earthquake can be modeled as a double
couple force acting stepwise in time and
pointwise in space. Such a force near
Earth’s surface excites fundamental spheroi-
dal modes whose amplitudes increase with
increasing frequency.

Other possibilities, including undetected
aseismic events at oceanic ridges and deep-
sea trenches, cannot be excluded. Analyses
of horizontal component records are crucial
to understanding the excitation mechanism
of background free oscillations, because ran-
dom atmospheric or oceanic loading will
hardly excite the toroidal modes, which is
likely to be excited efficiently if the source
was within the solid Earth. If only the sphe-
roidal modes were observed on the horizon-
tal component records, then the atmospheric
origin of our observed oscillations would be
favored. Unfortunately, it is difficult to de-
tect weak signals at a required level from the
horizontal component records of recent
global seismic networks because the records
usually suffer from large amounts of low-
frequency noise (18).

We recently analyzed the records of a
superconducting gravimeter at Syowa Sta-
tion, Antarctica, and obtained a spectrogram
showing the vertical lines at frequencies
mostly corresponding to the fundamental
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Fig. 3. Comparison of the averaged power spec-
tral density at SUR between (A) the observed and
(B) synthetic spectrograms for the seismically in-
active periods, which are 437 days (12% of the
total record) selected from the 10-year period.
Vertical dotted lines indicate eigenfrequencies of
the fundamental spheroidal modes; numbers at
top indicate mode angular orders. In (A), clear
spectral peaks can be seen, which are observed
as the vertical lines in Fig. 1. No such clear peaks
are seen in (B). .
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spheroidal modes (19). The lines in the su-
perconducting gravimeter spectrogram show
the following characteristics: (i) They are
visible even at frequencies down to 0.3 mHz,
(ii) their intensity is seasonally varying, (iii)
they have high intensity at frequencies be-
tween 3 and 4 mHz, and (iv) other lines that
do not correspond to seismic normal modes
are present. We find no such characteristics
in the IDA spectrograms. The origin of these
differences is now under consideration.
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Formation of a Magmatic-Hydrothermal Ore
Deposit: Insights with LA-ICP-MS Analysis
of Fluid Inclusions

Andreas Audétat,” Detlef Ginther, Christoph A. Heinrich

The physical and chemical mechanism of ore precipitation in the Yankee Lode tin deposit
(Mole Granite, Australia) was quantified by direct trace-element microanalysis of fluid
inclusions. Laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS)
was used to measure element concentrations in a series of fluid inclusions representing
the fluid before, during, and after the deposition of cassiterite (SnO,). Tin precipitation
was driven by mixing of hot magmatic brine with cooler meteoric water. At the same time,
a separate magmatic vapor phase selectively transported copper and boron into the

liquid mixture.

Magmatic-hydrothermal ore deposits are a
main source of Cu, W, Sn, Mo, and Au (1).
They result from a sequence of complex
geological processes beginning with the
generation of hydrous silicate magmas, fol-
lowed by their crystallization, the separa-
tion of volatile-rich magmatic fluids, and
finally, the precipitation of ore minerals in
veins or replacement deposits (2). A quan-
titative understanding of the latter two
stages has been limited by a lack of infor-
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mation about trace-element concentrations
in evolving hydrothermal fluids. Two spe-
cific questions depend on such data: (i) the
role of magmatic brine-vapor separation in
selective metal transport and (ii) the chem-
ical reactions and relative importance of
different physical processes leading to ore-
mineral precipitation.

