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Abstract

Sm-Nd, Rb-Sr and U-Pb isotopic systems have been studied in minerals and whole rocks of harzburgites and mafic
cumulates from the Chaya Massif, Baikal-Muya ophiolite belt, eastern Siberia, in order to determine the relationship
between mantle ultramafic and crustal mafic sections. Geological relations in the Chaya Massif indicate that the mafic
magmas were emplaced into, and interacted with older solid peridotite. Hand picked, acid-leached, primary rock-forming
and accessory minerals (olivine, orthopyroxene, clinopyroxene and plagioclase) from the two harzburgite samples show
coherent behavior and yield '*’Sm / *Nd—'**Nd/ '**Nd and ***U / 2Pb—2°Pb / 2*Pb mineral isochrons, corresponding
to ages of 640 + 58 Ma (95% confidence level) and 620 + 71 Ma, respectively. These values are indistinguishable from the
crystallization age of the Chaya mafic units of 627 + 25 Ma (a weighted average of internal isochron Sm-Nd ages of four
mafic cumulates). The Rb-Sr and Sm-Nd isotopic systems in the harzburgite whole-rock samples were disturbed by
hydrothermal alteration. These alteration-related isotopic shifts mimic the trend of variations in primary isotopic composi-
tions in the mafic sequence, thus emphasizing that isotopic data for ultramafic rocks should be interpreted with great caution.

On the basis of initial Sr and Nd values, ultramafic and mafic rocks of the Chaya Massif can be divided into two groups:
(1) harzburgites and the lower mafic unit gabbronorites with £y = +6.6 to +7.1 and &g, = —11 to —16; and (2)

websterite of the lower unit and gabbronorites of the upper mafic unit: eyg= +4.6tc +6.1 and g5, = ~8 to —9. Initial Pb

isotopic ratios are identical in all rocks studied, with mean values of 2**Pb/ 2**Pb = 16.994 + 0.023 and **'Pb/ 2*Pb =
15.363 + 0.015. The similarity of ages and initial isotopic ratios within the first group indicates that the isotopic systems in
the pre-existing depleted peridotite were reset by extensive interaction with basaltic magma during formation of the mafic
crustal sequence. The isotopic data agree with a hypothesized formation of the Chaya Massif in a suprasubduction-zone
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1. Introduction

The relationship between mantle ultramafic tec-
tonites (harzburgite, dunite) and crustal mafic mag-
matites in ophiolite complexes is a key question to
understanding the processes of creation of oceanic
crust. The importance of establishing the relative
chronology of ultramafic tectonites and mafic mag-
matites is now recognized [1] but the isotopic studies
that address this problem are scarce and mostly rely
on whole-rock isochron relationships [2,3] that as-
sume uniformity of initial isotopic ratios. The only
exception, to our knowledge, is the study of the
Trinity ophiolite by Jacobsen et al. [4] that demon-

strated by mineral isochron Sm-Nd dating that a
plagioclase lherzolite and mafic dikes in this com-
plex are not coeval and have distinct initial Nd
isotopic ratios.

The aim of this study is to establish temporal and
genetic relationships between peridotites and mafic
rocks in a Precambrian ophiolite complex. We report
the isotopic data, as well as major and rare earth
element concentrations, for harzburgites and mafic
cumulates from the Chaya Massif in the late Protero-
zoic Baikal-Muya ophiolite belt, eastern Siberia. To
determine ages and initial isotopic ratios, we have
studied a number of rock-forming and accessory
minerals, along with whole-rock samples, from

Late Riphean and Vendian
sediments and volcanics

[ ultramafic massifs (Baikal-Muya
ophiolite beit, Fig. 1b)

M Peridotite (Fig. 1¢)

M Gabbronorite (Fig. 1c)

HH Diorite (Fig. 1¢)

] Neoproterozoic sediments
and volcanics

=1 Faults

Ophiolitic assemblage and mafic- Area of <~
Fig. 2 -

Fig. 1. (a) Map of Southeastern Siberia, showing: (b) the position of the Baikal-Muya ophiolite belt, and (c) tectonic setting of the Chaya

Massif. Ch = Chaya Massif; Be = Bezymianny Massif.
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harzburgites and mafic cumulates using Sm-Nd,
U-Pb and Rb-Sr techniques.

2. Geological setting

The Baikal-Muya ophiolite belt (Fig. la,b) is a

3 halt Af nlt fio and fir nlutong and mafie
wide belt of yltramafic and mafic pratoiis ahlG fiafic

metavolcanics that extends from the northern coast
of Lake Baikal to the northeast for more than 500
km. First recognized as an ophiolite belt by Klitin
and Pavlova [5], the Baikal-Muya belt in now inter-
preted as having been formed during the evolution of
the Neoproterozoic Paleo-Asian Ocean [6}. Geologi-
cal features of the Baikal-Muya belt and the tectonic
settings of its segments are summarized in [7-11].

Section
________ A

Section
B

301

The Chaya zoned ultramafic—mafic Massif (Fig.
lc and 2) is localized within the amphibolite-grade
Neoproterozoic volcano-sedimentary sequence com-
posed of metasandstones and schists, interlayered
with basic and felsic volcanics, and is overlain by
lower Cambrian molasse. The Chaya Massif is struc-
turally associated with the Bezymianny gabbro-di-

orite Massif (Fig.

between mafic rocks of the Chaya and Bezymianny
massifs and the basement are magmatic. with horn-
fels in the host rocks and a chilled zone in the
margin of the intrusive. The southwestern basal con-
tact of the Chaya Massif is tectonized along a shear
zone and contains serpentinite melange. Hydrother-
mal alteration in the Chaya and Bezymianny massifs,
as well as late folding and retrograde metamorphism
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| Upper mafic unit

B Lower mafic unit
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Il Harzburgite, dunite

E= Hornfels

Basement rock xenoliths
[[[]]] Basement rocks

Section B

Upthrust zone

[/ Drill holes
Sampling localities

Fig. 2. Geological map of the Chaya massif, based on data from A.G. Stepin and the present authors,
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in the basement rocks, may be related to the accre-
tion and obduction on the continental margin (Ritsk
et al., in prep.).

