
Reports 

Evidence for Extreme Partitioning of Copper into a 
Magmatic Vapor Phase 

The discovery of copper sulfides in carbon dioxide- and chlorine-bearing bubbles in 
phenocryst-hosted melt inclusions shows that copper resides in a vapor phase in some 
shallow magma chambers. Copper is several hundred times more concentrated in 
magmatic vapor than in coexisting pantellerite melt. The volatile behavior of copper 
should be considered when modeling the volcaoogenic contribution of metals to the 
atmosphere and may be important in the formation of copper porphyry ore deposits. 

T HE VOLATILITY OF COPPER I N  MAG- 

matic systems is demonstrated by the 
transport of Cu in volcanic gases and 

the precipitation of copper sulfides, chlo- 
rides, and sulfates in b a r o l i c  sublimates 
(1, 2). A less understood example of high- 
temperature transport of Cu is the associa- 
tion of ore-grade Cu mineralization with 
small, hypabyssal granitoids. Although the- 

and Pb (Il), but they have low concentra- 
tions of Cu (5 to 10 ppm), lower than those 
of alkaline olivine basalt associated with the 
pantellerites [20 to 90 ppm (12)l. The low 
Cu contents were not caused by aystal 
fractionation, as Cu was not partitioned 
strongly into any of the phenocryst phases 
(11, 13). Volatile components can be lost, 

however, during eruptive degassing. By 
comparing trace-element concentrations in 
meliincl&ons to those in outgassed matrix 
glass, we can determine if metals, as well as 
H,O, CO,, C1, and S, were lost to the 
atmosphere during eruption. 

We analyzed melt inclusions in quartz 
from samples of pantellerite lava domes at 
Contrade Sciuvechi, Valenza, and Gadir and 
from the basal section of the Green Tuff. As 
quartz is the last major phase to aysmllize in 
the pantellerite magma, its inclusions are 
representative of melt compositions shortly 
before eruption. Quartz also contains ex- 
tremely low contents of trace elements, and, 
therefore, its presence does not affect the 
accuracy of our inclusion analyses. We 
found two populations of inclusions at Pan- 
telleria. (i) Glassy inclusions (Fig. 1B) either 
had visible capillaries through the quartz 
[hourglass inclusions (14)], were located in 
ruptured phenocrysts, or were shown by 
infrared (IR) spectroscopy (15) to be low in 
H,O (0 to 1% by weight). Glassy inclusions 
therefore leaked and no longer retained 
preemptive volatiles. (ii) Devitrified inclu- 
sions were opaque, cryptocrystalline mix- 
tures of sanidine, cristobalite, and alkali arn- 
phibole (Fig. 1C). We remelted the 

Stanford Stanford, 94305. Flg. 1. Optical photographs of melt inclusions. (A) Two remelted inclusions showing glass (g) trapped M. L. Rivers and S. R. Sunon, Dcpamnent of Applied 
sciena, ~ ~ k h ~ ~ ~ ~  ~ ~ ~ i ~ ~ ~ l  ~ ~ b ~ ~ ~ ~ ~ ,  upton, NY in quartz (q) and an associated vapor bubble (b). (8) In a leaked glassy inclusion, a capillary connects 
11973. the low-H,O glass and a vapor bubble to the outside of the host quartz. (C) Devitrified inclusions in 

quartz can be heated and cooled to produce remelted inclusions (D) that are hydrous and contain several 
*To whom comspondence should be addressed. small vapor bubbles. 
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inclusions by heating the horn phcnoqsts cooling ofthe melt (8), and thcir size would 
to 825°C at 1-am extend pressure (16). By scale to the volumes ofthe inclusions. Alter- 
nkating the indusions dosed-sysk 
prrssurr vessels (the quartz hosts), we re- 
created liquidus conditions. By then rapidly 
cooling the samples to glass, we prevented 
the dcviaification of indusions that had 
occumd in nature. The remelted inclusions 
(Fig. 1D) contained glasses of major ele- 
ment compositions identical to those of the 
matrices. They had high H,O contents that 
varied little within samples fiam individual 
eruptive units (for example, 1.82%, n = 13 
inclusions, a = 0.12% for a sample fiom 
Contrada Sciuvcchi); thcse data indicate 
that the dcviaified inclusions retained 
pccaqnive volatiks (IS). 

