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ABSTRACT 

It is shown in four examples from geologically different environments that accessory or minor minerals rich in rare-earth 
elements (REE) are often texturally associated with base-metal sulfides. The examples demonstrate that REE can migrate 
in hydrothermal fluids containing large amounts of reduced sulfur (S -n)  species, i.e. H2S, HS- and S 2-. In certain fluids 
complexes of REE with S -II species may be important for the REE transport, but most probably only in the absence of 
other strong ligands such as fluoride, carbonate or possibly phosphate. Textural relationships and geochemical data suggest 
that the formation of REE-bearing minerals in s-n-rich environments is genetically related to the precipitation of base- 
metal sulfides. 

1. Introduction 

Rare-earth element (REE) -rich minerals 
occupy, like base-metal sulfides, a very special 
position both from a scientific as well as from 
an economic point of view. The formation of 
sulfide minerals was a focus of scientific inter- 
est for several generations of geologists, partic- 
ularly in order to understand the genesis of 
economically important base-metal sulfide de- 
posits. Elevated concentrations of certain pre- 
cious metals (e.g., Au, Ag) in some of these 
deposits has attracted the attention of many 
mining companies. More recently, detailed in- 
vestigations have also centered on the geo- 
chemical processes leading to the formation of 
REE deposits, because the REE* gained in- 
creasing importance in many different indus- 
trial applications (e.g., Morteani, 1991 ). A re- 
lation between REE-minerals and base-metal 

*The term "REE" includes the lanthanides (La-Lu) as well 
as Y and Sc, in conformity with the IUPAC rules 1990 
(see Leigh, 1990). 

sulfides, however, has only rarely been pointed 
out (e.g., Isokangas, 1978). On the other hand, 
the close association of REE-minerals with sul- 
fate phases has been known for a long time, be- 
cause barite, together with carbonate minerals, 
is the main constituent of one of the largest 
REE deposits in the world (Mountain Pass, 
California, U.S.A.; see Olson et al., 1954). 

It is the purpose of the present paper to point 
out mineralogical and textural relationships 
between REE-beating accessory minerals and 
base-metal sulfides in Ti-rich veins from the 
AdameUo Massiv, Italy; these relationships will 
be compared to observations reported in the 
literature for two other examples. Moreover, 
some aspects of REE geochemistry will be ad- 
dressed in relation to the submarine, H2S-rich 
hydrothermal fluids which are commonly 
found at mid-oceanic ridges. Finally, a tenta- 
tive geochemical model will be presented of- 
feting a possible explanation for the observed 
association of REE-bearing minerals with sul- 
fides in the Adamello veins. 

000%2541/93/$06.00 © 1993 Elsevier Science Publishers B.V. All fights reserved. 
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2. Titanium-rich veins from Adamello, Italy 

Ti-rich veins have been found in the south- 
eastern part of  the Adamello contact  aureole 
(Provincia di Trento,  nor thern  Italy).  The 
Adamello batholith is the largest igneous com- 
plex of  Tertiary age in the Alps; it is composed 
of  several petrographically and isotopically 
distinct plutons (Bianchi et al., 1970) which 
were in t ruded into the South Alpine basement  
and its sedimentary cover between 42 and 30 
Ma (Del Moro et al., 1985 ). The Ti-rich veins 
occur in graphite-bearing, pure dolomite mar- 
bles of  upper Triassic age at the contact with a 
major  tonalite intrusion. The presence of  the 
REE-bearing minerals zirconolite (ideally 
CaZrTizOT), aeschynite- (Ce)*,  t i tanite and 
fluorapatite as accessory or minor  phases in 
these veins provides evidence for mobili ty of  
Ti, Zr, REE and actinides (ACT) in a meta- 
somatic fluid (Gier6, 1990a, b) .  

2. I .  M i n e r a l o g y  

The Ti-rich veins are characterized by four 
distinct mineral  zones, consisting, f rom mar- 
gin (oldest part ) to center  (youngest par t ) ,  of  
the following assemblages (Fig. 1 ): 

( 1 ) forsterite + calcite 
(2) pargasite + calcite + titanite + sulfides 
( 3 ) phlogopite + calcite + titanite + sulfides 
(4) titanian clinohumite + spinel + calcite + sulfides 

Field relations suggest in combinat ion with 
petrographic observations that the Ti-rich 
veins were formed contemporaneously with 
and outlasted a syn-intrusive deformational  
event caused by the tonalite emplacement  
(Gier6, 1990b). 

Mineral  assemblages and composit ions 
demonstrate  that Ti is an important  compo- 
nent  of  the three central vein zones, which are 
further characterized by the occurrence of  ac- 
cessory minerals rich in REE, ACT and Zr. The 
three central zones also contain abundant  sul- 

*A complex REE-Th-Ti-Nb-oxide. 