The Chaya Massif includes three main lithological
units (Fig. 2): lower and upper mafic cumulative
umtis and the middie harzburgite core, separated by
pyroxenite zones. Geological relationships and the

r\atrnnranh\r of the Fhaxtq Massif are described in
petrogra; the fassil mn

detail by Lesnov [12]. The lower and upper mafic
units consist of massive and trachytoid gabbronorite
and norite, composed of primary orthopyroxene,
clinopyroxene and plagioclase. The middle ultra-
mafic unit is composed of variably serpentinized
harzburgite and subordinate dunite, mostly with gra-
noblastic texture; translation twinning is broadly de-
veloped Deformation structures are clearly revealed
in more extensively seipentinized harzburgite vari-
eties. Orthopyroxenite and minor websterite, norite
and plagioclase-bearing peridotite compose the py-

roxenite zone surrounding the harzburgite core, and

Y.V. Amelin et al. / Earth and Planetary
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occur in lesser amounts within the gabbronorite units.
Gabbronorite and pyroxenite cross-cut tectonite fab-
rics in the harzburgite and dunite, with the formation
of breccias and harzburgite xenoliths. The localiza-
tion of gabbronorite and pyroxenite veins within the

harzburgite is controlled by fracturing. Gabbronorite
veins emplaced into harzburgite are surrounded by

< 10 cm r“lrnvnr"fn rnar‘hnh 7O0NA¢

Thece relation-
1V CH PyTORCHIIT

LUl LU, 1 UUSU iTiauiUinns

ships indicate that the parental magmas of the mafic
units were emplaced into, and interacted with, older
solid, relatively cold peridotite.

The geodynamic environment of the Chaya Mas-
sif formation is not precisely established. According
to Dobretsov [13], the mafic plutons in the ‘outer
zone’ of the Baikal-Muya belt, including the Chaya
Massif, may have been formed at a rifted passive
continental margin by a process similar to the initial
stage of the Red Sea opening. Alternatively, these
mafic plutons may be a part of an island arc assem-

blage together with spatially associated calc-alkaline

Table 1

Major element and REE data

Sample: Ch-3 Ch-4  Chs5 Ch-6 Ch-7 Ch-8 Ch-10 Ch-13  Ch-14 Ch-15 Ch-16
Rock: GN GN Webs OP Harz Harz Harz Webs GN GN GN
Si0, (Wt%) 5226 5031 5182 5306 3798 3749 3908 5236 5028 5181 5035
TiO, 0.24 0.05 0.08 0.06 bd.l. b.d.l bd.l. 0.08 0.08 0.15 0.31
AL, 1085  15.06 424 378 2.10 1.43 2.25 6.05 152 1142 7.55
Fe,0, 2.49 1.65 1.80 2.59 4.37 3.13 395 202 3.95 1.60 2.68
FeO 572 4.52 8.05 7.96 9.99 9.87 9.81 6.90 3.65 4.71 5.40
MnO 0.10 0.02 0.10 0.10 0.11 0.12 0.13 0.11 0.04 0.09 0.11
MgO 17.64 1605 2733 2050 4295 4564 4391 2291 14.46 19.11 19.18
Ca0 9.11 9.91 4.46 1.98 0.57 b.d.l 0.22 9.05 10.22 9.07 12.65
Na,O 1.28 141 0.26 0.06 0.10 0.05 0.15 0.49 1.57 1.07 0.92
K,O 0.05 0.01 b.d.l 0.05 b.d.l b.d.l. b.d.l. 0.01 0.06 0.10 0.02
P,0; b.d.l. 0.01 b.dl b.dl. bdl. bl bdl b.dl b.dl. b.dl 0.01
Lol 2.68 0.74 0.77 0.15 294 2.06 2.20 0.76 1.23 1.03 2,01
Mg # 0.796 0826 0833 0835 0845 0864 0853 0822 0780 0845 0812
La (ppm) 0794 0222 0207 0070 0084 1.24 128
Ce 244 0828  0.645 0.174 0246 3.05 4.85
Nd 2.48 0973 0610 0.124  0.188 2.30 5.26
Sm 0830 0372 0221 0035  0.055 0.674 .77
Eu 0313 0116 0707 0012 0018 0.336 0.587
Gd 1.05 0507 0313 0042  0.065 0.805 2.20
Dy 1.20 0659  0.449 0049  0.077 0.870 2.37
Er 0.735 0461 0.350 0036  0.057 0.518 1.35
Yb 0.690 0515 0423 0.049  0.073 0.478 i.16

Rock name abbreviations: GN = gabbronorite; Webs = websterite; OP = orthopyroxenite; Harz = harzburgite.
Major elements recalculated volatile-free, volatiles are determined as loss on ignition (LOD).

b.d.l. = below detection limits (about 0.01% for TiO,, K,0 and P,0x).

Mg# = molar MgO /(MgO + FeO).
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volcanics and plutons [6,9]. In our opinion, the geo-
logical features of the Chaya Massif: the existence of
solid harzburgite prior to emplacement of the mafic
magmas; intrusive relationships of the mafic section
with the enclosing rocks; and the formation of the
enclosing volcano-sedimentary sequence in the prox-
imity of a continent (Ritsk et al., in prep.) are

50 -

40 -

35 -

30
25

20 -

10 —

1.0

Symbols:

0 Dunite, harzburgite
®  Lherzolite

®  Ultramafic cumulate
& Pyroxenite
c  Gabbro, gabbronorite

consistent with the interpretation of the Chaya Mas-
sif as a deep (intrusive) part of an island arc, rather
than as part of a normal oceanic crust or a post-ob-
duction intrusion. If this is the case the harzburgites
represent a remnant of pre-existing oceanic litho-
sphere.