Remelted indusions contained one or 
more vapor bubbles ( e l  to 20 pm; Fig. 1, 
AandD).Hadthequartzhoststrappeda 
single homogeneous mtlt phasc, thcse 
would be shrinkgc bubbles fbnned during 

natively, some abnormally largc bubbles 
could represent original entrapment of a 
two-phasc system: melt plus vapor. Such a 
magmatic vapor (17) would have bccn in 
equilibrium with the melt at magmatic con- 
ditions [-825°C and -100 MPa (M)]. 
Because the inclusions coolcd and deviaified 
after auption and werr remelted in the 
laboratory, the origin of any individual va- 
por bubble is not obvious. During rcmdt- 
ing, magmatic bubbles may havc been par- 
tially ~psorbcd and then reappeared as many 
smaller bubbles on cooling; some may havc 
shrunkduring cooling. Bulk analyses ofmelt 
inclusions can d which have trapped 
magmatic vapor. 

Dcviaified and m d t e d  inclusions, as 
wdlasglassyinclusionsandmatrk,~ 
analyzad with the x-ray mictoprobc instalkd 
on btamline X26A at the National Synchm 

tron Light Source at Brookhaven National 
Laboratory in Upton, Ncw Yo& This in- 
strument is used fbr nondtstructive, quanti- 
tative adysis of small (10 pm) samples. 
&cause tht photon beam penetrates daply 
compared with dccnon, proton, or ion 
bcams, it permits analysis ofsmall kames 
such as fluid and mincral inclusions beneath 
the surface of a sample (7, 19). 

X-ray microprobe analyses showed that 
both outgassed matrix glass and leakad, 
glassy inclusions (Fig. 1B) contained 3 k 1 
ppm of&. X-ray spectra were also c o 1 l d  
for 20 dcvitrificd inclusions locatcd entirrlv 
within doubly polished quartz phenoay& 
fiom a pantckite lava (Contrada S c i m  
chi). Because the size of the photon beam 
was smaller than the inclusion4 the movable 
stagcwasprogrammcdtorasartheentirc 
inclusion through the beam, thereby collect- 
ing a single s&mm approxh&ng the 
integrated aacc-cluncnt content of the in- 
clusion. Thee bulk analyses showed t h a ~  of 
the 20 inclusions. 18 contained 20 k 10 

~ 2 . O p t i c P l a n d x - n y m a p s o f a ~ ~ d a c d S S - ~ t h i c L i n d u s i o n  ( g ) i n p m ( q ) .  
(A)Abunbntsmall,dark,vaporbubbksimbatcdatthcinclusiipwi asimtwolargcrvlpor 
-h(b).Tbsbbrt-rthel-ld~hanthcl-~k*arbmpmrIIYDc 
l ightsold ~ ~ K C S  at top, ~ana, and lower kft am residual quvcl growths (r) that do not 
EOrnpktcIy dissohn during the rrmclang procgs. x-ray microprok maps of this hdusii  im 
wlorcol ld  for Fc (B), Zn,(C), and Cu (D), respcaivcly. YYcllow rrprrscna thc highcst c a m  rate 
and black the lowest (as shown in cdor bars). Fc and Zn im homogeneous in the inclusion. Cu is absent 
in the quartz and hcmogcncous within the inclusion and is located at the inclusion pwiphay, 
a p p a r d y  in vapor bubbles. 

ppm of Cu; thcy werr m c d  Cu-poor. 
Ttvo contaimd signi6cantly more Cu, 
100 2 20 and 170 k 20 ppm, but, because 
thcse Cu-rich, dcvitri6cd inclusions wae 
opaque, it was not possibk to determine 
optically whac the d o u s  Cu resided. 

To idcntifv the location of the Cu we 
~ u ; a l y w s ~ n ~ ~ t , m ; l t e d  
~ ~ p t c p c l r e d a s d o u M y p o l i s h c d w a -  
firs.Bulkan;llyscshshowedCu-poorand 
Cu-rich inclusions, with some inclusions 
conainingupto300 ppmofCu. W e p  
duced indusi map5 (Fig. 2) by moving 
the stag in 10-pm steps and counting x-rays 
fiomcachpixclfw2os.Thesemapsshowad 
t h a t a l l d d ~ t s c x ; c c ~ C u w a c  
& within the &ions. Al- 
thoughtheCucontcntwasuniformlylow 
dumghout Cu-poor inclusions, it was cx- 
trcmdy h e m p e m s  within Cu-rich indu- 
sions and a p p a d  to rcsidc within vapor 
bubbles and at the bomdacy bctwccn glass 
andquanzhost.~hcCucontcntofthe&ss 
withinalldtedinclusionswas20to30 
ppm, ccgvdkss of whether thc inclusion 
was Cu-rich or Cu-poor. This also indicates 
that most of the Cu in Cu-rich d t e d  
inclusions resided in vapor bubblcs. Cu-rich 
bubbles and h d u s i i  wac fbund in all 
fourofthcpantdkteunits,aswcllasina 
lrachybt lm. 

