills (Premo et al., 1990).
Because of the possible age difference between the
intrusion and sills, we prefer the internal isochron
age for olivine gabbro D-9 673 +22 Ma as the best
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estimate of the crystallization age of the Dovyren
intrusion. Rb-Sr age of biotite from the gabbronorite
D-2, calculated relative to the whole rock or plagio-
clase, is 713 + 7 Ma (uncertainty is based on analyti-
cal precision of *’Rb/*Sr and *’Sr/*Sr ratios),
and is 5.7% higher than the preferred Sm-Nd min-
eral isochron age.

4.3. Sr- and Nd-isotopic variations

The Dovyren intrusion is characterized by low
and uniform initial Nd-isotopic ratios, and high and
variable initial Sr-isotopic ratios, calculated for the
age of 673 Ma. The initial Sr- and Nd-isotopic

Yu.V. Amelin et al. / Chemical Geology 129 (1996} 39-69

values are plotted in Fig. 8 against the stratigraphic
position in the cross-section of the Dovyren intru-
sion. With two exceptions, the &y,(T)-values in
samples from the Dovyren intrusion and sills are
nearly constant, within the limits of —14.8 +0.7.
The marginal gabbronorite I-2 has slightly lower
eng(T) = —16.3, and the plagioclase-bearing dunite
D-8 has &,,(T)= —8.1, significantly higher than
most samples. Strontium initial isotopic ratios vary
from 0.7101 to 0.7135 and form a sertes of distinct
groups with relatively uniform initial ratios within
each group. The higher Sr initial ratios 0.71310-
0.71353 are observed in the lower marginal zone and
the dunite zone, and in diabase TST-24 collected

T T T [ T T T
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0.5118} .
ke
Z
3
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0.5114 €u(M=-150204
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2 o518 | —J
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g 05116 | .
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MSWD=0.56
| L ! n 1
0.06 0.10 0.14 0.18 0.22
147Sm/144Nd

Fig. 7. Internal Sm—Nd isochrons for the olivine gabbro D-9 and gabbronorite D-2.
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from a sill near the base of the intrusion. Samples
from zones C and E, and two samples from the
lower part of zone B, have Sr initial ratios within the
range of 0.71010 to 0.71038. Two samples from the
upper part of zone B have Sr initial ratios of 0.71150
to 0.71155, and two samples from zone D have Sr
initial ratios 0.71232 and 0.71236. The sample D-8
(plagioclase-bearing dunite from zone B) has
£q(T) = —8.1 (more precise of two replicate analy-
ses, Table 2) and Sr initial ratio of 0.70597, very
different from those for all the other rocks of the
Dovyren massif studied here.

Country rocks exhibit a wide range of variations
of initial *'Sr/ % Sr. Lower values of 0.70806 and
0.71110 are observed in dolomitic marbles I-1 and
X-Yoko, respectively, and the schist TST-28 has Sr
initial ratio of 0.71707. £,(673 Ma) in two dolomitic
marbles, three schists and a hornfels IV-1 range from
~11.5 to —7.1, without systematic difference be-
tween silicate and carbonate metasedimentary rocks.

51
4.4. Pb-isotopic results

Lead isotopic data for three samples of baked
schists, collected within the contact aureole of the
Dovyren intrusion, and their acid leachates and
residues (Table 3; Fig. 9a and b), indicate systematic
differences between acid-soluble and insoluble com-
ponents of these rocks. The Pb-isotopic compositions
of residues are more radiogenic than that of the
whole rocks, while the leachates contain less radio-
genic Pb, opposite to what is commonly observed
(Neymark, 1987). This unusual distribution of radio-
genic Pb components is possibly a result of preferen-
tial dissolution of low-U/Pb minerals, most likely
sulfides, during acid treatment. Acid leachates,
residues and untreated samples together define a
linear array with MSWD = 1.4 in the *""Pb/ **Pb-
26ph /2% Ph coordinates (Fig. 9a). The absence of
correlation in the ***Pb / 2** Pb—2"°Pb / **Pb coordi-
nates (Fig. 9b) precludes the interpretation of the

Table 3

Pb-isotopic data

Sample Fraction  Leaching U Pb U % ph e UPh MR % Ph P

(ppm) (ppm)
Mafic rocks of the Dovyren intrusion and foorwall sills:

D-28 Pl residue 16.803 15.481 37.166

D-109 Pl leachate 17.322 15.526 37.837
residue 16916 15.480 37.558

D-9 Pl leachate 17.218 15.550 37.702
residue 17.090 15.480 37.364
residue 0.0074 0.369 1.222 16.903 15.477 37473
residue ™ ¢ 0.0051 0.354 0.881 16.896 15.481 37.445

D-2 Pl leachate 17.184 15.524 37.693
residue 17.136 15.501 37.586

Country rocks:

TST-23 WR 20.672 15.752 40977
leachate 19.430 15.698 40.908
residue 25.726 16.074 41.436

TST-28 WR 20.309 15.734 40.539
leachate 18.956 15.653 40.328
residue 25.207 16.065 41.484

TST-29 WR 21.706 15.811 41.931
leachate 19.976 15.719 40.814
residue 23.844 15.958 42.562

? Hand-picked fraction of best clear grains.
" Bulk plagioclase fraction, variable quality of grains.

“ Fractions analyzed at the ROM., all the other analyses are from the IPGG.
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*7ph s 04 Ph—26Ph / 2Ph array as a mixing line,
so 1t is likely to represent a geologically meaningful
isochron. The age of 713 + 120 Ma is within error of
the Sm-Nd mineral isochron age for the Dovyren
intrusion.

Pb-isotopic data for acid-leached plagioclases
from the Dovyren mafic rocks (Table 3; Fig. 9c and
d), occupy a restricted field of **°Pb/ 2**Pb between
16.80 and 17.14, and ***Pb/ ®*Pb between 37.17
and 37.59. ’Pb/ Pb ratios, from 15.477 to
15.501, are within analytical uncertainty. The Pb-iso-
topic composition of leachates is slightly more radio-
genic than that of residues. 2*U/ **Pb () of 0.88
and 1.22 in two leached plagioclase fractions from
the olivine gabbro D-9 indicative of the presence of
a small amount of radiogenic Pb, may produce an
excess of 0.09-0.13 in 206Pb/ 204pb, and negligible
excess of 0.006—0.008 in *’Pb/ ***Pb. The correc-
tion for in situ U decay was not applied, however,
because ~**U / 2*Pb in plagioclase may be biased by
acid leaching (Amelin and Neymark, 1995). The

least radiogenic “*°Pb/**Pb in the plagioclases is
similar to the 673-Ma value in the model depleted
mantle, DM (Zartman and Haines, 1988), but
7pb/ 24Pp and ***Pb/?*Pb are substantially
higher than the DM values. On a **'Pb/2*4Pb-
206ph / 294ph plot (Fig. 9c) analytical points of the
plagioclases plot near the S—K (Stacey and Kramers,
1975) model growth curve, but are shifted towards
mode! age values, more ancient than the age of the
intrusion.

