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TABLE 1 Carbon isotope values of SiC and diamonds from Fuxian

Number Weight

Mineral  of crystals (mg) Description 813C (%)

«-SiC Numerous 20 blue —24.0
Diamond 11 12 white, flawless -29
Diamond 19 16 white, deeply etched —-4.5
Diamond 11 10 white, with —44

deformation lamellae

Diamond 1 17 pale yellow, flawless -38
Diamond 4 23 pale yellow, flawless -4.8

Carbon extraction technigue: Samples were heated at 1,000 °C for 45 min
in circulating O, at 1 atm. The combustion tube contained Pt and Cu oxides
to oxidize any CO produced during the experiment. 97% of the SiC combusted
during the first 5 min, and the remainder combusted within the next 15 min.
Yields were better than 99%.

* 813C=[("*C/*C)ampie’(-3C/**Cyrandaral — 1, Where the standard was
Pee Dee belemnite (PDB).

result of an incomplete displacive transformation, or a quenched
high-quartz structure. Crystallization of SiO, as quartz instead
of coesite indicates a maximum pressure of <20-28 kbar at
1,000-1,200 °C, estimated using equilibrium lines of high
quartz/low quartz'’ and quartz/coesite'® transitions. Under the
above pressure and temperature conditions, the stable poly-
morph of SiO, is high quartz, and not tridymite or cristobalite
which are stable only at pressures below 10 kbar'®. Thus, B-SiC
must have crystallized in a more oxidizing environment at a
depth of 60-90 km where the temperature may be ~1,000 °C,
the minimum temperature at which SiC can be synthesized in
the laboratory'®.

Results of our carbon isotope analyses are presented in Table
1. The 8'*C values of diamond samples fall in the range, —2.9%
to —4.8% (average = —4.1%), whereas the value for a-SiC is
~24.0%, indicating a strong '*C enrichment in SiC, ~20%. Large
differences in isotopic compositions have also been observed in
diamonds from worldwide localities®**. Hypotheses proposed
to account for such isotope heterogeneities include multiple
sources of mantle carbon®, introduction of organic carbon by
subduction®, and extreme fractionation by degassing of the
mantle?®, all suggestive of disequilibrium growth of diamonds.
As no evidence from diamond research is presently available to
justify these hypotheses, we shall discuss an alternative.

Isotopically zoned but non-coated diamonds®**® show vari-
ations in *C from core to rim of only about 4%. We suggest
that the 20%. fractionation observed between SiC and diamond
is due to a distillation process: preferential uptake of '*C during
the growth of SiC enriched the carbon reservoir, in which the
diamond later grew, in '*C. Evidence that the SiC was formed
first is provided by the presence of SiC inclusions in diamonds
from Fuxian'®. To explain the preferential uptake of *C by SiC,
we examined the thermodynamic properties (1atm) of
diamond®’ and 6H SiC*® and found that SiC has much higher
enthalpy and entropy than diamond. Deines®® noted that in an
isotope exchange reaction, the solid of lower heat capacity can
be correlated with higher vibrational frequency and a stronger
tendency to incorporate the heavy isotope. This suggests
that SiC should be enriched in *C and diamond in '*C, as we
observe.

In studies of iron meteorites*™*!, systematic '*C enrichment
in graphite and '>C depletion in cohenite (iron carbide), in 12%
fractionation at ~600 °C was observed, and the fractionation
was expected to increase with increasing temperature. The *C-
2C systematics observed in our SiC-diamond system is com-
pletely analogous. Our isotope data imply that the carbon reser-
voir in the mantle beneath Fuxian has a 8'*C value between
—24%. and —4%., and is probably much lower than —5%., a value
derived from isotope analysis of natural diamonds. A more
precise estimate would require a knowledge of all fractionation
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processes and the number of carbon-bearing phases participat-
ing in the isotope exchange reaction. O
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MissIsSIPPI Valley type (MVT) ore deposits commonly consist
of some combination of lead, zinc and iron sulphides accompanied
by barite, fluorite, dolomite and calcite. They are thought to form
by fluid expulsion from sedimentary successions' >, but their exact
origin has remained controversial because of the scarcity of reliable
geochronological data. In a recent and widely quoted model the
MVT deposits of the central and eastern United States formed as
a result of large-scale lateral fluid flow driven by the tectonic
squeezing of sedimentary successions during the late Palaeozoic
Alleghenian orogeny (330-250 Myr)*. Here we report the first
direct Rb-Sr dating of sphalerites from an MVT deposit and
propose this as a useful geochronological technique for sulphide
mineralization with poor age control. Rb—Sr data for sphalerites
from Coy mine, East Tennessee, define an isochron age of 377+
29 Myr, ruling out any genetic connection with the Alleghenian
orogeny. Instead, MVT mineralization in the eastern United States
was apparently generated from fluids expelled during thrusting
associated with the older Acadian orogeny (380-350 Myr).