~tsinthevaporbubbles,wecvriedaut 
a m i q c a l  study of a melted in&- 
sion-bubble pair (Pi .  3A) in quartz frotn a 
lava flow at Gmuada Vdcnza. The bubbk 
was 22 pm in diamcta, much larger than 
most bubblcs in inclusions of comparabk 
size (compam to Fi. 1A); the large size of 
the bubbk supporn the idea that two phase 
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were originally trapped in the indusion and 
that this bubble did not form solely by 
shrinkage. The bubble was opened by Ar ion 
milling; subsequent imaging with a scan- 
ning electron microscope (SEM) showed 
minerahtion on the bubble wall that was 
clearly vapor phase in origin (Fig. 3, B to 
D). The minerals were chlorides (of Na?) 
and copper sulfides that apparently precip 
itated from a vapor when the sample cooled 
in the laboratory. 

IR spectroscopy indicated that the main 
constituent of thesc bubbles may be CO,. 
The large Cu-rich bubbles from remelted 
pantellerite indusions showed doublem at 
2350 an-', corresponding to CO, vapor 

(20). Although CO, was a signi6cant com- 
ponent within the vapor, its concentration 
could not be quantified because the IR path 
length was poorly constrained in such small 
bubbles. The bubbles therefore contained at 
least CO,, C1, Na(?), Cu, and S, although 
necessarily as different species than were 
present at high temperature. In addition, 
H,O was likely present in the gas, but the 
lack of a liquid phase in the bubble and 
negligible H,O vapor peaks in the IR spec- 
tra indicated that it was subordinate to CO,. 
Additional evidence that H,O did not par- 
tition strongly into any vapor or crystallim 
phase was the linear, positive correlation 
between concentrations of H 2 0  in remelted 

Table 1. Apparent vapor/melt partition d a e n t s  (PC) for Cu calculated from analyses of 
coaristing vapor bubbles and remelted indusion glass; n.a, not analyzed. 

Sample 
number 

Bubble 
diameter 

(run) 

Bubble 
depth 
(pm) 

Sciu 2 10.5 2 1 8 2 2 700 + 500 200 2 100 
Sciu 4 8.5 + 1 1 + 0.5 1100+ 800 500 2 300 
Sciu 24a 8.5 + 1 10 + 2.5 4002 300 200 + 100 
Sciu 24b 10 + 1 8 2 2 7002 500 200 + 100 
Val 15a 9 2 1  3 2 0.8 8002 600 400 2 200 
Val 15b 10 + 1 10 2 2.5 1600 2 1100 7002400 
Gad l*  15 + 1 5 + 1  6002 300 n.a 

'Idusion in sulidioc. 

Flg. 3. Optical photograph (A) of a large, unexpcd vapor bubble (b) in a melted inclusion (g) 
trapped in quartz (q). The mottled texture was aeated during the Ar ion milling process used to expose 
the bubble for viewing under the SEM. A backscattered electron image ofthe same inclusion (B), tilted 
45", shows the quarrz, glass, and bubble (exposed). Inside the bubble is high ammic number, 
vapor-p@e minerahtion (bright spot) shown by secondary electron imaging (C and D). The chloride 
(h) ofa hght dement, probably Na, and a platy copper sulfide (Cu) were identified by energy-dispersive 
anatyss. 

indusions and whole rock incompatible 
metal concentrations (15). 

We consider three scenarios for the for- 
mation of the melt inclusions and their 
Cu-rich bubbles: 

1) Cu was homogeneously dissolved in 
melt trapped in quanz, and the Cu later 
partitioned into shtinkage bubbles. This 
theory is inconsistent with the observation 
that bulk analyses of some devitrified and 
remelted inclusions indicated very high Cu 
contents. 

2) Cu was inhomogeneously dissolved in 
the melt, resulting in entrapment of the 
observed Cu-poor and Cu-rich melt inclu- 
sions. Cu then partitioned mostly into 
shrinkage bubbles. This requires a mecha- 
nism for fractionating Cu (and only Cu, as 
other metals are homogeneous) in the mag- 
ma chamber, on a hand-sample scale, with- 
out vapor transport. 