5. Discussion
5.1. Composition of the parental magma

The correct evaluation of a parental magma com-
position is important to constrain contamination
models, as well as petrogenetic models in general
(here we use the term ‘‘parental magma’ for the
magma, emplaced into the magma chamber, and
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Fig. 8. Variations of initial £y, and ¥ Sr/ ®Sr values (at 673 Ma) and Sr concentrations through the cross-section of the Dovyren intrusion.
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possibly already contaminated; the term °*primary
magma’’ is reserved for a hypothetical magma com-
position before contamination). If a magma chamber
behaves as a closed system after injection of parental
magma (or magmas), i.e. no tapping of residual melt
occurs, then the average composition of an intrusion
corresponds to the average compositions of parental
magmas. However, if a residual melt was removed
from the magma chamber, then the abundance of
components, concentrating in early cumulus miner-
als, may be grossly overestimated, in particular MgO
and FeO because of accumulation of olivine. In
addition, if parental magma, initially injected into the
chamber, contained phenocrysts, then the average
composition of an intrusion that crystallized under
closed-system conditions would reflect the composi-
tion of magmatic liquid plus phenocryst mixture,
rather than the composition of the magmatic liquid

*Pb/**Pb

Pb/Pb
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alone. The composition of parental magma can be
directly estimated from the composition of chilled
marginal rocks, but this estimate may be subject to a
large degree of uncertainty if the magma contained
abundant phenocrysts.

The average composition of the Dovyren intru-
sion, calculated by Yaroshevsky et al. (1983), is that
of an ultramafic magma (26.6 wt% MgO and 44.5
wt% Si0,. Table 4 , within the compositional range
of peridotitic komatiites. The average composition of
“*chilled margins’’, reported by Yaroshevsky et al.
(1983), is only slightly lower in magnesium (24.7
wt% MgO). However, the presence of olivine phe-
nocrysts suggests that this composition is probably
higher in MgO than the parental magmatic liquid.
The estimated MgO content of a parental magma of
a peridotite sill near the bottom of the Dovyren
intrusion is 15.7 wt% MgO, assuming 30% olivine

15.6
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Fig. 9. 7Pb/ 2*Pb vs. ***Pb/ 2%Pb (a) and ”*Pb/ 2" Pb vs. ***Pb/ 2% Pb (b) plots for plagioclases from the Dovyren mafic rocks, and
whole-rock samples of baked contact sediments, their acid leachates and residues after leaching. Evolution curves are from Stacey and
Kramers (1975) for the average continental crust and from Neymark (1990) for the depleted mantle.

¢ and d. Pb isotope data for acid leachates and residues of plagioclases from the Dovyren mafic rocks.
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accumulation (Papunen et al., 1992). This value is
interpreted by Papunen et al. (1992) as a minimum
MgO content for the parental magma of peridotite
sills and the Dovyren intrusion. A potential problem
with this approach is the uncertainty in the content of
olivine phenocrysts.

An alternative approach is to use the olivine
composition to infer the MgO /FeO in the magma in
equilibrium with olivine. The calculated MgO /FeO
in the magma, however, may be too low, if cumulus
olivine re-equilibrated with intercumulus liquid
(Barnes, 1986; Chalokwu and Grant, 1987). The
most magnesian olivine compositions in the Dovyren
intrusion (Fo 87.2-87.5) from two dunite samples in
zone A (lonov et al., 1984a), are similar in composi-
tion to an olivine inclusion in chromite from a dunite
in the lower marginal zone (Kislov, 1990), which
was protected from re-equilibration by the enclosing
chromite. Using these analyses and the Fe—Mg ex-
change coefficient between olivine and melt at low

0.3 +0.03 (Roeder and Emslie, 1970), the mg #
[molar MgO /(MgO + FeO)] of melt in equilibrium
with the olivine is 0.675. A much higher mg # =
0.807, calculated for the ‘“‘average chilled margin™
(Table 4 , agrees more closely with the presence of
large amount of phenocrystic ohivine.

On the basis of the inferred mg # in the parental
magma, we can estimate MgO and FeO contents
from the positive FeO-MgO correlation for the rocks,
composed mainly of solidified parental melt and
phenocrystic and /or cumulus olivine with a mini-
mum amount of other cumulus minerals (Chai and
Naldrett, 1992). Regression through five analytical
points (a plagioclase-bearing peridotite and gab-
bronorite from the lower marginal zone, and three
dunites), intersects the line of constant mg # = 0.675
at 7.75 wt% MgO and 6.65 wt% FeO (Fig. 10b).
These values may be underestimated, due to the
possible presence of plagioclase phenocrysts in addi-
tion to olivine phenocrysts. The effect of plagioclase

pressure K, = (FeO/Mg0),,/(FeO/MgO), ., = presence is illustrated by the troctolite analyses,
Table 4
Calculated average compositions of the Dovyren intrusion, compared to the compositions of rocks in the lower marginal zone and footwall
sills
Sample I1-2 [-2 D-2 TST-24  Average of Dovyren  Average  Estimated Alternative
col. 24 average *  margin " parentalmagma ¢ parentalmagma ¢
Column 1 2 3 4 5 6 7 8 9
S10, {(wt%) 46.04 48.48 50.51 49.67 49.5 544.54 47.71 49.82 47.30
TiO, 0.32 0.45 0.58 0.75 0.59 0.09 0.36 0.49 0.38
Al,O4 9.23 14.97 14.98 13.02 14.32 10.64 9.11 15.84 12.42
Y FeO 10.32 6.74 7.13 9.06 7.64 10.05 10.37 6.65 8.29
MnO 0.15 0.11 0.14 0.16 0.14 0.14 0.15
MgO 23.86 9.34 10.09 7.23 8.89 26.57 2475 7.75 15.70
CaO 5.96 9.51 11.91 14.75 12.06 7.35 6.03 10.00 7.89
Na,O 0.94 2.06 .66 2.19 1.97 0.54 0.94 2.08 1.58
K,O 0.40 1.22 0.78 0.53 0.84 0.07 0.54 118 0.88
mg # 0.802 0.708 0.712 0.583 0.662 0.823 0.807 0.675 0.772
Nd (ppm) 9.87 14.3 12.8 12.1 13.07 15.83 12.07
Sm 2.02 2.83 2.65 2.61 2.70 3.147 2.40
Rb 14.4 39.0 242 36.0 33.1 38.3 28.7
Sr 117 271 192 903 455 271 206

* Average composition of the Dovyren intrusion from Yaroshevsky et al. (1983).

b Average composition of “*chilled”” margin from Yaroshevsky et al. (1983).