The difficulty in isotope dating the MVT deposits is due to
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TABLE 1 Rb-Sr data for sphalerites and their fluid inclusions

Sample number Rb {(p.p.m.) Sr(p.p.m.)

Cc5L r 0.06686 0.2805
| 63.05 3,393

Clai r 0.2943 1.462
| 1421 5539

clal r 0.3364 0.8808
| 150.4 9,984

Cl5 r 0.2290 1.056
| 3711 979.8

ci8D r 0.1707 1.386
| 47.16 2,403

Ci6L r 0.4755 1.858
| 73.58 1,697

c18 r 0.05042 0.6601
| 62.10 2,085

ca4 r 0.2631 0.4134

Apparent sphalerite-fluid

87Rb/5%sr 87gr/%8gr age (Myr)*
0.6868 0.714635 (69)t 358421
0.05349 0.711404 (85)

0.5796 0.713633(19) 306+8
0.07387 0.711428 (13)

1101 0.716706 (22) 37348
0.04337 0.711096 (47)

0.6247 0.712408 (20) 150+9
0.1090 0.711308(37)

0.3549 0.712483(16) 333+11
0.05652 0.711070 (18)

0.7374 0.714931 (20) 441 +9
0.1240 0.711079 (21)

0.2200 0.711761 (16) 233+24
0.08579 0.711316 (50)

1.835 0.720396 (23)

Rb and Sr were separated using standard ion-exchange procedures?®, and their concentrations measured by isotope dilution using a mixed &Ro/24Sr
spike. In the first column, r and | denote residue and leachate, respectively. Rb and Sr concentrations of fluid inclusions were calculated assuming that the
weight fraction of fluid inclusions in the sphalerites was 300 p.p.m. (see text). Isotope measurements were performed using a VG Sector mass spectrometer.
During this study, an average 87Sr/®Sr value of NBS 987 Sr standard was 0.710256 (5) (where the number in parentheses indicates the 2o uncertainty).
The decay constant A 8’Rb=1.42 x10"** yr™* was used for the age calculation.

* Uncertainty calculated by combining run precision on Sr isotopic composition with an uncertainty of 1% (20) on the 87Rb/5°Sr ratio.

+ 20 uncertainty.

the lack of suitable minerals with high or variable parent/daugh-
ter ratios. This has led to indirect attempts to determine their
age. One approach has been to date apparent resetting from
hydrothermal fluids. For example, the Rb-Sr age of glauconites
has been used to estimate the age of mineralization in the
Viburnum Trend® (a 75-km-long belt of MVT mineralization in
Missouri), based on the assumption that the formation of the
MVT deposit was the last process to affect the isotope system
in the glauconites. A second approach is to use model ages. For
example, Halliday et al® used the large fractionation in Sm/Nd
ratios in fluorites from the North Pennine Orefield to place
constraints on the timing of mineralization. Similarly, Kesler et
al” estimated that the mineralization in the Mascot-Jefferson
City district in East Tennessee was younger than 395 Myr using
a crude basin-evolution model. As with model lead ages, the
interpretations are critically dependent on the inferred isotope
evolution of the source of the components, which is seldom well
defined. There have been very few attempts to date ore con-
stituents directly—one notable exception was that of Lange et
al® who attempted to date galenas from the Viburnum mine in
southeast Missouri using the Rb-Sr method. In addition, Med-

0.720~
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FIG. 1 Rb-Sr isochron of sphalerites from Coy mine. Circles and crosses
denote residues and leachates, respectively. Eliminating a point for C15
(see text), the isochron yields an age of 377 +29Myr (mean square of
weighted deviates is 62.6).
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ford et al’ reported Sr isotope data for sulphide and carbonate
minerals from Pine Point mine, Canada, and noted that
sphalerite can have a high Rb/Sr ratio which could facilitate
its use in isotope dating.