Fig. 1. Mineralogical map ofa hydrothermal vein in con- 
tact metamorphic dolomite marble (Do) from the Ada- 
mello contact aureole. Ap = apatite; Cc = calcite; Fo = 
forsterite; Geik = geikielite; Parg = pargasite; Phlog = 
phlogopite; Rut = rutile; Sp = spinel; Sulf  = sulfides; TiC! 
= titanian clinohumite; Tit = titanite; Zirc = zirconol- 
ite. Black areas represent large aggregates of sulfides 
(mainly pyrrhotite with minor chalcopyrite). 

tides (up to ~ 18 vol%), mainly pyrrhotite 
(with minor  chalcopyrite and rare galena). 
Accessory pyrite occurs exclusively as a sec- 
ondary mineral  in cracks and along grain 
boundaries of  the other sulfides. Textural re- 
lationships indicate that pyrrhotite was formed 
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Fig. 2. Photomicrograph showing intergrowth of pargasite and pyrrhotite (Po) with enclosed REE-rich fluorapatite (Ap). 
Pargasite zone (sample Br193) from vein shown in Fig. 1. Crossed polarizers, 3.5 × 2.2 mm. 

Fig. 3. Photomicrograph showing intergrowth of REE-rich fluorapatite and pyrrhotite (Po). All rounded grains are fluor- 
apatite. For abbreviations, see Fig. 1. Sample Br196, from vein shown in Fig. 1. Plane polarized light, 3.5 × 2.2 mm. 

contemporaneously with most  major  (Fig. 2) 
and accessory minerals (Fig. 3; see also Gierr,  
1990b). REE-rich fluorapatite is abundant  in 
all three central zones, and is commonly  asso- 
ciated with the Ti-, Zr-, REE- and ACT-bear- 
ing minerals (Gierr ,  1990a, b ) as well as with 

the sulfides (Fig. 3 ). Furthermore,  all hydrous 
minerals, including titanite, contain apprecia- 
ble amounts  of  fluorine (Gierr ,  1990b, 1992 ), 
and thus demonstra te  that, besides sulfur and 
phosphorus, fluorine was an additional con- 
stituent of  the metasomatic  fluid. Another  ira- 
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portant accessory phase is graphite which oc- 
curs in the three central vein zones, but was not 
found in the forsterite + calcite zone; graphite 
is also absent in a 1-2-era-wide zone of 
bleached dolomite marble occurring along the 
interface between the wall-rock and the outer- 
most vein zone. 

Details on the mineralogy of the veins and 
on the composition of the main minerals may 
be found in Gier6 (1990b). The composi- 
tional variation as well as the crystal chemistry 
oftitanite and the accessory REE-bearing min- 
erals have been reported by Gier6 ( 1992 ) and 
by Gier6 and Williams ( 1992 ). 

2.2. Whole-rock composition 

Whole-rock geochemical data are included 
here in order to demonstrate the enrichment in 
REE exhibited by the Ti-rich veins relative to 
the dolomite marble host-rock. 

Because it was very difficult to obtain ho- 
mogeneous aliquots from the different zones 
due to their coarse-grained appearance and 
their relatively small width, the data (Tables 1 
and 2 ) are not quantitatively representative for 
a specific vein zone. This is documented by Fig. 
4 (for samples from vein shown in Fig. 1 ) and 
by Fig. 5 (for samples from a different vein): 
while the sample from the titanian clinohum- 
ite zone in Fig. 4 is less enriched in REE than 
the samples from the phlogopite and pargasite 
zones, the opposite relationship is found in Fig. 
5 (cf. also U, Th and Hf contents). Fig. 5 fur- 
ther shows that the phlogopite zone has a rela- 
tively variable composition, and therefore, 
provides additional evidence that a single 
analysis may not be representative and cannot 
be used directly for quantitative comparison 
between samples from the different vein zones. 
Thus, even if statistically significant differ- 
ences in REE contents are observed for the 
analyzed samples, they are not petrographi- 
cally significant. It is of note, however, that the 

patterns of all zones are generally parallel. Only 
samples Br23 and Br149 exhibit a deviation 
from this trend and are less enriched in light 
REE (LREE) than the other samples. 

The whole-rock data given in Tables 1 and 2 
demonstrate that in the three central vein zones 
REE are present in concentrations up to sev- 
eral hundred ppm (27[REE] = 77-797 ppm) 
whereas they commonly are undetectable in the 
dolomite marble host-rock. This pronounced 
REE enrichment of the veins relative to the 
original dolomite marble is clearly emphasized 
by the chondrite-normalized REE patterns 
(Fig. 6 ) which reveal a minimum enrichment 
of approximately two orders of magnitude for 
most REE. Fig. 6 further shows that the Ti-rich 
central vein zones have REE patterns very 
similar to those found for the nearby tonalite 
intrusion (data from Gier6, 1990b). 