¢ Composition of the Dovyren parental melt, estimated from correlations between MgO and other major and trace components in 3 dunites
and 2 rocks from the lower marginal zone (see text for details). MgO concentration is determined from FeO-MgO correlation and the most
magnesian olivine composition (Fig. 10b). assuming that magma and olivine are in equilibrium.

¢ Alternative composition of the Dovyren parental melt, estimated from correlation between MgO and other major and trace components in
3 dunites and 2 rocks from the lower marginal zone, using the MgO concentration estimated by Papunen et al. (1992).
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shown in Fig. 10b but not included in the regression.
However, the correlation of molecular ratios (MgO
+ Fe0)/Al,O; vs. SiO,/Al, O, (Fig. 10a) with
slope of 1.95, close to the theoretical value of 2 for
olivine fractionation, indicates that the role of plagio-
clase fractionation was probably small.

The contents of Si0,, CaO and other major and
trace elements in the lower marginal rocks and

dunites are strongly negatively correlated with MgO
(correlation coefficients between —0.99 and —0.91),
and the contents of these elements in the parental
melt were estimated from regressions using the same
set of analyses, at 7.75 wt% MgO. Overall, the
calculated parental Dovyren magma composition
(Table 4) is a basalt, similar to a normal type mid-
ocean ridge basalt (N-MORB; e.g.. Sun et al., 1979)
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in Si0,, MgO, Al,0; and Na,O contents, but poorer
in TiO, and richer in K,0, Rb, Sr and REE. This
parental magma composition is close to the composi-
tions of mafic rocks of the lower marginal rocks and
the sills, in particular, gabbronorites I-2 and D-2.
The uncertainty of the inferred parental magma com-
position is rather large (20-45% range of variations
for different major and trace elements at 1o confi-
dence level), due to the small number of analyses
included in regressions. If strong correlations in MgO
variation diagrams hold with a larger number of
analyses, a more precise estimate of the magma
composition could probably been obtained.

3.2, Significance of isotopic variations within the
Dovyren intrusion

With one notable exception, initial Nd-isotopic
ratios of samples from the Dovyren intrusion are
nearly constant (g (7) from —163 o —14.1),
whereas the initial Sr ratios vary from 0.7101 to
0.7135. Apparently, processes that caused variations
in the Sr-isotopic composition did not affect the
Nd-isotopic signature. The incoherent behavior of
Sr- and Nd-isotopic systems may be partly due to
alteration effects, because the Rb—Sr isotopic system
in basic rocks is more sensitive to a low-temperature
hydrothermal alteration than the Sm-Nd system
(Richardson, 1984; Hergt et al., 1989). The processes
that might have caused the post-crystallization varia-
tions in the Sr-isotopic ratios are open-system be-
haviour shortly after crystallization (e.g., fluid ex-
change with enclosing rocks during cooling of the
intrusion) and disturbance of the Rb—Sr system dur-
ing ~ 550-Ma regional metamorphism (Neymark et
al., 1991b). The consistency of the Sm—Nd mineral
isochron age (707 + 40 Ma) and Rb-Sr biotite age
(713+£7 Ma) for the gabbronorite D-2 provides
evidence against the metamorphic disturbance of the
Rb-Sr system. Other post-crystallization effects, such
as fluid exchange between the intrusion and country
rocks, cannot be ruled out by these data.

If the Rb-Sr system was not disturbed during
regional metamorphism, then the variations in Sr
initial ratios between magmatic minerals or between
a mineral and a whole rock may provide a good test
for the post-crystallization open-system behavior on

the mineral scale. The differences in initial *’ Sr/ % Sr
between plagioclase fractions and whole-rock sam-
ples, 0.00036 for the olivine gabbro D-9 and 0.00050
for the gabbronorite D-2 (Table 2; Fig. 11a and b),
indicate that at least some part of the Sr-isotopic
variations is the result of post-crystallization open-
system behavior, and reflect the minimum magnitude
of alteration effect on Sr-isotopic ratios (which is
~ 10-15% of the range of the whole-rock initial
Sr/ ®Sr variations).

The possibility that the entire range of initial Sr
variations in the Dovyren intrusion is a result of
alteration cannot be excluded, but is unlikely because
of the following reasons. First, dunites, troctolites
and gabbroic rocks show similar ranges of initial Sr
variations, despite a more than 30-fold variation in
Sr concentrations (from 11.2 ppm in dunite 11-25 to
338 ppm in quartz-bearing gabbro IV-3, Fig. 11b). If
the Sr-isotopic variations are the result of alteration,
then a hypothetical alteration mechanism should pro-
vide either fluid /rock ratios, or concentrations of Sr
in the fluid proportional to the Sr concentration in
the rock with which the fluid interacts. Not to men-
tion that it should be a rather unusual alteration
mechanism, there is no evidence for stronger post-so-
lidification alteration in the gabbroic rocks than in
the peridotites. Second, the Sr initial ratios cluster in
a few groups (Figs. 8 and 11b). A group of 3
samples with higher initial Sr ratios between 0.71310
and 0.71353 is restricted to the lower marginal zone
and the dunite zone, while the samples from zones C
and E, and two samples from the lower part of the
zone B, have lower initial Sr ratios of 0.71010-
0.71038. Variations of initial ratios within the groups
do not exceed the probable alteration-related varia-
tions, estimated from the plagioclase—whole rock
data, while the difference between the groups is
~7-11 times larger than the variations within the
groups. We thus conclude that the observed varia-
tions in the initial Sr ratios are not completely a
result of alteration, but are real and were generated at
the magmatic stage.

The plagioclase-bearing dunite D-8 has enaT) =
—8.1 and Iy =0.70597, very different from those
for all other studied rocks of the Dovyren intrusion.
The isotopic data are in agreement with two possible
hypotheses about the origin of the plagioclase-bearing
dunite D-8: assimilation either of ultramafic, or of
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magnesian carbonate rocks, present among the coun-
try rocks before the emplacement of the Dovyren
intrusion.