3) Cu resided mostly within a vapor 
phase in equilibrium with pantellerite melt 
in the magma chamber. Vapor bubbles were 
trapped randomly along with melt during 
formation of some inclusions (17). This last 
hypothesis most easily accounts for the fol- 
lowing results: (i) the low Cu content of 
pantellerite matrix glass and leaked, glassy 
inclusions (3 2 1 ppm), which appear to 
have lost Cu during open-system degassing; 
(ii) the slightly higher Cu contents (20 2 10 
ppm) of most devitrified and remelted inclu- 
sions, which did not undergo eruptive de- 
gassing; and (iii) the observation that most 
bubbles in Cu-rich, remelted inclusions were 
larger than the vapor (shrinkage) bubbles in 
Cu-poor, remelted inclusions. 

We performed x-ray microprobe analyses 
on individual vapor bubbles in remelted 
indusions to determine apparent vaporlmelt 
partition cdc i en t s  (PCs) for Cu. We de- 
termined the mass of Cu in a bubble by 
orienting the photon beam to intersect and 
fluoresce the bubble contents. Calibration 
was relative to two semi-independent tech- 
niques (7, 19), an internal standard (Fe in 
the glass: PC I in Table 1) and an external 
standard (PC 11). We converted the mass of 
Cu to concentration in the vapor by deter- 
mining the bubble volume and by assuming 
a vapor density of 0.4 2 0.1 g/an3 (21) and 
a Cu content in the glass of remelted indu- 
sions of 20 ppm. 

Table 1 lists calculated PCs for Cu-rich 
bubbles that apparently contained a high 
ratio of magmatic vapor to shtinkage bub- 
ble. Values for PC I ranged from 400 to 
1600 compared to 200 to 700 fbr PC 11. 
The twofold difference between the tech- 
niques is similar to our reported uncertain- 
ties and is consistent with analysis accuracy 
within a factor of 2 (22). The values are 
generally consistent with the amount of Cu 
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visible in the opened bubble shown in Fig. 
3. For example, estimating 3 |xm3 of CuS in 
that bubble and calculating the mass of 
vapor that would be present in a bubble of 
that volume (2:/), we obtained a PC of about 
200. Given that much of the Cu may have 
been lost during ion milling, this value 
would be a minimum. The remelting pro
cess may have affected our results somewhat 
but is unlikely to alter the PCs by more than 
our reported uncertainties. 

The experiments showed that Cu was 
strongly partitioned into vapor bubbles, 
such that apparent PCs may reach well over 
1000. These values are higher than those 
determined by Candela and Holland (4) for 
the partitioning of Cu between high-silica 
rhyolite and Cl-rich aqueous fluid. In that 
study, at 750°C and 140 MPa, the PC varied 
linearly with CI concentration in the vapor 
and reached 50 for a 4.6 molal (—16% by 
weight) CI solution. Our higher values 
could be due to differences in melt compo
sition, and to the higher temperature and 
lower pressure in this study, conditions that 
may favor volatilization. It is also possible 
that the apparent high C 0 2 / H 2 0 ratio of 
the vapor in these peralkaline rhyolites 
would minimize the amount of CI bound up 
in gaseous HC1; therefore, CI would be 
freed for the transport of Cu. 

Unlike Cu, Zn content in the melt in
creases with differentiation, consistent with 
its stability in the crystallizing melt and its 
apparent absence in the magmatic vapor 
(Figs. 2C and 3). The contrasting behavior 
of Cu and Zn may be due to their different 
valences and ionic radii, as the small, univa
lent Cu ion may not fit easily into melt 
structural sites, favoring its volatility (4). 
Lepel et al. (1) studied aerosols produced 
during the 1976 dacite eruption of August
ine volcano and found that the Cu/Zn ratio 
in the aerosols fell with time by a factor of 
16, consistent with the stronger partitioning 
of Cu than Zn into magmatic vapor. 