Experimental laboratory studies (3, 4)
and surface sampling of fluids from active
geothermal areas and volcanic gas discharge
sites have provided important information
on the concentrations and solubilities of
metals in hydrothermal fluids. Direct infor-
mation about the nature of fluids at several
kilometers depth and at temperatures as
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high as 500° to 900°C is recorded by fluid
inclusions, trapped in minerals that grew
at the time of ore formation and later
exposed by erosion (5). These inclusions
are typically 5 to 50 pwm in size, corre-
sponding to 107! to 1078 g total mass.
Microbeam spectrometry using Raman
(6), proton-induced x-ray emission (7, 8),
and synchrotron—x-ray fluorescence exci-
tation (9) as well as laser-ablation micro-
sampling linked with inductively coupled
plasma-mass spectrometry (ICP-MS) (10,
11) or ICP-optical emission spectrometry
(12) have been used for analysis. We show
that a laser-optical system together with a
high-sensitivity TICP quadrupole mass
spectrometer can be designed and opti-
mized especially for fluid inclusion analy-
sis (13). We used this technique to analyze
multiple generations of fluid inclusions
trapped immediately before, during, and
after ore-mineral precipitation in a typical
Sn vein, which permitted direct evalua-
tion of the ore-depositing mechanism.
The Yankee Lode, a small but rich
magmatic-hydrothermal vein deposit in
eastern Australia, is part of a classic and
well-described  polymetallic  province
zoned around the large Mole Granite in-
trusion (14, 15). The vein mineralogy is
simple, and fluid inclusions record a clear
evolution of hydrothermal fluids through
time. The vein contains mainly quartz and
cassiterite preserved as crystals in open
cavities. Wall rock alteration is minimal.
The ore grade is extremely high, with Sn
concentration locally as high as 20 wt %.
Two selected quartz crystals show identi-
cal histories of hydrothermal growth and
precipitation of other minerals, recorded
by successive zones of solid inclusions
within the quartz (Fig. 1A). Numerous
trails of fluid inclusions represent the sur-
rounding fluid as it was trapped at distinct
stages of crystal growth. Many of these
trails, of which at least 17 could be placed
in an unambiguous time sequence, contain
low-density vapor inclusions together with
high-density brine inclusions, indicating
that the fluid was boiling throughout most
of the history of quartz precipitation (Fig.
1B). Microthermometric measurements
were performed on both types of inclu-
sions to obtain apparent salinities (wt %
NaCl,,;,) (16). Pressure for each trapping
stage was derived by fitting NaCl,_,;, val-
ues and homogenization temperatures
(Th,,,) of each fluid pair into the NaCl-
H,O model system (17, 18). The data
show that during quartz growth, three
pulses of hot fluid were injected into the
vein system, each associated with a tran-
sient increase in pressure (Fig. 2A). How-
ever, it should be noted that the NaCl-

H,O model is only an approximation of
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the real system. In any case, the homoge-
nization temperatures will correspond to
actual trapping temperatures. The large
pressure fluctuations are no doubt real, but
the pressure estimates based on the model
system may be significantly in error.

To reconstruct the chemical evolution
of the ore-forming fluid, we selected 16
inclusion trails of known relative chronol-
ogy and analyzed 48 fluid inclusions pre-
viously measured by microthermometry.
Our LA-ICP-MS system uses a 193-nm
ArF excimer laser (Compex 1101, Lambda
Physik) with an output energy of 200 m].
Two lens arrays produce a homogeneous,
flat-top laser beam, which is imaged onto
the sample surface by a diachromatic mir-
ror in a modified petrographic microscope.
The beam spot diameter can be switched
instantaneously from 4 to 10, 20, 40, 60,
or 80 wm during ablation, and a TV cam-
era allows simultaneous observation of the
sample (19). A stream of Ar gas transports
the ablated material from the sample

Fig. 1. (A) Longitudinal section A
through a quartz crystal from the
Yankee Lode Sn deposit, showing
numerous trails of pseudosecon-
dary fluid inclusions and three
growth zones recording the precip-
itation of iimenite, cassiterite, and
muscovite onto former crystal sur-
faces. The fluid inclusions shown in
the right part of the figure repre-
sent four different stages in the
evolution from a magmatic fluid to-
ward a meteoric water-dominated
system. Th,,, corresponds to the
final homogenization temperature.
(B) Photomicrograph of fluid inclu-
sions formed by healing of a former
crack within the crystal. Brine and
vapor inclusions coexisting along
the same trail demonstrate that the
hydrothermal fluid was boailing at the
time of trapping. The inset shows
laser ablation craters after analysis of
three inclusions.

e

chamber into the ICP quadrupole mass
spectrometer (Elan 6000, Perkin-Elmer),
which has a modified interface for en-
hanced sensitivity and low background in-
tensity. Up to 40 major and trace elements
can be detected simultaneously as tran-
sient signals (13).

Element concentration ratios were cal-
culated by referencing intensity integrals
against signals from external standards
(NIST612 silicate glass and aqueous solu-
tions). These ratios were then converted to
absolute concentrations using Na as an in-
ternal standard. The concentration of Na in
fluid inclusions was calculated from their
apparent salinity (measured by microther-
mometry) and the relative abundance of
other major cations (from LA-ICP-MS),
using empirical relations (8, 13).