The plagioclase-bearing dunite may represent one
of a group of metaperidotite bodies widespread in
the Olokit trough, partially assimilated by the
Dovyren magma. Two samples of metaperidotite
from the Avkit massif (Fig. 2) were analyzed for Sr
and Nd isotopes giving &£.,(673 Ma) +0.7 and
+2.9 and I, (673 Ma) 0.7061 and 0.7055 (Yu.V.
Amelin, unpublished data, 1994), This possibility is
difficult to check, because the peridotites of the
Baikal area are heterogeneous and strongly serpen-
tinized, so the values measured in the Avkit massif
here may not be representative and/or affected by
alteration.

Another mechanism that could possibly produce
the plagioclase-bearing dunite is thermal decomposi-
tion and assimilation of a dolomite layer by basaltic
magma. The geological evidence for this possibility
is indicated by the presence of apodolomitic magne-
sian skarns in the dunitic zone. The initial Sr and Nd
values in D-8 are much closer to those in the two
samples of carbonate country rocks (dolomitic mar-
bles X-Yoko and I-1), than to the other rocks of the
Dovyren intrusion (Table 2).

Although Sr- and Nd-isotopic data cannot distin-
guish between these possibilities, major-element data
provide some constraints. Peridotites formed by as-
similation may differ in major-element and modal
compositions from peridotites formed by crystal ac-
cumulation. Assimilation of a dolomite with
CaO/MgO =1.2-1.4 and very low FeO (analyses
of the Dovyren country rock dolomites from Gurulev
(1983), and dolomitic marble I-1 in Table 4) would
probably result in formation of lherzolite or wehrlite
with high CaO content and very high mg # and
containing abundant magnesian diopside. These fea-
tures are characteristic of apodolomitic magnesian
skarns in the Dovyren intrusion, studied by Gurulev
(1983). However, none of these features are ob-
served in the sample D-8, which has major-element
contents and modal composition within the range of
other plagioclase-bearing dunites of the zone B. On
the other hand, the possibility of dunite formation
through the interaction between peridotite and
basaltic magma was demonstrated by Kelemen et al.
(1992, 1995). We thus prefer the model of peridotite

assimilation for the origin of the isotopically distinct
plagioclase-bearing dunite.

5.3. Contamination in the magma chamber

The distinctive initial isotopic features of the
Dovyren rocks: low initial &, high *'Sr/ *Sr and
*pb / 24Pb, provide strong evidence for the in-
volvement of ancient LILE- (large ion lithophile
element) and LREE-enriched material during magma
genesis. The initial £, -values are significantly lower
than the values of magmas derived from oceanic
mantle (Zindler and Hart, 1986), and are comparable
to the lowest gy -values observed in continental
flood basalts (Hawkesworth et al., 1984; Cox and
Hawkesworth, 1985). Moreover, initial gy, of the
Dovyren rocks are lower than in any analyzed
metasedimentary country rocks. This, of course, does
not exclude the possibility of contamination in the
magma chamber. However, if such contamination
did occur, it must have changed &, to less negative
values, and the magma before emplacement had even
lower £, than the values of ~ —14.8, observed in
the Dovyren intrusion. The possible magnitude of
contamination in the magma chamber can be esti-
mated from the Nd-isotope data. If we take &£y =
—16.1 in the “‘chilled’’ marginal gabbronorite I-2 as
representative for the magma at the time of emplace-
ment, gy, = —9.6 and [Nd] = 34.6 ppm (average of
3 silicate country rocks) as a contaminant signature,
and £y, = — 14.8, [Nd] = 15.8 ppm for the contami-
nated magma (Table 4, column 8), then a simple
mixing calculation yields a 9% mass fraction of the
contaminant and the Nd concentration of 13.9 ppm
in the emplaced magma. Concentration and isotopic
effects of contamination in the magma chamber thus
estimated are small (~ 12% and 1.3 g-units, respec-
tively), and do not significantly alter the further
considerations of the contamination and /or enrich-
ment processes before magma emplacement.

We think, however, that even this estimate of the
degree of in situ contamination is too high. The
uniformity of initial Nd-isotopic compositions in the
Dovyren intrusion (except 1-2 and D-8) implies that,
if contamination in the magma chamber occurred,
then the magma would have been perfectly homoge-
nized by convection after contamination. The varia-
tions of initial Sr-isotopic ratios throughout the intru-
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sion indicate that this was not the case. In addition,
the similar g;-values in the Dovyren intrusion and
the footwall sills require similar amounts of contami-
nation for the magma chamber and the sills. We

therefore conclude that contamination in the magma
chamber was probably a local process, and its effect
on the overall isotopic and chemical composition of
the magma was minimal, so initial isotopic ratios in

Table 5
Models of magma contamination (simple mixing)
Primitive ~ PAAS Average Proportion of  Proportion of ~ Contaminated  Contaminated ~ Dovyren
picritic upper crust mixing | mixing 2 magma | magma 2 parental
basalt magma
Column 1 2 3 4 5 6 7 8
SiO, 45.96 62.80 66.00 53.72 56.72 49.82
(Wt%)
TiO, 0.18 0.50 ¢ 0.50 0.50 0.50 0.49
Al, 04 4.06 18.90 15.20 14.36 13.45 15.84
FeQ, 7.54 6.50 4.50 9.46 8.05 6.65
MgO 37.78 2.20 2.20 10.62 9.19 7.75
Ca0 3.21 1.30 4.20 7.68 791 10.00
Na,O 0.33 1.20 3.90 1.07 2.32 2.08
K,O 0.03 3.70 3.40 0.31 0.34 1.29 1.56 1.18
mg # 0.899 0.377 0.466 0.667 0.671 0.675
Rb (ppm) 0.535 160 112 0.23 0.33 55.7 51.7 383
La 0.614 38 30 0.31 0.40 14.1 14.6 129°
Nd 1.19 32 26 0.43 0.55 13.2 137 15.8
Sm 0.387 5.6 4.5 0.45 0.60 2.64 2.64 3.15
Eu 0.146 1.67 * .34 ¢ 0.35 0.48 0.85 0.84 0.86°
Yb 0414 28 2.20 0.30 0.48 175 1.65 168 °
Mean 0.342 0.454
Sr 52 200 350 103 271
Sr ¢ 52 692 © 271 271
Pb 0.175 20 20 7.2 9.3
Sm/Nd 0.325 0.175 0.173 0.200 0.193 0.199

(1) Primitive low-Ti picritic basalt, produced by 35% mantle melting (from Arndt et al.. 1993).