Extreme volatility of Cu has been report
ed from eruptions of widely differing com
position, notably during eruptions in which 
abundant juvenile material was degassed 
(23). Because Cu can be greatly concentrat
ed in magmatic vapor, voluminous erup
tions may significantly impact the long-
term, trace-metal budget of the atmosphere. 
The annual volcanogenic contribution of Cu 
to the atmosphere has been estimated as 
only 27% of anthropogenic additions, 
which arise mostly from metallurgical pro
cessing (24). These figures, however, are 
based on enrichment factors applicable to 
quiet degassing and low-output eruptions 
(1, 25). This study shows that a single major 
eruption can add 50 times more Cu to the 
atmosphere than the annual global output of 

quietly degassing volcanoes. We calculate 
that the eruption of the Green Tuff 45,000 
years ago at Pantelleria released 5 x 105 

tons of Cu during catastrophic degassing 
(26), roughly ten times the annual anthro
pogenic contribution of Cu to the atmo
sphere. Although the lifetime of Cu species 
in the atmosphere is short (27), and large 
volcanic eruptions are infrequent, the mass 
of metals released during these eruptions 
will be significant in the long-term global 
cycling of metals. 

In plutonic environments, vapors evolved 
from magma may be available for ore depo
sition. Candela (28) stated that because Cu 
appears to act compatibly as a result of 
partitioning into magmatic sulfides, it will 
be removed from a melt most efficiently if 
vapor saturation occurs before significant 
crystallization. Such conditions could be 
met by a shallow magma body with high 
H 2 0 content or by the presence of low-
solubility gases such as C 0 2 . Our discovery 
of Cu- and C02-bearing vapor in panteller-
ites with only 10% crystals and in rhyolites 
with 2% phenocrysts [at the Valley of Ten 
Thousand Smokes (29)] demonstrates that 
early vapor saturation can occur. It also 
suggests that crystallization-induced volatile 
saturation [second boiling (30)] may not be 
necessary for the production of Cu-rich flu
ids* 

The low solubility of C 0 2 in silicate melts 
at low pressure means that magmas may 
commonly be saturated with respect to a 
vapor phase (31). Although C 0 2 would not 
actively complex Cu, its presence as bubbles 
would provide a low-density volatile phase 
into which Cu could partition, most likely as 
CuCl (3, 4, 32). This volatile phase would 
then evolve during crystallization, cooling, 
and influx of meteoric H 2 0 to form the 
acidic brines associated with ore deposition 
(33). 
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Did the Breakout of Laurentia Turn Gondwanaland 
Inside-Out ? 

Comparative geology suggests that the 'continents adjacent to northern, western, 
southern, and eastern Laurentia in the Late Proterozoic were Siberia, Australia- 
Antarctica, southern Africa, and Amazonia-Baltica, respectively. Late Proterozoic 
fixpentation of the supercontinent centered on Laurentia would then have been 
followed by rapid fan-like collapse of the (present) southern continents and eventual 
consolidation of East and West Gondwanaland. .In this scenario, a pole of rotation near 
the Weddell Sea would explain the observed dominance of wrench tectonics in 
(present) east-west trending Pan-African mobile belts and subduction-accretion tec- 
tonics in north-south trending belts. In  the process of fragmentation, rifts originating 
in the interior of the Late Proterozoic supercontinent became the external margins of 
Paleozoic Gondwanaland; exterior margins of the Late Proterozoic supercontinent 
became landlocked within the interior of Gondwanaland. 

T HE INTERVAL ENCOMPASSING THE 

Vendian to Cambrian transition [0.7 
to 0.5 billion years ago (Ga)] is 

perhaps the most enduring enigma in his- 
torical geology. The advent and subsequent 
evolutionary explosion of metama were ac- 
companied by extreme fluctuations in sea 
level, global climate, and the isotopic and 
chemical compositions of seawater (1-3). 
That these changes are related to the frag- 
mentation of a Late Proterozoic superconti- 
nent (4) is an idea that stemmed from the 
observation that rifting and continental 
breakup occurred contemporaneously 
around the margins of Laurentia (North 
America and Greenland), Baltica (Baltic 
shield and Russian platform), Siberia, and 
parts of Gondwanaland (5-7). However, the 
relation of the hypothetical supercontinent 
to the continents forming Gondwanaland 
(South America, Africa, Arabia, India, Ant- 
arctica, and Australia) is unresolved because 
reliable paleomagnetic data for the interval 
are sparse. In most reconstructions of the 
Late Proterozoic supercontinent, Gond- 
wanaland is treated as a coherent entity (1, 
6, 8-1 I), despite evidence that its consolida- 
tion was broadly contemporaneous with 
fragmentation of the northern continents 
(12, 13). Not surprisingly, some question 
the reality of a supercontinent that may have 
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disintegrated before it had formed. In the 
absence of sea-floor magnetic anomalies, 
pre-Mesozoic continental reconstructions 
are necessarily speculative. However, corre- 
lation of Precambrian orogenic belts that 
were once continuous but are now truncated 
at modern or ancient continental margins 
provides a means of establishing former 
linkages bebeen separated continents. On 
the basis of such evidence, I present a qual- 
itative but testable model for the breakup of 
a Late Proterozoic supercontinent centered 
on Laurentia and the subsequent assembly 
of Paleozoic Gondwanaland. 