Numerous K—Ar ‘age determinations’ for Chaya

T I
TiO,

N A~ 0 O

Filling:
® Chaya massif, this study

m Chaya massif,
published data

o Various ophiolites,
published data

Fig. 3. Major element compositions of the samples studied from the Chaya Massif and various ophiolites. Published data for the Chaya
massif (gray symbols) are from [12]; published data for other ophiolites (open symbols) are from {9,10,16,30,33.50].
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mafic and ultramafic rocks were performed during
the 1960s using mostly whole rocks and a few biotite
separates. These data yielded a range of apparent
ages from 300 to 550 Ma [12]. A Rb-Sr whole-
rock—phlogopite age of ca. 737 Ma was determined
by A.A. Tsygankov (personal commun.).

3. Samples

The studied samples from the Chaya Massif rep-
resent its principal lithological upits (Fig. 2). The
samples from the upper gabbronorite unit are
melanocratic (Ch-3) and leucocratic (Ch-4) gab-
bronorites, composed of primary plagioclase (20—
75%), orthopyroxene (15-60%) and clinopyroxene
(10-20%), and secondary actinolite { < 8%) and car-
bonate + adularia (< 4%). The websterite Ch-5 and

r-fhnnvrnvpn:fa Ch-6 from the upper pyroxenite unit
orinepyrexeniie Ur rem e upper pyrexenile

are composed of 80-90% orthopyroxene, 7-15%
clinopyroxene and 7-12% secondary actinolite +
talc. Harzburgites Ch-7, Ch-8 and Ch-10 are com-
posed of 84-95% olivine (Fo88-86) +
orthopyroxene and 5—-15% secondary serpentine, and
contain accessory clinopyroxene, plagioclase, chro-
mian spinel, magnetite, and suifide. The websterite
Ch-13 from the lower pyroxenite unit is composed of

IN0L Arthanueavana AlinAanueavana mlagin

oI A 107
v /o UlLllUPleACllb, ~J /U VILTVP YIUAULIV, 1 70 PlaslU'

clase, and 4% actinolite. Gabbronorites Ch-14, Ch-15
and Ch-16 from the lower gabbronorite unit are
composed of plagioclase (15-35%), orthopyroxene
(12-48%) and clinopyroxene (30-58%), and < 10%
of secondary actinolite, talc, chlorite, carbonate and

adularnia.

data and REE con rations were ob-

tained usmg the analytical techmques described in
Appendix A and in footnotes to Tables 1-3. Major
element concentrations were determined by XRF.

_.
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4.1. Major element and REE concentrations
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Cz.

Major element and REE
Table 1. Fig. 3 shows the variations in major element
concentrations versus MgO. Compared to mantle
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< Pyroxenite
* Harzburgite
Fig. 4. Chondrite-normalized REE patterns for the Chaya ultra-

mafic and mafic rocks. Chondrite normalization after Taylor and
McLennan [51].

peridotites from the other ophiolite complexes, the
Chaya harzburgites have relatively low SiO, and
CaO. and high FeO at the same MgO. High SiO,
(52-53 wt%) and low CaO in the Chaya pyroxen-
ites, compared to those in typical ophiolite uitramafic
cumulates, are consistent with the unusually high

ndanna anuravan

abduuauu: Uf AV 4 lllUl}leADlle

Chondrite-normalized REE patterns for the Chaya
whole-rock samples are shown in Fig. 4. The chon-
drite-normalized REE concentrations are between 0.6
and 2.5 in the pyroxenites and between 1.5 and 8 in
gabbronorites. The pattern shapes closely follow
mineral /basalt partition coefficients [14] and indi-
cate the control over the REE distribution by pre-
dominant cumulus mineral specieS' orthopyroxene in
Ch-5 and Ch-6, pxaglomase in Ch-14 and clinopyrox-
ene + plagtoclase in Ch-16 and Ch-4. The concentra-
tion range and pattern shapes of REE in the mafic—
ultramafic cumulates are consistent with their crys-
tallization from a single magma or magmas with
similar N-MORB-like REE distribution.

The harzburgites have REE concentrations of
about 0.2-0.3 times chondritic and are slightly en-
riched in both light and heavy REE with respect to
middle REE (Eu, Gd and Dy). The concentrations of
heavy REE (Tb and Yb) of 36-73 ppb approach
those in the most depleted mantle peridotites [3,16~
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18] and indicate strong depletion of the Chaya
harzburgites. The U-shaped REE patterns, observed
in the Chaya harzburgites, are common in mantle
peridotites [15]. Such patterns cannot be produced by
equilibrium partial melting of a source with chon-
dritic or LREE-depieted REE distribution [16], and
may be a result of peridotite contamination by a melt
or fluid-bearing crustal REE signature [18]. In the
latter case the Nd isotopic ratios are also likely to be
shifted towards crustal values [18].

ardls 1101

4.2. Sm—Nd systematics

The whole-rock and mineral Sm—Nd data for four
mafic samples from the Chaya Massif are presented

tary Science Letters 148 (1997) 2
in Table 2. The internal Sm—Nd isochrons for these
samples (Fig. 5) yield ages between 624 and 656
m.y., identical within error limits. Their weighted
average of 627 + 25 Ma (95% confidence level) we
consider to be the best estimate for the crystallization
age of the Chaya mafic units. The isochron ages and
initial £,(T) values are less precise for the lower
mafic unit samples Ch-13, Ch-14 and Ch-16, show-
ing excessive scatter of analyses in the evolution
diagrams. The more precise mean &y, (627) values
(Fig. 5), calculated as weighted averages of £,,(627)
values for individual mineral and whole-rock analy-
ses of each sample, fall into two distinct groups of
approximately +4.9 and +6.7.