(2) PAAS is the average post-Archean Australian shale (Taylor and McLennan, 1985).

(3) Average upper continental crust from Taylor and McLennan (1985).

(4) Proportion of mixing between the primitive basalt (column 1) and the PAAS (column 2), required to reproduce the concentrations of
incompatible elements in the Dovyren parental magma (column 8).

(5) Proportion of mixing between the primitive basalt (column 1) and the average upper continental crust {column 3), required to reproduce
the concentrations of incompatible elements in the Dovyren parental magma (column 8).

(6) Mixture of 65.8% of the primitive basalt (column 1) and 34.2% of PAAS {(column 2).

(7) Mixture of 54.6% of the primitive basalt (column 1) and 45.4% of average upper continental crust {column 3).

* TiO, content in the continental upper crust is also nsed in the model with PAAS contaminant composition. Eu contents in PAAS and
upper crust are adjusted to yield Eu* /Eu = 1, required by nearly zero Eu anomalies in the Dovyren sill samples.

" La, Eu and Yb concentrations in the Dovyren parental magma are the means of the sill samples D-2 and TST-24. Other trace-element and
major-element concentrations in the Dovyren parental magma are from Table 4. Pb concentrations in the Dovyren rocks were not
determined. The Pb concentration in the magma is estimated (very imprecisely) from the Pb concentration in plagioclase (Table 3) and the
partition coefficient D/ = 0.10-0.14 (Leeman, 1979) to be 2.5-3.7 ppm.

“ Sr content in a contaminant, required to reproduce the Sr concentration in the mixture of 271 ppm at the mass fraction of contaminant of
34.2%.
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the Dovyren rocks and the estimated chemical com-
position of the magma are likely to be representative
for the magma before emplacement.

5.4. Magma contamination before emplacement or
an enriched source?

Because contamination in the magma chamber is
shown to have been a process of minor significance,
we have to consider pre-emplacement contamination
and magma genesis form an enriched mantle source
as possible causes of the enriched isotopic signatures
in the Dovyren intrusion. In these cases, the country
rocks are not a probable contaminant. The isotopic
signature of contaminant is thus unknown, and this
fact precludes the use of isotopic relationships for
the evaluation of a contamination mechanism and
mixing proportions. We have instead attempted to
use the concentrations of strongly to moderately
incompatible elements (Rb, K, Sr, REE and Ti) to
constrain the mixing mechanism, and then to use the
inferred mixing relationships to calculate the isotopic
signature of a contaminant.

Two alternative petrologic models are tested to
explain magmatic and contamination processes in the
Dovyren intrusion: (1) contamination of a primary
magma with or without crystal fractionation; and (2)
melting of an enriched mantle source. Overall, the
Dovyren intrusion has many chemical similarities to
low-Ti basaltic series. We therefore examined the
model of a steady-state liquid formation in periodi-
cally replenished and tapped magma chamber with
continuous fractionation and wallrock assimilation
[the RTFA model of O’Hara (1977)]. This model has
been successfully used to reproduce major- and
trace-element signatures in low-Ti basalts of the
Siberian flood basalt province (Wooden et al., 1993)
and in Tasmanian dolerites, Australia (Arndt et al.,
1993). The proposed Dovyren parental magma has
chemical signatures [LILE-LREE enrichment and
HFSE (high field strength element) depletion] similar
to those of low-Ti basalts in both of these provinces,
although more extreme. For the modeling purpose,
trace-element concentrations in the primary magma
were taken as in the low-Ti picritic basalt, used in
the calculations of Arndt et al. (1993) as a primary
magma for low-Ti continental flood basalts. Similar
concentrations of incompatible elements in the pri-

mary magma were calculated with the method of
separation of components in a MORB-normalized
trace-element pattern (Pearce, 1983), using Ti and
Yb concentrations in the suggested Dovyren parental
magma as background values. Average upper conti-
nental crust and average PAAS from Taylor and
McLennan (1985) were taken as contaminants, as-
suming similar TiO, = 0.5 wt%. Accumulating as-
semblage was assumed to be either dunite (100% Ol
or troctolite (75% Ol + 25% P1), but the difference
between these two types of cumulates is significant
only for Sr. Using these parameters, we were unable
to reproduce the concentrations of Ti and Yb in the
Dovyren parental magma within the entire range of
parameter g (fraction of total cumulate precipitated
to provide energy for wallrock digestion) from 0 to
1, unless unrealistically high bulk partition coeffi-
cients (D > 1) were assumed for these elements. A
similar problem is encountered when using the AFC
formalization of Aitcheson and Forrest (1994). In-
deed, the concentration of TiO, = 0.5% is similar in
the primary basalt and in the contaminant (upper
crust), and any fractionation process with bulk D < 1
for an accumulating mineral assemblage would in-
crease the TiO, concentration in the residual melt
above this value.

To overcome the problem of Ti and Yb balance,
we tried a simple mixing model without fractiona-
tion, using the same end-member compositions. Pro-
portions of mixing, required to reproduce the concen-
trations in the Dovyren parental magma, were calcu-
lated for 7 elements (K, Rb, La, Nd, Sm, Eu, Yb),
and the average values were applied to calculate the
concentrations of major elements, Sr and Pb in con-
taminated basalt (Table 5. column 6). Given the
large uncertainty in major-element contents in the
Dovyren parental magma, the fit between observed
and calculated values may be considered reasonable,
although the calculated magmas have higher SiO,,
MgO and FeO, and lower CaO and Al,O, than the
Dovyren parental magma. Strontium concentrations
in the average upper crust and PAAS are too low to
reproduce the calculated Sr concentration in the
Dovyren parental magma using mixing models (both
simple mixing and RTFA). The Sr concentration in a
contaminant, estimated from inferred mixing propor-
tions, is ~ 700 ppm (Table 5): 3.5 times higher, than
in PAAS, and twice higher, than in average upper
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Table 6
Models of manile source contamination and melting