Northeastern Siberia (all directions refer 
to present-day coordinates) has been pro- 
posed as the conjugate margin to southwest- 
ern Laurentia in the Late Proterozoic on 
geological (14) and paleomagnetic (15) 
grounds. The evidence is permissive but not 
conclusive. U-Pb zircon geochronology in- 
dicates that the Anabar and western Aldan 
shields (Fig. 1A) of Siberia consist of crust 
that formed before 3.0 Ga and underwent 
high-grade metamorphism and anatexis at 
2.8 to 2.6 Ga and again at 2.0 to 1.9 Ga 
(16). In Laurentia, only the Thelon-Taltson 
magmatic zone (Fig. 1A) in northwest Can- 
ada has such a history (17), but this zone is 
truncated beneath the plains of east-central 
Alberta and does not appear to reach the 
Cordillera (18). However, the zone does 
extend northward where it is truncated by 
the Paleozoic Franklin orogen in the Arctic 

(17). Thus, if the Anabar and Thelon-Talt- 
son belts were originally connected, Siberia 
was most likely conjugate to the Arctic (19) 
margin of Laurentia (Fig. 1A). 

Jefferson (20) proposed that western Lau- 
rentia was flanked in the Late Proterozoic by 
the eastern margin of the Australian craton 
together with the margin of the East Ant- 
arctic craton corresponding to the Transant- 
arctic Mountains (Fig. 1A). This proposal 
stemmed from comparative Late Protero- 
zoic stratigraphy of the respective Australian 
and Laurentian margins (20). Recently, 
Moores (21) and Dalziel (22) have bolstered 
the restoration and fixed its position by 
pointing out that a tectonic boundary equiv- 
alent to the Grenville orogenic front of west 
Texas reappears in Antarctica near the east 
coast of the Weddell Sea (Fig. 1A). Moores 
(21) suggested that the Grenvillian (1.3 to 
1.0 Ga) belt loops .back around the East 
Antarctic craton -(by way of the Eastern 
Ghats of India) into the Albany-Fraser belt 
(Fig. 1A) of southwest Australia (23). The 
reconstruction implies that the northwest 
corner of Laurentia lay adjacent to north- 
central Australia in the Late Proterozoic. 
There are indeed remarkable parallels in 
Early Proterozoic geology and U-Pb 
geochronology between the Wopmay oro- 
gen in northwest Canada and the Mount 
Isa, Pine Creek, Tennant Creek, and Halls 
Creek inliers of northern Australia (Fig. 
1A). The main orogenic event in each area 
occurred from 1.90 to 1.88 Ga-the Calde- 
rian orogeny in Canada (24) and the Barra- 
mundi orogeny in Australia (25). Each area 
experienced intense, mainly felsic volcanism 
and plutonism from 1.88 to 1.84 Ga (26, 
27), and the felsic magmas were derived 
from crustal sources having Nd model ages 
of 2.4 to 2.0 Ga (28, 29). The comparison 
not only supports the proposed reconstruc- 
tion (20-22) but also implies that northwest 
Laurentia, east Antarctica, and the Austra- 
lian craton were fellow travelers from 1.9 
until 0.6 Ga (30). 

If East Gondwanaland (India-Australia- 
Antarctica) separated from western Lauren- 
tia, then which continent or continents lay 
adjacent to eastern and southern Laurentia 
before the opening of the Iapetus Ocean? 
Earlier works have advocated northwest Af- 
rica ( 4 ,  western South America (6), Arabia 
(7, 15), and Baltica (31). Pre-Grenvillian 
tectonic zones provide piercing points that 
pin Baltica adjacent to northwest Britain 
(31), which was then a part of Laurentia off 
southeast Greenland (Fig. 1A). To the 
south, the Appalachian and Ouachita mar- 
gins of Laurentia are confined to the Gren- 
ville orogen. Therefore, cratons that are 
borderedby Grenvillian belts are more likely 
to have been conjugate to southeastern and 
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