The Sm—Nd data for harzburgites Ch-7 and Ch-10

05132} Ch-4 gabbronorite

T Ch-14 gabbronorite 1
Upper mafic unit Opx Lower mafic unit opx
0.5130 VPR 1 i ¢
w pX
/FVW W 5/
5128+ + 1
05126, 44 £20Ma 1 /541. £160Ma -
Pi Eyy(T)=+5.0£0.7 Pl Epy(T)=+6.7£3.2
05124} MSWD=0.94 1 MSWD=3.68 |

T T T T ]

el
Z
I E0e(627)=+5.140.2 €,4(627)=+6.6£0.5
° L IS SEEPU SRR S | [ S SRR
z v T * T A I N T T N T M T L 1] * 1
T U9 Ch-13 websterite Opx /| Ch-16 gabbronorite Opx
Lower mafic unit Lower mafic unit
05130| i wRMCpx |
Cpx
0.5128 | WR 1 |

Epg(T)=+4.6
05124} p MSwWD=3.0

05126 /627193Ma T /6561:96Ma :

12.2 Pl Eny(T)=+6.712.2
1 MSWD=2 .49 4

ENd(bdl )-+4 6+0.4 €y(627)=46.740.5
4 1l ] I | 1 i 1 1
008 012 0.16 020 024 0.08 012 0.16 0.20 0.24
‘I47Sm/‘l44Nd

Ch-4 Ch-13 Ch-14 Ch-16
750 1 Weighted average of internal isochron
arn b n agec af four mafic camnloc
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627125 Ma MswD=0.15

Fig. 5. Sm~Nd mineral isochrons for mafic units of the Chaya Ma
The £,,(627) values shown in the figure are weighted averages of

ssif. The £yy(T) values are obtained from internal isochron regressions.
£y4(627) of individual mineral and whole-rock analyses of each sample.
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Fig. 6. (a) Sm-Nd mineral isochrons for harzburgites of the
Chaya Massif. (b) U~Pb isochron diagram for minerals from
ultramafic rocks of the Chaya Massif.

are shown in Fig. 6a. Mineral fractions from Ch-7
yield an errorchron (MSWD = 9.4) age of 625 + 140
Ma. The pyroxene and an imprecise olivine analysis
from Ch-10 plot on the same line, and the regression
of these nine analyses together yields the apparent
harzburgite Sm—Nd age of 640 + 58 Ma, similar to
the age of the mafic units. The whole-rock analyses
of both harzburgites plot below the mineral best-fit
line, well outside error limits.

4.3. U-Pb systematics
The U-Pb data for the minerals from harzburgites

Ch-7 and Ch-10 (Table 3) plot on a single line in the
P8y / 204pp-2%ph / 2%Ph evolution diagram (Fig.

6b). The slope of this line corresponds to the age of
620 + 71 Ma, identical to the Sm—Nd age of the
same fractions of 640 + 58 Ma, and with the age of
the Chaya mafic units. The U/ ?*Pb-
206pp / 24 Pb mineral isochron for the websterite Ch-
13 yields 619 + 42 Ma (Fig. 6b), consistent with the
other age determinations for the Chaya Massif.

The initial “"Pb/ 2*Pb and *°°Pb/ 2*Pb ratios
in samples Ch-7, Ch-10 and Ch-13 are calculated as
weighted averages of in situ U-decay corrected Pb
isotopic ratios for individual mineral fractions (Table
3, Fig. 7). The low 2*U/ 2*Pb ratios of 0.003-0.09
in three plagiociase fractions from samples Ch-7 and
Ch-13 indicate that the correction for in situ U decay

153} ]
— [ " ] —_ < e
| o I N T 0 T
DM » SK
s
376 pe .
/ 600
0 '
o 372 ]
S
I\K
Kol
S 368 :
&
364 _
208 04
Pb/*Pb
N N I s 1.
16.4 16.8 172 176 18.0

Fig. 7. Pb isotope data for the Chaya Massif. Each error ellipse
represents an initial Pb isotopic composition of one sample. Initial
*7pb/ 4Pb and ***Pb/ 2°*Pb ratios in samples Ch-7, Ch-10 and
Ch-13 are calculated as weighted averages of in situ U-decay
corrected Pb isotopic ratios for individual mineral fractions. Pla-
gioclase and data for other samples and all 8 pp / *%4Pb ratios are
plotted without U-decay correction and are thought to approxi-
mate initial ratios (see text for details). Evolution curves for the
average crust (S—K) and the depleted mantle (DM) are after
Stacey and Kramers [52] and Neymark [19].
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is negligible. The measured isotopic ratios for pla-
gioclase from mafic samples, for which U and Pb
concentrations were not determined, are thus thought
to be representative of initial Pb isotopic ratios. The
initial Pb ratios for the ultramafic samples and the
measured plagioclase data for the mafic samples plot
as a single compact cluster with mean “**Pb/ 2*Pb
= 16.994 +0.023 (20;,) and **"Pb/ **Pb = 15.363
+0.015 (26,) close to the depleted mantle evolu-
tion curve [19]. The single-stage model w, values
for sources of the Chaya Massif rocks, derived from
intersections of 627-0 Ma secondary *°'Pb/ 2 Pb-
26ph / **Ph isochrons with the primary 4550-627
Ma isochron, range between 8.02 and 8.09, with the
mean value of 8.07 +0.04 (20,). The model
“2Th/ 28U source values (,), calculated assuming
single-stage evolution from 4550 to 627 Ma, are
between 3.95 and 4.02, with the mean value of
3.98 +0.02 Qa,).

4.4. Rb—Sr systematics

The initial Sr isotopic ratios in minerals and
whole rocks of two harzburgites and one pyroxenite

are presented in Table 2 and shown on Fig. 8 as
£4,(627) values. All analyzed fractions of pyroxenite
Ch-13 have nearly uniform £4,(627), between —7.7
and —9.5. The harzburgites Ch-7 and Ch-10 show
more complex patterns. In Ch-7. clinopyroxene and
olivine have the lowest Sr isotopic ratios, both mea-
sured and initial. The ratios in orthopyroxene and
two plagioclase fractions are slightly higher. In Ch-
10, the lowest £4,(627), of about —15.8, is deter-
mined in clinopyroxene and the fraction of the best
hand picked orthopyroxene grains. The bulk orthopy-
roxene fraction has a higher £,(627) value than the
best orthopyroxene fraction, and substantially higher
Rb, Sr, Sm and Nd concentrations (but similar U and
Pb concentrations). The concentration of Sr in the
olivine Ch-10 is too low to yield precise isotopic
composition from the small sample analyzed.
Whole-rock analyses of the harzburgites Ch-7 and
Ch-10 show higher measured and initial Sr isotopic
ratios and Rb/Sr than any analyzed mineral frac-
tions from these rocks, clearly indicating the pres-
ence of secondary alteration-related mineral phases
with elevated Rb and Rb/Sr.