Primitive Depleted PAAS Lamproite Mixed Mixed Mixed Melt 1 Melt 2 Melt 3 Dovyren

mantle therzolite source | source 2 source 3 parental

magma
Column 1 2 3 4 5 6 7 8 9 10 11

Si0, (wt%) 45.96 4495 62.80 53.30 46.85 46.56 45.18 46.82 49.82 49.82 49.82
TiO, 0.18 0.08 0.50 ¢ 3.00 0.20 0.12 0.16 0.99 0.45 0.65 0.49
Al O, 4.06 322 18.90 9.10 4.85 4.63 3.38 24.23 17.81 13.54 15.84
FeO, 7.54 7.66 6.50 6.30 7.48 7.56 7.62 2.00 6.73 8.50 6.65
MgO 37.78 40.03 2.20 12.10 35.89 36.63 39.25 233 7.83 9.90 7.75
Ca0 3.21 2.99 1.30 5.80 3.11 2.84 3.07 15.54 10.92 12.27 10.00
Na,O 0.33 0.18 1.20 1.40 0.38 0.27 0.21 1.89 1.05 0.86 2.08
K,O 0.03 0.02 3.70 7.20 0.23 0.35 0.22 1.13 1.35 0.88 1.18
mg # 0.899 0.645 0.377 0.774 0.895 0.896 0.902 0.675 0.675 0.675 0.675
Rb (ppm) 0.535 0.02 160 272 8.99 14.4 7.64 449 55.4 30.5 383
La 0.614 0.03 38 240 2.60 3.45 6.45 13.0 13.3 27.0 129°%
Sr 18.21 0.80 200 1530 278 18.73 43.6 139 720 174 271
Sr ¢ 18.21 0.80 692 ¢ 539 63.0 270 242 271
Nd 1.19 0.133 32 207 2.82 3.00 5.93 14.1 11.5 23.7 15.8
Pb 0.175 0.006 ¢ 20 60 © 1.23 1.81 1.69 6.13 6.94 6.74 72°
Sm 0.387 0.101 5.6 24 0.66 0.60 0.77 5.45 2.29 3.08 315
Eu 0.146 0.050 167 ¢ 4.8 0.23 0.20 0.18 1.13 0.75 0.73 0.86°
Yb 0414 0.269 2.8 1.7 0.54 0.50 0.31 27 1.91 1.24 168 °
Sm/Nd 0.325 0.759 0.175 0.116 0.235 0.199 0.130 0.235 0.199 0.130 0.199

(1) Primitive mantle composition from Hofmann (1988).

(2) Depleted lherzolite is a spinel Iherzolite (Tinaquillo peridotite; Jaques and Green, 1980), more refractory than the primitive mantle. The
major-element concentrations are from Jaques and Green (1980), and are similar to average spinel lherzolite (Maalge and Aoki, 1977;
McDonough, 1990). Concentrations of incompatible trace elements are from Philpotts et al. (1972), and are lower than in average spinel
Therzolite (McDonough, 1990).

(3) PAAS is the average post-Archean Australian shale (Taylor and McLennan, 1985).

(4) Average lamprotie composition is from Bergman (1987).

(5) Mixture of 94.7% primitive mantle {column 1) and 5.3% PAAS (column 3).

(6) Mixture of 91% depleted lherzolite (column 2) and 9% PAAS (column 3).

(7) Mixture of 97.2% depleted lherzolite (column 2) and 2.8% lamproite {column 4).

(8) Composition of the mixed source 1 (column 5) after subtraction of 80% of residual harzburgite (65% Olg, 4 and 14% Opxg, of)-
Composition of Ol is chosen to yield mg # = 0.675 in the melt, similar to the calculated value in the Dovyren parental magma. It is
assumed that all components except SiO,, MgO and FeO concentrate entirely in the melt.

(9) Composition of the mixed source 2 (column 6) after subtraction of 74% residue (75% Oly, 44 4 and 25% Opx ., 4. Composition of Ol is
chosen to yield mg # = 0.675 in the melt. Ol /Opx ratio in the residue is chosen to yield the SiO, = 49.82 wt% in the melt (similar to the
Dovyren parental magma).

(10) Composition of the mixed source 3 (column 7) after subtraction of 75% residue (86% Olg, gq 5 and 14% Opx g, o). Composition of Ol
is chosen to yield mg # = 0.675 in the melt. Ol /Opx ratio in the residue is chosen to yield the SiO, = 49.82 wt% in the melt.

* TiO, content in the continental upper crust {Taylor and McLennan, 1985). Eu content is adjusted to yield Eu* /Eu = [, required by nearly
zero Eu anomalies in the Dovyren sill samples.

" La, Eu and Yb concentrations in the Dovyren parental magma are the means of the sill samples D-2 and TST-24. Pb content in the magma
is estimated from mixing proportions in the magma contamination model (Table 5). Other trace- and major-element contents in the Dovyren
parental magma are from Table 4.

© Sr concentration in the contaminant, estimated from mixing proportions in the magma contamination model (Table 5).

4 Pb content in the Tinaquillo peridotite is not given by Philpotts et al. (1972). Estimated from N-MORB-normalized abundances of LREE,
having similar incompatibility with Pb (Sun and McDonough, 1989).

° Pb content in lamproite is the mean of lamproite analyses from Nelson et al. (1986).
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crust, but lower than Sr concentration of 1000 ppm
in contaminant, used by Wooden et al. (1993) in
their RTFA calculations. A problem with the model
of bulk assimilation of a crustal material by picritic
basalt is a very high mass fraction of contaminant of
34% for PAAS or 45% for average upper crust,
considerably higher than the maximum amounts of
contamination for picritic basalt during magma as-
cent estimated by Huppert and Sparks (1985).

All the problems with the bulk assimilation and
assimilation + fractionation models mentioned above
also exist if contaminant had lower-crustal composi-
tion (Taylor and McLennan, 1985; Halliday et al.,

1993). The lower concentrations of incompatible ele-
ments in lower-crustal rocks would require unreason-
ably high proportions of contaminant. In addition,
lower-crustal contamination cannot account for the
high K and Rb concentrations and LILE/LREE
ratios in the Dovyren parental magma. Because of
these reasons, we do not consider lower crust as a
likely contaminant.