The deposits in the Mascot-Jefferson City district, East
Tennessee, are hosted by the Lower Ordovician Knox group.
The top of the Knox group is marked by an extensive Middle
Ordovician unconformity, and the ores below occur in collapse
breccias formed by karstification'®. Palacomagnetic measure-
ments'' and K-Ar age determinations on clays and K-feldspars
in this district'>'? have been interpreted as indicating large-scale
fluid migration in the late Palaeozoic, which led to the view that
the Appalachian MVT deposits in East Tennessee were formed
by massive movements of fluid expelled from sedimentary basins
during the Alleghenian orogeny (330-250 Myr)*.

Rb-Sr data for eight leached samples of sphalerite, together
with seven of their (fluid inclusion) leachates are presented in
Table 1 and Fig. 1. For each analysis ~100 mg of hand-picked,
washed sphalerite was crushed in deionized water and leached
with the water to remove the fluid-inclusion contents. The
absolute concentrations of Rb and Sr in the fluid inclusions can
only be estimated because of the inability to measure accurately
the mass of the inclusions. Haynes et al'* have reported that
gas chromatographic analyses of fluid inclusions in sphalerites
from Mascot-Jefferson City district yielded between 3 and
49 pmol per g H,O (average 13.5 umol per g) and that the
salinities of the fluid inclusions were ~20%. From these data,
we estimate that the weight fraction of fluid inclusions in the
sphalerites averaged ~300 p.p.m. Rb and Sr concentrations in
the fluid inclusions shown in Table 1 were calculated using this
value, and are estimated to be accurate to within an order of
magnitude. The Rb/Sr ratios, however, are accurate to better
than 1%. After removal of the fluid inclusions, the sphalerites
were dissolved in hot 6M hydrochloric and concentrated nitric
acid (9:1). The sphalerites have low Sr concentrations
(<2 p.p.m.), but variable ¥ Rb/®Sr ratios (0.3-2.0).

The isotope data are plotted on a conventional isochron
diagram in Fig. 1 and, with the exception of C15, all the
sphalerites show a clear correlation between ®’Rb/®°Sr ratios
and ¥’Sr/®¢Sr ratios. The scatter observed probably reflects
heterogeneity in the initial Sr isotopic compositions of the
sphalerites—such isotope variability for mineralizing solutions
is well documented for MVT deposits®'®. In addition, the
introduction of secondary fluids and the deformation of the ore

355

© 1990 Nature Publishing Group



LETTERS TO NATURE

constituents may also have disturbed the Rb-Sr system. Sample
C15 was notably more deformed than the other samples. Ignor-
ing this point, the data for the sphalerites define an apparent
isochron age of 377+29 Myr (207 with an initial *’Sr/*Sr ratio
of 0.7107(3) (20 uncertainty).

The leachates (fluid inclusions) have lower ®*’ Rb/%°Sr ratios
(<0.1) than the sphalerites and cluster around the lower end of
the isochron in Fig. 1. Calculated apparent Rb-Sr ages for
leach-sphalerite pairs are shown in Table 1. The ages obtained
are extremely variable, ranging from 150 to 440 Myr. These data
indicate that in the relatively large samples required for this
study, several types of inclusion fluids (known to exist) were
sampled, including secondary fluids not directly related to
sphalerite precipitation.

Figure 2 shows a chondrite-normalized rare-earth element
(REE) pattern for sample C16D (after removal of the inclusion
fluids). As far as we are aware, high-precision REE analyses of
sphalerites have not been previously reported. Although the
concentrations are low, the pattern is strikingly similar to that
of average shales'®. If the REEs in the sphalerite were derived
from the hydrothermal fluids no major fractionation can have
occurred during mineralization.