The £¢,(627) whole-rock values from the upper

T Symbols:

<> pyroxenite and
gabbronorite whole rocks

(O harzburgite whole rocks
[ minerals
Filling:
] Ch-7 harzburgite
l Ch-10 harzburgite
[J Ch-13 websterite
[ other samples

Héﬂ

I\ L b

T T l
8 -
< 6
(9]
O
4
%+
zZ
W
41
Error bars are 20
2 1 1 ! I
-20 -16 -12

-8

£.,(627)

Fig. 8. Initial Nd and Sr isotopic values in whole rocks and mineral fractions from the Chaya Massif. Numbers within the symbols are

abbreviated sample numbers (e.g. ‘3" corresponds to sample Ch-3).
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and lower mafic units fall into two groups: —8.1 to
—8.3 in the upper unit (samples Ch-3, Ch-4), and
—11.3 to —12.2 in the lower unit (Ch-14, Ch-15
and Ch-16). The pyroxenite whole-rock &4(627)
vary between —4.8 and —7.8. None of the analyzed
mafic rocks or pyroxenites have £4,(627) as low as
in the harzburgite clinopyroxenes Ch-7 and Ch-10.

5. Discussion
5.1. Significance of alteration and implications for
isotopic studies of ultramafic rocks

The effects of hydrothermal alteration in ophio-
lites on isotopic systems are well known [3,20-22].

Several ll[le of CVIUCHLC buggcsl that the lbUlOplL

disequilibrium between minerals and whole rocks in
the (-‘ha\m harzbureoites Ch-7 and Ch-10Q is caused hv

AT a BRQULUBIgHAS LAl Qi AR RS Lausta

post-crystalhzation hydrothermal alteration: (1)
higher measured and calculated initial *’Sr/ *Sr
ratios as well as Rb/Sr in whole rocks relative to
values measured for primary minerals in the same
rocks; and (2) higher concentrations of Rb, Sr, Sm
and Nd and &(627) in the bulk orthopyroxene
fraction of Ch-10, which may have contained some

more altered grains, compared to the carefully hand

Lad Arth £ 1 £ th
piCx\eu Oruiopyroxene iracuon Irom tie same Sampl\,

The elevated whole-rock Rb/Sr ratios may indicate
an addition of Rb during alteration, and the elevated
¥Sr/ ¥ Sr suggests an external source of radiogenic
Sr.

The isotopic pattern of alteration in the Chaya
harzburgites (Fig. 8) is different from that commonly
observed in mafic igneous rocks that have interacted
with sea water. The most prominent difference is the
large shift in &,{627) between whole rocks and
primary mafic minerals in the Chaya harzburgites: a
difference of at least 2-4 g units, and possibly

larger, if the harzburgite Ch-8 had primary sNd(627)
of about + 7, similar to that in Ch-7 and Ch-10. At
the same time, the shift in apparent initial Sr isotopic
composition of about 12 & units is small compared
to the shifts of 40-90 ¢ units in ophiolites altered by
interaction with sea water [21,23]. These features

nnnnnn thaot o fliid tha tara~tad ith tha (Mh
bugstl that a fluid that interacted with the Lnaya

harzburgites had a relatively low Sr/Nd ratio. Mod-
els proposed to explain the displacement of initial

Nd from primary magmatic values in sea water-al-
tered ophiolites [21,22] involve complex, multi-stage
equilibration of seawater-derived fluids with vol-
canic rocks, causing an increase in Nd concentra-
tions. A similar process might have caused the min-
eral—-whole rock isotopic disequilibria in the Chaya
Massif. In addition, the hydrothermal alteration may
be related to syn- or post-obduction processes, in
which fluids could have interacted with the continen-
tal sediments or bedrocks. Sometimes ultramafic por-
tions of ophiolites bear evidence for two episodes of
hydrothermal alteration, early oceanic and late conti-
nental [24], both of which might have affected the
isotopic systems.

Our data support the view that clinopyroxene is
the best mineral for isotopic studies of ultramafic
rocks. However, analysis of several primary miner-
als: clinopyroxene, orthopyroxene, olivine, and, if

present, p nlagioclase prn\ndpc the notential for direct

LTSN, pPragiOuiass, pioviaos Pl

geochronological study of ultramafic rocks, which is
not attainable with clinopyroxene alone. Consistency
between Sm—Nd and U-Pb mineral isochron ages of
the harzburgites Ch-7 and Ch-10 strongly suggests
that these ages, and corresponding initial ratios, are
geologically meaningful. Hand picking and acid
ieaching thus appeared to be efficient means for
removing alteration products and recovering primary
Sm-Nd and U-Pb isotopic data. The effect of alter-
ation on the Rb-Sr system is reduced, but probably
not completely eliminated, as indicated by internal
variability of initial Sr ratios (cf. [25]). The petroge-
netic implications of the Sr isotopic data are there-
fore considered tentative in the further discussion.
Low REE and Sr concentrations in ultramafic
samples Ch-5, Ch-6 and Ch-8, similar to those in
Ch-7 and Ch-10, suggest that the isotopic impact of
alteration may be comparamc to that observed for
Ch-7 and Ch-10. Since we have not analyzed miner-
als from these samples, their whole-rock Nd and Sr
initial ratios are considered suspect and are not used
in the discussion of primary isotopic heterogeneity.
An attempt to use whole-rock isotopic data for al-
tered ultramafic rocks without analyzing primary
minerals can result in misleading and unfounded
interpretations. The case where the isotopic shifts
due to alteration mimic a trend of variations in
primary isotopic compositions, as observed in the
Chaya Massif (Fig. 8), requires an especially careful
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approach to data interpretation. We therefore recog-
nize the need to revise our previous interpretation of
relationships between ultramafic and mafic rocks in
the Chaya Massif, which was based only on whole-
rock Nd and Sr data [26].