Early saline inclusions from the Yankee
Lode have a composition that is typical of a
magmatic brine. The 17 measured elements
cover a concentration range from 1 to
100,000 ppm (Fig. 2) and are grouped into
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nonprecipitating (Fig. 2B), precipitating
(Fig. 2C), and volatile elements (Fig. 2D).
The concentrations of most major and minor
elements follow the same trend, maintaining
constant concentration ratios throughout
the fluid history of the vein. Concentrations
are initially high and independent of fluctu-
ations in temperature and pressure, and then
drop over several orders of magnitude in later
inclusions (Fig. 2B). No minerals containing
any of these chemically diverse elements
were precipitated anywhere in the vein at
this stage. Therefore, the concentration drop
either reflects a compositional evolution of
the magmatic fluid (source variation) or
mixing of this fluid with increasing amounts
of meteoric water (dilution). Calculations
based on experimental measurements (20)
indicate that distillation effects during fluid
separation from a crystallizing magma source

Fig. 2. Evolution of pressure,

HRLTELR SN

could cause parallel variations in the con-
centrations of chloride-complexed metals,
but the maximum realistic variation predict-
ed by these models (~100 times decrease in
metal concentrations) is much smaller than
the 5000 times decrease measured at Yankee
Lode. Even a 100 times distillation effect is
only possible if the pressure in the magmatic
fluid source is relatively high (>150 MPa)
and if the magma chamber remains perfectly
mixed, neither of which is likely in the case
of the Mole Granite intrusion (4, 21). Mix-
ing with meteoric water, on the other hand,
is consistent with regional stable-isotope and
fluid inclusion studies from the Mole Gran-
ite intrusion (14, 22).

Tin, as the main precipitating ore-form-
ing element (Fig. 2C), apparently follows a
similar trend, but its concentration drops
distinctly more rapidly than the nonpre-
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cipitating elements. The concentration of
Sn starts to decrease exactly at the onset
of cassiterite precipitation, as recorded by
the first growth zone containing this min-
eral. By stage 23 of the fluid-trapping his-
tory, the Sn concentration has dropped to
only 5% of its initial value, even though
the nonprecipitating elements show that
the fluid mixture at that stage still con-
tains 35% magmatic fluid. This directly
demonstrates that the chemical and ther-
mal effect (cooling) of fluid mixing was
the cause for cassiterite precipitation. The
precipitation efficiency can be calculated
as 86% of the initial amount of Sn that
was contributed to the fluid mixture that
is recorded by inclusions from stage 23.
Thermodynamic models, designed to com-
pare the efficiency of alternative mecha-
nisms for cassiterite precipitation in mag-
matic-hydrothermal systems, also indicate
that fluid mixing is more efficient in terms
of cassiterite enrichment than the two
main alternatives, fluid-rock reaction or
vapor separation (23). Fluid-rock reaction
is able to produce low-grade deposits only,
and the association at Yankee Lode of very
high ore grades in veins with practically
no wall-rock alteration rules out this pos-
sibility. Vapor separation indeed was asso-
ciated with cooling and decompression at
Yankee Lode, but was probably not the
cause for cassiterite deposition, because
the magmatic fluid underwent three cycles
of cooling and boiling before saturation of
cassiterite occurred in a third cycle at the
onset of fluid mixing.