An alternative to the magma contamination is the
possibility that the mantle source of the Dovyren
magmas had been modified by the addition of sedi-
mentary material in a subduction zone environment.
This model was used by Hergt et al. (1989), Hergt et
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Fig. 12. Diagrams showing proportions of mixing and corresponding degrees of melting, required by the source contamination models to
reproduce concentrations of strongly to moderately incompatible elements in the Dovyren parental magma. The concentrations of
incompatible elements in mixing end-members are given in Table 6. The probable mixing proportions, shown by dashed arrows, were
estimated as the means of mixing proportions for different elements, by varying the degree of melting to yield the minimum scatter of
mixing proportions, calculated for different elements. Specific comments: (a, b) Sr is not included in mixing proportion estimates in the
models using PAAS as a contaminant; (a) minimum scatter estimate is for 5 elements only (K, Rb. La, Nd, Sm).
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al. (1991) and Lightfoot et al. (1993) to explain
LILE-LREE enrichment, HFSE depletion, and
crust-like isotopic signatures in low-Ti continental
flood basalts from Tasmania and Siberia. As men-
tioned above, the suggested Dovyren parental magma
has similar chemical features. Mixing calculations
(Table 6; Fig. 12b) show a relatively good consis-

Table 7

tency between mixing proportions for K, Rb, REE
and Ti, when the end-members are depleted lherzo-
lite and PAAS. Good agreement can also be achieved
with primitive mantle and PAAS (Fig. 12a), but only
at an unrealistically high degree of melting (~ 50%).
Models using lamproite as a contaminant (Ellam and
Cox, 1991) do not yield good agreement (Fig. 12¢

Estimated Sr-, Nd- and Pb-isotopic compositions (673 Ma) of an enriched component in the magma contamination and mantle source

contamination models

Mixuure Depleted % of element from Estimated enriched Trna(DM) ©
(Dovyren) end-member * enriched end-member?! end-member (Ga)
(1) Primitive picritic basalt + PAAS (0.66 + 0.34):
*TS1/ oSy 0.7103 0.7027 87 0.7116
¥Sr 805y 0.7135 0.7027 87 0.7153
Exg —14.8 +72 83 ~20.5 275
20pp, s 204py, 16.90 17.00 95 16.89
7py, / 204pp 15.48 15.35 95 15.49
2%ph s 204pp 37.50 36.80 95 37.54
(2) Primitive mantle + PAAS (0.947 + 0.053); 20% melting:
*Sr/ %0 Sr 0.7103 0.7027 68 0.7169
ENTAN 0.7135 0.7027 68 0.7229
Eng - 14.8 +72 64 —420 4.26
%Pb /204 pp 16.90 17.00 89 16.89
*7py, 7 204 py 15.48 15.35 89 15.50
WEpp, s 204py 37.50 36.80 89 37.60
(3} Depleted therzolite + PAAS (0.9] + 0.09); 26% melting:
878 /8655 0.7103 0.7027 98.9 0.7104
5181/ %081 0.7135 0.7027 98.9 0.7136
En -1438 +72 96.9 -155 2.39
20%py, s 204py, 16.90 17.00 99.0 16.90
207py, s 204 pp, 15.48 15.35 99.0 15.48
% pp / 204pp 37.50 36.80 99.0 37.51
(4) Depleted lherzolite + lamproite (0.972 + .028); 25% melting:
¥Sr/ %0sr 0.7103 0.7027 98.9 0.7104
78t/ %08r 0.7135 0.7027 98.9 0.7136
£y —-14.8 +7.2 96.7 —~156 1.97
208py, s 204pp 16.90 17.00 98.9 16.90
o 4
7pp, y 204py, 15.48 15.35 98.9 1548
20%pp, /204 pp 37.50 36.80 98.9 37.51

? Isotopic compositions of the depleted end-member are those of the 630-Ma Chaya gabbronorite—peridotote massif in the Baikal-Muya
ophiolite belt. These compositions are close to the depleted mantle model values {e.g., Zartman and Haines, 1988).

® Contributions from the enriched component (contaminant) are calculated from concentrations of Sr, Nd and Pb in depleted and enriched
components (Tables 5 and 6) and mixing proportions shown in these tables.

¢ Single-stage model ages, calculated relative to the linear model for the depleted mantle (Goldstein and Jacobsen, 1988), using Sm/Nd

ratios in contaminants (PAAS and lamproite).
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and d), because they fail to reproduce the REE
distribution in the Dovyren parental magma. To cal-
culate the major-element contents in melts derived
from contaminated mantle sources, we have used the
evaluated mixing proportions together with appropri-
ate degrees of melting (Fig. 12). Calculated major-
element concentrations in a hypothetical melt, de-
rived from the mixture of depleted lherzolite + PAAS
(column 9 in Table 6), are in close agreement (ex-
cept Na) with the composition of the Dovyren
parental magma.

The models discussed above rely on the estimate
of the Dovyren parental magma composition, which
is, in turn, based on the composition of the most
magnesian olivine. Compositions of olivine in zone-A
dunites and the olivine inclusions in chromite are in
good agreement, but there is still a possibility that
both olivines were equilibrated with the magma be-
fore the crystallization of chromite. If this were the
case, then the parental magma was more magnesian
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than we have estimated. Taking MgO = 157 wt% in
the primary magma from Papunen et al. (1992) and
using the same correlations of major- and trace-ele-
ment concentrations with MgQ as above, we can
calculate an alternative, more primitive, magma
composition, shown in Table 4 (column 9). The
concentrations of K, Ti, REE, Rb and Sr are 1.3
times lower than in the hypothetical parental magma
with 7.75 wt% MgO. The parental magma composi-
tion with 15.7 wt% MgO cannot be produced in the
model of magma contamination starting with picritic
basalt, and requires komatiite as a primary magma.
The model of the source contamination can repro-
duce the major- and trace-element concentrations in
the parental magma with 15.7 wt% MgO at 35%
melting of a source, containing 91 wt% depleted
peridotite and 9 wt% PAAS. The fact that the pro-
portion of mixing in the source contamination model
is essentially independent of magma composition
and the inferred degree of melting 1s a result of mass

10
DMO\\ ® Dovyren mafic and ultramafic rocks
1200 \\Q Ny O Enclosing sedimentary rocks
1600 N\ 1200 - -
0+ \Q Depleted mixing endmember
1600
2000 \ N =3 Enriched mixing endmembers
\ \;@O (contaminants)
2400 8
2800 L4 A N
-10 2400b\ \o\zooo
§ 3200 AN ~
% 36‘156 Models 3,4 \2400
2 3200 S
20 ~
r' l:?D Model 1 \@
3800 ©
Q. 3200
-30
\o 3600
uc
40 - C———— Model 2
I ! 1 ! 1
0.70 0.71 0.72 073 0.74
87 .86
Sr®8sr (673)

Fig. 13. £,4(673 Ma) vs. 78 / 86 SK(673 Ma) plot for the Dovyren mafic and ultramafic rocks and host metasediments, and depleted and
enriched mixing end-member isotopic compositions (from Table 7). Numbers of mixing models are as in Table 7. Shown for comparison are
evolution paths of lower ( LC), total (TC) and upper (UC) continental crust with Sm /Nd ratios of 0.249, 0.219 and 0.173, and Rb /Sr ratios
of 0.023, 0.123 and 0.320, respectively, after Taylor and McLennan (1985). Labels on the crust evolution lines correspond to the time (Ma
before present) of separation of a crust from a depleted mantle [linear model after Goldstein and Jacobsen (1988)].
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balance of incompatible elements, controlled almost
entirely by the contaminant.