5.2, Relationship between harzburgites and mafic
curmulates

Dating of harzburgites and both lower and upper
mafic cumulate units of the Chaya Massif using
Sm-Nd and U-Pb mineral isochrons have shown
that they are coeval at ca. 630 Ma. The coincidence
of ages can allow either a genetic relationship be-
tween peridotites and mafic cummlates, or indicate
complete resetting of the isotopic systems in
harzburgite minerals during the formation of the
mafic crustal sequences. On the basis of their initial
Nd values, the studied rocks can be divided into two
groups: (1) harzburgites and the lower mafic unit
gabbronorites with g, = +6.6to +7.1 and &, =
~11 1o —16; and (2) gabbronorites of the upper
mafic unit and websterite of the lower unit: gy =
+46 10 +6.1 and &g = —8 to —9. Initial Pb
1sotopic ratios are identical in all these rocks, with
the mean values “°Pb/ 2 Pb = 16.994 + 0.023 and
*pb / *pb = [5.363 4+ 0.015. The small apparent
initial Sc isotopic variability in the first group and
the Sr (sotapic distinction between the groups cannot
be considered real until reliable initial Sr data are
obtained for the minerals from both mafic and ultra-
mafic rocks.

The geochronological and isotopic data thus indi-
cate that the harzburgites and the lower mafic unit
may be either cogenetic or strongly affected by the
same process. At least two conceptual models can
explamn this relationship, either: (1) the harzburgites
represent a residue after generation of a magma
isotapically similar to the parental magma of the
lower mafic unit, or (2) the isotopic systems in
harzburgites were reset by interaction with basaltic
magmas during formation of the mafic crustal se-
guence. Major element compositions and mineralogi-
cal features of the Chaya Massif: low Si0, and high
FeO in harzburgites, high SiO, and MgO, and high
orthopyroxene abundance in pyroxenites, are consis-
tent with interaction between a pre-existing peri-
dotite and a basaltic magma. This process results in a

decrease in MgO/FeO and SiO, in the pendotite
and complementary changes in a liquid composition
[27,28]. The subsequent crystallization of this high-
MgQ, high-Si0, hiquid would produce a orthopyrox-
ene-enriched cumulate similar to the Chaya pyroxen-
ites. The relative aniformity of harzburgite composi-
tion throughout the Chaya Massif ([12] and the data
in this study) and the predominance of orthopyrox-
ene over clinopyroxene throughout the pyroxenitic
unit suggest that the peridotite—basaltic magma mter-
action was rather extensive. In this case, the Nd-Sr-
Pb isotopic signature of the pre-existing peridotite
should be completely, or almost completely, reset by
the interaction with basaltic magma (e.g. [29]).

An mieraction between basaltic magma and pre-
existing peridotite was invoked by Gruau et al {30]
to explain the large range of variations in initial Nd
isotopic ratios in the Trinity ophiolite, while we
argue that a similar process in the Chaya Massif
resulted in isotopic homogenization within the
harzburgite unit and between harzburgites and mafic
magmatites. These interpretations are, however, not
contradictory because the isotopic effects of melt—
peridotite interaction should depend on the melt /rock
ratio and the degree of depletion of a peridotite
before interaction with a magma. The mineralogical
and major element features of the Chaya Massif
suggest that the melt/peridotite ratios were tather
high. At the same time, the lower heavy REE con-
centrations (n the Chaya harzburgites indicate that
they were initally more depleted than the Trinity
Iherzolites studied in {30). In addition, an observation
of Gruau et al. (op. cit.) that the peridotites tend to0
have the same &,,(T) as their neighboring or enclos-
ing gabbros suggests that the complete isotopic ho-
mogenization also occurred in the Trinity ophiolite
on a local scale. On the other hand, the Chaya
harzburgite samples were collected within a few tens
of meters from the mafic units, and the intemal parts
of the harzburgite body may not necessarily show
complete isatopic resetting.

5.3. Isotopic heterogeneity and the origin of the
Baikal-Muya ophiolite belt

The Nd isotopic characteristics of the Chaya peri-
dotites and lower mafic unit lie close to the evolution
trend of the depleted mantle (e.g. [31,32]). The &,
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for the upper mafic unit and websterite Ch-13 are
lower than the typical DM values, and the Sr initial
ratios are close to the upper limit of the model DM
values at 627 Ma (g5, about — 15 to —28). Initial
Pb isotopic ratios are similar to the DM values [19]
at 627 Ma.

A number of recent studies suggest that most
ophiolites represent fragments of island arc or back-
arc basin lithosphere [33-36]). A model of suprasub-
duction-zone origin was also proposed for the
Baikal-Muya ophiolite belt [9]. Isotopic criteria may
help to distinguish between mid-ocean ridge and
suprasubduction-zone ophiolites, because the latter
can be expected to have patterns of initial isotopic
ratios similar to island arcs. The range of variations
in £Nd observed in the Chaya Massif and the pres-
ence of groups of rocks with distinct £, are typical
for most ophiolites with a suggested suprasubduc-
tion-zone origin [4,30,36-38]. The Sr isotope evi-
dence is less certain because ophiolite rocks are
usually affected by seawater alteration and the pri-
mary isotopic data can rarely be recovered. The
identification of primary Pb isotopic signatures in
relatively old ophiolites is also difficult because of
high U/Pb ratios and the disturbance of their U-
Th-Pb systems by the alteration {39]. The Chaya
initial Pb ratios are similar to MORB [40] extrapo-
lated back to 627 m.y. ago, and are close to the most
primitive values found in late Proterozoic and Paleo-
zoic ophiolites [31,41]. The Pb isotopic data also do
not rule out the suprasubduction-zone origin of the
Baikal-Muya belt, since the most primitive istand
arc Pb isotopic compositions coincide with the
MORB field (e.g. [42]).