The first marked reduction in the con-
centration of B (Fig. 2D) at stage 25 match-
es exactly the precipitation of tourmaline.
But despite significant dilution of all non-
precipitating elements, the B concentration
remained near its original magmatic value
through stages 23 and 24, and decreased less
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Fig. 3. Partitioning of 17 elements between mag-
matic vapor and coexisting brine, calculated from
analyses of four vapor and nine brine inclusions in
two “boiling assemblages.” At both pressure and
temperature conditions recorded in these assem-
blages, Cu and B strongly fractionate into the
magmatic vapor phase.
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markedly through stages 26 and 27, even
though tourmaline was growing and ex-
tracting B from the fluid. Similarly, Cu
decreased by only a factor of 40 between
stages 22 and 28, even though the nonpre-
cipitating elements show a dilution factor as
high as 1300. This observation of apparent
Cu and B excess is readily explained by
condensation of magmatic vapor into the
mixing liquids. The vapor phase of coexist-
ing vapor and brine inclusions was found to
be selectively enriched in these two ele-
ments compared with the brine. Distribu-
tion coefficients, D = M, /My .4 were
caleulated-for two sets of fluid pairs (Fig. 3).
Both show a similar fractionation pattern:
strongly chloride-complexed elements par-
tition in favor of the saline liquid, whereas
B and Cu partition preferentially into the
vapor phase. Copper is enriched in the va-
por phase by a factor up to 10, and concen-
tration ratios of Cu to other first-row tran-
sition metals exceed the corresponding ra-
tios in the brine by a factor of 100 to 500.
High concentrations of Cu have been
known from volcanic gas inclusions (24),
but earlier evidence for strong metal parti-
tioning between coexisting brine and vapor
had been ambiguous (8, 25). We suggest
that some copper(I) bisulfide complexes
may stabilize Cu in the S-enriched vapor
phase (8), in contrast to most other metals
which are held in the brine by stable chloro
complexes (3). The same chemical behav-
ior would be expected for Au(l), which
could be a key factor in the selective en-
richment of this element with Cu and As in
high sulfidation epithermal deposits.

The fluid inclusion microanalyses also
constrain the physical processes of hydro-
thermal ore formation. Two pulses of mag-
matic fluid, each associated with an increase
in fluid temperature and pressure, passed
through the vein system before meteoric
groundwater reached the site of the growing
quartz crystals and caused Sn precipitation.
For the observed metal concentration of up
to 20 wt % Sn in the Yankee Lode to be
produced, ~500 m® of magmatic brine (con-
taining ~400 ppm Sn) must have flowed
through 1 m® of vein, precipitating all its
dissolved Sn within this volume by mixing
with ~10° m? of meteoric water. For the two
fluids to always mix at the same place for an
extended period of time, a stable plumbing
system is required. This may either be at-
tained at the interface between two overly-
ing convection cells or by mixing of mag-
matic fluid ascending in one vein with me-
teoric water penetrating from a cross-cutting
vein. The latter case is consistent with the
evidence that many deposits in the Mole
Granite intrusion and elsewhere contain ex-
ceptionally rich ore shoots at the intersec-
tion of two fluid channelways (26).
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Siliceous Tablets in the Larval Shells of
Apatitic Discinid Brachiopods

Alwyn Williams,* Maggie Cusack, James O. Buckman,
Thomas Stachel

The marine bivalved Brachiopoda are abundant throughout the geological record and
have apatitic (CaPO,-rich) or calcitic (CaCO,-rich) shells. Vesicies covering the larval
valves of living apatitic-shelled discinids contain tablets of silica. The tablets are ce-
mented into close-packed mosaics by spherular apatite in glycosaminoglycans. They are
usually lost as vesicles degrade but leave imprints on the underlying apatitic shell. Similar
imprints ornament larval surfaces of some of the earliest Paleozoic apatitic-shelled
brachiopods and may also be indicators of siliceous biomineralization.

The composition of shells of living and
extinct marine bivalved Brachiopoda has
been regarded as apatitic (CaPO,) or cal-
citic (CaCOs3) (1). The shell of the sub-
conical mature discinid brachiopods con-
sists of an outer chitino-proteinaceous coat
(periostracum), several micrometers thick,
underlain by laminar layers composed
of the carbonate fluorapatite, francolite
[Ca;o(PO,)sCO5F, s(OH)y 5], and organic
compounds (2). The apatite occurs as pro-
tein-coated granules, 4 to 8 nm in diameter,
aggregated into spherules, 30 to 150 nm in
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size, that are either compacted into laminae
or further aggregated into mosaics or rods
immersed in glycosaminoglycans (GAGs)
(3) and supported by proteinaceous strands
or mats of B-chitin (2)

In Discinisca tenuis, the coat secreted by
the larval epidermis is preserved as a pair of
circular patches, about 500 m in diameter,
at the apices of mature valves. The larval
valves are delineated by a raised margin
(Fig. 1A) and are covered with close-
packed vesicles (4) containing biomineral-
ized tablets (2), about 70 nm thick, which
are hexagonal, rhombic, or ditetragonal in
outline and virtually of constant size with
major axes averaging 1.3 pm (Fig. 1, B and
C). The tablets were separated from the
larval shell surfaces (5) and their composi-
tion estimated by energy-dispersive x-ray
(EDX) spectra on a scanning electron mi-
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