The exact location of the Rb, Sr and REEs in the sphalerites
is uncertain. The Rb/Sr ratio is much too high for the com-
ponents to be derived from carbonate, fluorite or barite
inclusions. From the Rb/Sr ratio (0.12) and Sr/Nd ratio (90)
of C16D, clay or feldspar are more likely host phases. Scanning
electron microscopy (SEM) of the hand-picked sphalerites did
not reveal any silicate phases on the micrometre scale except
quartz and very rare feldspar on the surface of some of the
grains. The K-feldspar seems to predate sphalerite in all samples
that we have examined. The sphalerite and feldspar are dis-
tributed together in silica-rich alteration zones'’ which are
thought to be coeval with mineralization'’. Qur SEM measure-
ments indicate that feldspar inclusions probably constitute
«0.1% of the hand-picked sphalerite, but at least 0.1% is required
to explain the Rb and Sr concentrations of C16D. If feldspar
is the host of the REEs, the lack of fractionation of Eu relative
to a typical crustal pattern (Fig. 2) would require that it grew
under non-reducing conditions. We conclude that it is highly
unlikely that the Rb-Sr data reflect a dolomite, barite, fluorite
or clay component. The Rb, Sr and REEs are most likely hosted
in the sphalerite itself or in K-feldspar. These phases are prob-
ably cogenetic, therefore the Rb-Sr data should define the age
of sphalerite mineralization. If the Rb, Sr and REEs are not

100 1
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0.01 .. Sphalerite 1

Sample/Chondrite

oot —tH—t+—+t—++—+—+—+—1 T+
La Ce Nd Sm Eu Gd Dy Er

FIG. 2 Chondrite-normalized pattern of a sphalerite, C16D and North
American Shale Composite (NASC). The REE abundances in the Leedey
chondrite®” are used to normalize the values. The point for Sm was estimated
by interpolating points for Nd and Gd. The pattern of the sphalerite is similar
to that of typical crustal material, NASC.
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held in inclusions, but were sequestered from hydrothermal
fluids in minute amounts by the sphalerite, it is not clear how
the range in Rb/Sr could have been generated. One possibility
is that the composition of the ore fluid evolved with deposition
of gangue minerals as a result of different bulk partition
coefficients for Rb and Sr. Another possibility is that the vari-
ations reflect incomplete mixing of fluids. Both of these seem
unlikely because the range of Rb/Sr in the fluid-inclusion con-
tents analysed is relatively restricted (Table 1).

The geologically reasonable isochron age implies that the
range in initial Sr isotopic compaosition in the ore fluids must
have been relatively small. Kesler et al” and Kessen et al'®
reported Sr isotope data for MVT deposits in East Tennessee
and showed that the gangue minerals that precipitated from the
early dolomite-forming fluids had similar Sr isotopic composi-
tion to the host carbonates (*’Sr/®*¢Sr=0.7090-0.7092)” whereas
87Sr/%Sr ratios for later gangue minerals increased with time
up to 0.7122 for paragenetically late calcite. The initial *’Sr/*Sr
ratio obtained for sphalerites from the isochron intercept in this
study (0.7107) is consistent with this trend, being intermediate
between the Srisotopic ratio for pre-ore and post-ore dolomites.
Therefore the isotope data are consistent with the idea that the
Sr in the sphalerite was sequestered from the ore fluids them-
selves rather than inherited from unrelated older material in the
ore. Furthermore the combined data indicate a relatively small
range in Sr isotopic composition of the ore-forming fluids at
the time of mineralization.