The Nd, Sr and Pb isotopic data for the Chaya
Massif thus plot on the overlap between the MORB
and island arc fields and do not provide decisive
evidence for the tectonic setting of the formation of
the Baikal-Muya ophiolite belt. We leave this ques-
tion open until detailed trace element data are avail-
able. The implications of ages determined in this
study will be discussed elsewhere in a broader con-
text of regional geology and geochronology.

6. Conclusions

Using a combination of hand picking and acid
leaching allowed us to recover geochronological and

the initial isotopic information from primary rock-
forming and accessory minerals (olivine, orthopyrox-
ene, clinopyroxene and plagioclase) from hydrother-
mally altered harzburgite. The Sm—Nd and U-Pb
isochrons for minerals from the two harzburgite sam-
ples of the Chaya Massif yielded consistent ages of
640 + 58 Ma and 620 + 71 Ma, respectively, similar
to the Sm—-Nd age of the mafic units of 627 + 25
Ma. The effect of alteration on the Rb—Sr system in
the same mineral fractions is reduced, but probably
not completely eliminated, as indicated by the inter-
nal variability of initial Sr ratios. The Rb—Sr and
Sm-Nd systems in the whole-rock harzburgite sam-
ples are shown to be disturbed by hydrothermal
alteration.

Similarity in ages and initial isotopic ratios be-
tween the harzburgites and the lower mafic unit in
the Chaya Massif may indicate their close relation-
ship. In accordance with the geological and chemical
evidence for extensive interaction of pre-existing
depleted peridotite with basaltic magma in the Chaya
Massif, we suggest that the isotopic systems in the
harzburgites were completely reset by the interaction
with basaltic melt parental to the lower mafic unit.
This interaction might have occurred during forma-
tion of a deep (intrusive) part of an island arc.
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Appendix A

A.l. Analytical procedures

Mineral fractions were separated at the Institute of
Precambrian Geology and Geochronology (IPGG)
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using conventional magnetic and heavy liquid tech-
niques. Mineral separates from mafic samples Ch-4,
Ch-14 and Ch-16, analyzed for Sm—Nd at the IPGG,
were cleaned in acetone and ultra pure water to
remove the remaining traces of heavy liquids and
handling contamination, and were not subjected to
acid leaching. Plagioclase fractions for Pb isotopic
analyses at the IPGG were washed in 1 N HNO;,
powdered in agate mortar and leached in hot, 12 N
HNO, to remove possible radiogenic Pb components
and U-bearing phases. Mineral fractions analyzed at
the Royal Ontario Museum (ROM), represented by
grain fragments, were hand picked in ethanol under a
binocular microscope and examined at high magnifi-
cation for absence of visible inclusions, fractures,
turbidity and external grain surfaces. Both analyzed
olivine fractions contained small fluid inclusions.
The plagioclase and pyroxene fractions were subse-
quently washed in warm 6 N HCl and 7 N HNO,,
ultra pure water (thrice) and distilled acetone. This
treatment was found to severely attack olivine. so the
olivine fractions were washed in cold 2 N HCl.

Samples analyzed at the IPGG were spiked with
5Rb-*Sr and '**Sm—"*Nd mixed tracers (100-150
mg mafic rocks and ca. 400 mg uitramafic rocks), or
only 19Sm—"#6Nd tracer (mineral fractions, 100~150
mg) and dissolved in HF-HNO, in screw-capped
PTFEE vials. Insoluble chromite residue present in
some samples was removed by centrifugation. Proce-
dures of Rb-Sr, Sm-Nd and Pb isotopic ana
are similar to those described in [43].

Mineral fractions analyzed at the ROM were
spiked with mixed *Rb-*Sr, "’Sm-"""Nd and
*3U-05Pb tracers and dissolved in HF-HNO, in 3
ml Savillex PFA vials. Fraction weights are shown in
Tables 2 and 3. Uranium and Pb were separated
using an HCI-HBr-HNO, anion exchange proce-
dure and loaded together on Re singie filaments with
SiO, emitter. An additional step of resin cleaning in
7 N HNO, reduced the U blank to 0.25 pg. Filtrates
of the anion exchange columns were further pro-
cessed for Rb, Sr, Sm and Nd separations, similar to
those used at the IPGG, except for the smaller
column sizes (1.8 cm? of cation exchange resin and

ROM (1992-93) A = ROM — IPGG

Table 4
Standard and blank data
Isotopic ratio ®*7 Sample IPGG (1988-89)
St/ ¥se® SRM-987 0.710248 + 0.000035
8Srbage b BCR-1 0.705010 + 0.000030
¥'Rb /¥ sr BCR-1 0.4080 + 0.0020
"IN/ *Nd ¢ (Nd*) La Jolla 0.511848 + 0.000020
INd/ 4 Nd (NdO ) La Jolla -
"IN/ NG b BCR-1 0.512621 1 0.000018
Nd /N (NJO ™) BCR-1 -
" Nd/ ' Nd BCR-1 0512633
(adjusted to 0.51186 in LJ)
78m/ 4 Nd BCR-1 0.13830 + 30
Pépp  204pp BCR-1
07py, 7 204p, BCR-1
28 pp,  204ph BCR-1
Average blanks (pg) * Rb 50

Sr 600

Sm 70

Nd 300

U —

Pb 5,000

0.710241 + 0.000027 —0.000007 (0.001%)
0.705009 + 0.000030 —0.000001

0.4102 + 0.0008 0.0022(0.54%)
0.511858 + 0.000014 0.000010 (0.20 & units)
0.511864 + 0.000012 0.000016 (0.31 & units}
0.512638 + 0.000008 0.000017 (0.33 & units}
0.512648 + 0.000014 0.000027 (0.53 £ units)
0.512640 (Nd¥) 0.000007 (0.14 £ units)
0.512644 (NdO*) 0.000011 (0.21 & units)
0.13843 + 15 0.00013 (0.094%)
18.796 + 22

15.609 + 24

38.656 + 86

25+1.5

35+ 15 Pb blank IC at the ROM *:

1548 W7pp s 2°pPh = (0.853 + §

28+ 15 28ph 7 200Ph =2 061 + 14
025 £ 0.15 Vopp s 04Ph =179+ 6
542

* Quoted errors are 2 standard deviations.

b Unspiked and spiked runs in both laboratories, including spike calibration measurements with mixed standard Rb—Sr solutions made of

SRM-987 Sr carbonate.