5.5. Speculation about the isotopic signatures of a
contaminant

At given isotopic compositions of a depleted
end-member and the mixture (the Dovyren values),
the isotopic signature of an enriched end-member is
the function of the mixing proportion, expressed as
the fraction of the element in question (Sr, Nd, Pb),
provided by the enriched component. Isotopic com-
positions of a contaminant, calculated in models
where almost all Sr, Nd and Pb are contributed by
the enriched component (depleted lherzolite + PAAS
and depleted lherzolite + lamproite) are nearly iden-
tical to the initial values in the Dovyren intrusion
(Table 7; Fig. 13). The highest *’Sr/*6Sr and the
lowest &y, were calculated using the primitive man-
tle + PAAS source contamination model. The £ =
—42 corresponds to the model age of > 4 Ga (using
Sm/Nd in the PAAS and either DM or CHUR as a
reference), and seems therefore unreasonably low.
More realistic Sm—Nd model ages of 2.4-2.8 Ga
(relative to DM) were calculated in the depleted
lherzolite + PAAS model (#3, Table 7) and in the
picritic basalt contamination model (#1, Table 7).
The latter models are preferred on geochemical
grounds, and we therefore consider 2.4-2.8 Ga as
the probable age of the enriched component (an
average residence age of the crust assimilated by
picritic basalt, or the protolith age of subducted
sediments).

Additional constraints on the history of the con-
taminant, almost independent on the choice of the
model, can be inferred from the Pb-isotopic data. It
is noteworthy that Pb-isotopic compositions of con-
taminants are nearly identical in all models and are
very close to the measured Dovyren values, due to
low Pb concentrations in depleted end-members.
High *"Pb/ 2 Pb at a given °°Pb/ *Pb and en-
hanced ***Pb/*Pb (and, therefore, high time-in-
tegrated Th/U) require a two-stage (or more com-
plex) history of the U-Pb system: earlier stage with
high w,, and later stage with lower w, and high
Th/U. With a two-stage Pb evolution model, start-
ing from the depleted mantle (Neymark, 1990) at
2.4-2.8 Ga, we can calculate the minimum age of U

depletion at 1.23-1.24 Ga, with u, = 0 (at younger
age of U depletion u, becomes negative). If U-Pb
fractionation occurred at 1.5-2.0 Ga, then the values
w, =11-12 and p,=42-6.3 can be calculated,
which are close to the average u-values for upper
continental crust (Zartman and Haines, 1988) and
pelagic sediments (Ben Othman et al., 1989), respec-
tively. These u-values are consistent with the model
of U depletion during erosion of 2.4-2.8-Ga upper
continental crust and sediment subduction at 1.5-2.0
Ga.

Integrated major- and trace-element and isotopic
data suggest that subduction-related enrichment of a
depleted mantle lherzolite, involving sediments de-
rived from ancient (~ 2.4-2.8 Ga) upper continental
crust, is a plausible model for the origin of the
Dovyren parental magma. An important feature of
this model, as well as of the model of magma
contamination, is a very high proportion of contami-
nant. The amount of subducted sediment in the
source contamination model (9%) is higher than
3-5%, calculated in similar models for low-Ti conti-
nental flood basalts (Hergt et al., 1989, 1991; Light-
foot et al., 1993), and may seem unreasonably high.
However, the evidence for the existence of strongly
metasomatized mantle regions suggests that the man-
tle source contamination model may be real. This
evidence is provided by the occurrence of peridotite
xenoliths with abundant mica and/or K-richterite
and K, Rb, Sr and REE concentrations similar to, or
higher than, our hypothetical contaminated mantle
source, and retaining ancient enriched isotopic signa-
tures (Kramers et al., 1983; Hawkesworth et al.,
1990; Carlson and Irving, 1994).

Recent geochronological, geochemical and iso-
topic data for the North Baikal volcano-plutonic belt
(Fig. 1) provide some evidence for ancient subduc-
tion in the Baikal fold area and for the existence of
an enriched mantle domain — a possible source of
the Dovyren magmas — beneath the Siberian Plate
since the early Proterozoic (Neymark et al., 1996).
The 2020-2060-Ma granitoids with volcanic arc
geochemical affinity are identified within the belt, as
well as early Proterozoic granitoids and bimodal
volcanics having within-plate affinity and negative
eng-values. The 1850-Ma continental basalts in the
belt demonstrate the range of initial £,,(1850 Ma)-
values from —6.1 to —4.6, which corresponds to the
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range of £y, from —18.4 to —17.7 in their source
at the time of the Dovyren emplacement. If this
mantle domain still existed during the late Protero-
zoic, it could have been a source (or a component of
the source) for the parental magmas of the Dovyren
intrusion.

6. Conclusions

Geochemical and Nd-, Pb- and Sr-isotopic fea-
tures of the layered series and marginal rocks of the
673-Ma Dovyren intrusion and associated mafic sills,
indicate that late Archean—early Proterozoic upper
continental crustal material was extensively involved
in the generation of the parental basaltic magmas of
the intrusion. However, these features are not the
result of contamination in the magma chamber. They
could rather be the result of either contamination of
primitive high-Mg, low-Ti picritic basalt by sedimen-
tary or granitic basement material, or, more likely,
subduction of continent-derived sediments into de-
pleted mantle. A model of magma contamination
suggests that a large amount ( ~ 34—-45%) of a crustal
component was assimilated by a depleted mantle
primary melt. In the model of depleted mantle source
contamination, the mixing proportion of a subducted
sediment, calculated from the mass-balance relations
for K, Rb, REE and Ti, is ~ 9%. In both models, the
estimated proportions of enriched component are
rather high, but probably not unreasonable. A simple
model of the contamination of depleted lherzolite by
PAAS with subsequent partial melting, leaving a
harzburgitic residue, gives a close fit with the
major-element composition of the Dovyren parental
magma. Initial Nd- and Pb-isotopic compositions of
the Dovyren intrusion suggest that the contaminant
was probably derived from 2.4-2.8-Ga upper conti-
nental crust and underwent U depletion at 1.5-2.0
Ga.
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