Our data indicate that mineralization predated the
Alleghenian orogeny (330-250 Myr) by ~50 Myr and are there-
fore inconsistent with the hypothesis that basinal brines tectoni-
cally expelled during that event played an important part in ore
genesis. Furthermore the alkali feldspar intergrown with
sphalerite in these deposits cannot have grown during
Alleghenian fluid movements as argued by Hearn et al'’.
Although it is generally considered that the thermal effects of
the Acadian orogeny (380-350 Myr) were restricted to areas
further east than this district'®, it has been shown that there was
major thrusting immediately to the southeast of the district at
this time?®. It seems therefore that uplift and deformation in
early Devonian resulted in fluid expulsion and the formation
of MVT mineralization to the west. MVT deposits located along
the Appalachian mountains from Georgia to Newfoundland
have many features in common, such as high Zn/(Zn+ Pb)
ratios and relatively homogeneous Pb and stable isotopic com-
positions. Among the Appalachian MVT deposits, the mineraliz-
ation in the St George Group in Newfoundland is similar in
stratigraphic setting to that in East Tennessee'. **Ar-**Ar ages
of alkali feldspar from MVT ore deposits in western Newfound-
land were reported by Hall et al®'. They concluded that the
alkali feldspars were subjected to thermal events at 370-350 Myr
and 210 Myr and interpreted the older event as the time of
sphalerite mineralization®'. These data are consistent with the
suggestion that Appalachian MVT mineralization was related
on a regional scale to the Acadian orogeny.

Oilfield brines are often considered to be suitable ore-forming
solutions for MVT deposits®>. They can have high 3’Sr/%Sr
ratios owing to interactions with silicate minerals in sedimentary
successions. The ratios for several oilfield brines range between
0.709 and 0.735%*** and our initial Sr isotopic ratio for the
sphalerites and the fluid inclusions falls in this range. Further-
more, Chaudhuri et al* have reported Rb/Sr ratios for oilfield
brines from Kansas of ~0.02, similar to the ratios found in the
fluid inclusions from East Tennessee. Our data are therefore
consistent with basin-brine-expulsion models for the fluids that
formed both the MVT deposit and the fluid inclusions. O
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LIFE-HISTORY theory predicts that reduced adult survival will
select for earlier maturation and increased reproductive effort;
conversely, reduced juvenile survival will select the opposite'™.
This is supported by laboratory studies®'® and comparative data
from natural populations''™'*. Laboratory studies may support a
theory, but cannot assess its importance in natural populations,
and comparative studies reveal correlations, not causation®. Long-
term perturbation experiments on natural populations resolve both
problems. Here we report the findings of a long-term study of
guppies (Poecilia reticulata), in which the predictions of life-history
theory are supported. Life-history differences among populations
of guppies are closely associated with predator species with which
guppies live’>'"2'. The predators apparently alter age-specific
survival because they are size-specific in their choice of prey*' 2>
Crenicichla alta (a cichlid), the main predator at ome class of
localities, preys predominantly on large, sexually mature size
classes of guppies?>~2*, Rivulus hartii (a killifish), the main preda-
tor at another class of localities, preys predominantly on small,
immature size classes. Guppies from localities with Crenicichla
mature at an earlier age, have higher reproductive effort, and have
more and smaller offspring per brood than those from localities
with just Rivulus. These differences are heritable, and correspond
with theoretical predictions'’~'°, To prove that predation caused
this pattern, we perturbed a natural population of guppies by
changing predation against adults to predation against juveniles.
This resulted in significant life-history evolution in the predicted
direction after 11 years, or 30—60 generations.

In 1976, guppies were transplanted from a site on the Aripo
River (Trinidad) with C. alta (control site) to a tributary of the
Aripo which previously contained R. hartii but no guppies
(introduction site)**. This manipulation released guppies from
selective predation on adults and exposed them to selective
predation on juveniles. This treatment should favour guppies
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with delayed maturity and decreased reproductive effort, com-
pared to the control site. The founding population size was 200
adults™, consisting of equal proportions of males and non-virgin
females. As guppies have sperm storage and multiple mating,
the effective founding population size was almost certainly
greater than 200; founder effects are therefore unlikely. In all
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FIG. 1 Life-history phenotypes of guppies from the introduction and control
sites. These data are based on wild-caught, field preserved fish. Offspring
Size, mean dry weight of developing embryos, corrected for their stage of
development and female size. Fecundity, expected number of offspring for
a 30 mg (somatic dry weight) female. Reproductive Allotment, per cent of
total dry weight that consists of developing embryos, and is corrected for
the stage of development of the embryos. Male Size, average size of sexually
mature males. Female Size, minimum mm size class in which the majority
of females were carrying developing embryos. @, Introduction site. A,
Downstream control. All values are least-square means and one standard
error from analyses of variance. All statistical comparisons were made
within a collection and were executed with the SAS GLM procedure®*.
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