¢ Fractionation corrections of La Jolla runs in both laboratories were done using both standard exponential normalization and on-line isotope

dilution program. No systematic differences were noticed.
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0.25 cm® of HDEHP-coated Teflon powder). Rubid-
ium was loaded on single Re filaments with SiO,
gel; Sr was loaded on Ta single filaments with
H,PO,. Both Sm and Nd were loaded with SiO, gel
on single Re filaments and analyzed as MO™ ions
[44]. Lead fractions larger than I ng, Sm and Rb
were measured in static multicollector mode on a
6-collector VG-354 mass spectrometer, calibrated for
collector efficiencies using stable ion beam. Lead
fractions smaller than 1 ng and U were analyzed
using a Daly photomultiplier. Isotopic ratios of Nd
and Sr, measured in dynamic multicollector mode,
were normalized to *°Nd/'**Nd = 0.7219 and
sr /% Sr = 8.37521 using exponential fractionation
law. Nd analyses used all 6 collectors and included
measurement of all Nd oxide peaks and monitoring
of MOCGMO e85 and 78m'%0 ( (corrected for
Nd oxide) for possible interferences. A CeO* beam
decayed rapidly at the optimum temperature for Nd
jonization. A "*'Pr'60 signal was always present
during analyses, being about 0.1-0.5 of the intensity
of "*Nd'¢0, so "“*Nd'®O was corrected for ' Pr'#0
interference. The '*’Sm was always below 1075 of
"“*Nd. Oxygen isotopic ratios *0/°0 = 0.00214
+2 (20,) and 170/ %0 = 0.000397 + 2, measured
using the “ONdO* ion beam of *°Nd spike loads,
were applied for oxygen isotope correction of Nd

and Cm meaacnramantes Thaca Ineg ara hiochar than
andg Sm MEasurémems. (14858 vaiues are nigacér ulan

those reported by Wasserburg et al. [45] and Thirl-
wall [44] and are similar to the values obtained by
Nyquist [45]. The large uncertainties of oxygen iso-
tope composition are due to fractionation during
analyses, with the entire range of 1.5% amu~'.

The data reported in this paper were obtained in
two laboratories using different procedures, so the
inter-laboratory calibration is important for consis-
tency of the data set. Standard results for Sm-Nd
and Rb-Sr from both laboratories are presented in
Table 4. The measured *'Sr/ ®Sr are in excellent
agreement, while the "*Nd/ '**Nd ratios show dif-
ferences of about 0.3-0.5 & units (within the 2 s.d.
error limits). Correction for accepted the
'“*Nd/ **Nd value in La Jolla standard reduced the
apparent inter-laboratory difference in “*Nd/ **Nd
for BCR-1 to 0.14-0.21 & units, well within the
reproducibility limits. The inter-laboratory difference
n '¥’Sm/ '"**Nd was about 0.1%, and the resulting
bias in initial Nd ratios is negligible (0.01-0.02 &

units). The difference of 0.5% in ¥ Rb / 86Sr. mea-
sured in BCR-1, results in a shift of initial *’Sr/ % Sr
of 0.003% (within reproducibility limits) for a sam-
ple with the highest ° St/ %Sr of 0.26, and is in-
significant for the other samples. We therefore con-
clude that the inter-laboratory biases are well within
the reproducibility limits and cannot be the reason
for significant differences in isotopic systematics
between minerals and whole rocks observed in this

Another possible source of uncertainty is the blank
contribution. All concentrations and element ratios
presented in Tables 2—4 are corrected for average
blanks (Table 4) with appropriate error propagation.
The Rb and Sr blanks were insignificant for all
analyses, except the two olivine fractions. The Sm
and Nd blank correciion wds blgﬂlllcdﬂ[ lUI' smail
orthopyroxene and plagioclase fractions analyzed at
the ROM, and, to a lesser extent, for ultramafic
whole-rock samples and some orthopyroxene and
plagioclase fractions with low REE concentrations
analyzed at the IPGG. A very large blank correction,
20-60%, was applied to Sm and Nd in olivine
fractions, and their corrected '*’Sm/ '*4Nd ratios are
therefore rather imprecise. The U blanks are signifi-
cant for olivine, orthopyroxene and smail piagiociase
fractions but their effect on absolute errors of U/Pb

ratine in nlagiaeclace i very ecmall haecancae of law
rauds il peagiodiast 15 Very Silldua delaust Oi 10W

U/Pb. The Pb blank correction is small for all
fractions except olivine and orthopyroxene. How-
ever, correction for U and Pb blanks was applied to
all fractions studied at the ROM as a part of a data
reduction routine [46).

The REE concentrations were measured in sepa-
rate powder aliguots at the Institute for the Geology
of Ore Deposits, Petrography, Mineralogy and Geo-
chemistry of the Russian Academy of Science,
Moscow (IGEM), using the isotope dilution tech-
nique [47]. The accuracy and precision of REE deter-
minations are + 3% for La and better than +2% for
the other REE.

Isochron calculations were performed using the
ISOPLOT program [48]; the ages are presented at the
95% confidence level. The Nd and Sr isotopic com-
positions are given in & notation using CHUR pa-

rameters of Jacobsen and Wasserbure [49] and
idaliiviviy Vi Javuuovil aliu YY AodviUu 5 L) @aliv

(]7Sr/ #Sp)0 = 0.7045, ' Rb / *¢Sr = 0.0827 for the
mantle uniform reservoir (UR).
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