Similarly, the central vein zones are rich in 
Ti, Zr and ACT (several wt% TiO2; up to sev- 
eral hundred ppm Zr, U and Th; cf. Tables 1 
and 2 ), whereas these elements are not present 
or in very small concentrations only in the do- 
lomite marble (TiO2 < 0.08 wt%, Zr < 16 ppm, 
U ~ 6 ppm, Th < 0.1 ppm).  Furthermore, the 
high sulfur, fluorine and phosphorus contents 
of the Ti-rich central vein zones (S up to 7 wt%; 
F~4000  ppm, P205 up to 2.3 wt%) are in 
sharp contrast to the extremely low concentra- 
tions found in the dolomite marble (S < 10 
ppm, F = 50-150 ppm, P205 = 0.02-0.04 wt%), 
and thus document the presence and impor- 
tance of these components in the metasomatic 
fluid where they are most probably partly re- 
sponsible for complexing of high-valence cat- 
ions (for discussion, see Gier6, 1990a). 

In the titanian clinohumite zone relatively 
high concentrations are also found for Zn, Cr 
and V (sample Br162; Table 2); these ele- 
ments are mainly incorporated into the abun- 
dant spinel (Gier6, 1990b). 

The analytical data discussed above under- 
line the degree of chemical changes produced 
by the metasomatic fluid during vein forma- 
tion in the dolomite marble. 
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TABLE 1 

REE and trace-element data (ppm) for Ti-rich vein (shown in Fig. 1 ) and dolomite marble (determined by instrumental neutron 
activation analysis) 

Pargasite Phlogopite Titanian clinohumite Graphite-poor 
zone zone zone dolomite marble 

Sample No. Br 193 error Br 194 error Br 214 error average" 
(n=5) 

error 

La 181 ±4  208 ±4  44.7 ±0.8 <0.5 
Ce 398 ± 8 399 ± 8 75 ± 1 <0.5 
Nd 165 ±6 158 ±6  27 ± 1 <0.5 
Sm 23.2 ±0.4 22.6 ±0.4 3.50 ±0.06 0.05 
Eu 6.85 ±0.08 5.59 ±0.06 0.89 ±0.02 <0.01 
Gd n.d. n.d. n.d. <0.5 
Tb 2.1 ±0.1 1.89 ±0.06 0.25 ±0.04 <0.01 
Tm n.d. n.d. n.d. <0.03 
Yb 2.3 ±0.2 2.0 ±0.2 0.37 ±0.08 <0.06 
Lu 0.37 ±0.02 0.26 ±0.02 0.07 ±0.02 <0.04 
X(REE) b 779 797 152 0.05 

± 0.02 

Hf  7.2 ±0.2 6.9 ±0.2 0.08 ±0.02 <0.1  
Th 56 ±1 72 ±2 <0.2 <0.1 
U 17 ±2  73 ±2  <0.7 6.1 _+0.2 

Errors correspond to 2a errors resulting from counting statistics. For details on analytical technique and samples, see Gier6 
(1990b). 
"TiOz<0.08 wt%, Zr<  16 ppm (from X-ray fluorescence analysis; see Gierr, 1990b). Isotope dilution data: Nd=0.176 ppm; 
Sm=0.0321 ppm. 
by and Sc not analyzed in samples Br193, Br194 and Br214. For dolomite marble: Y < 6 ppm (from X-ray fluorescence analysis), 
Sc < 0.1 ppm (from instrumental neutron activation analysis; see Gierr, 1990b). 

2.3. Conditions of formation 

Thermodynamic analysis of the phase as- 
semblages indicates that the vein minerals 
crystallized in a relatively water-rich (Xco: 
0.2) environment at a temperature of 500- 
600 ° C and an estimated total pressure of 2000 
bar (Gierr, 1990b). The mole fraction of CO2 
was constrained mainly by the titanium phases 
in the phlogopite zone (rutile, titanite; no per- 
ovskite), and thus is theoretically valid for that 
zone only. The temperatures derived from 
phase relationships are in good agreement with 
temperatures calculated from stable isotopic 
data for coexisting minerals (phlogopite-cal- 
cite, pargasite-calcite; for details, see Gierr, 
1990b). 

Pyrrhotite is the main Fe-bearing mineral in 
the vein assemblages, and is well suited to study 

the relationship between oxygen and sulfur fu- 
gacities (fo2, fs: ) in the fluid. Fig. 7 displays a 
phase diagram for several phases in the system 
Fe-Ti-C-O-S, where the pyrrhotite equilibria 
were calculated with a fixed activity of FeS in 
pyrrhotite (aFes = 0.425 ). This constant activ- 
ity (value from Barton and Skinner, 1967) is 
strictly valid only along the pyrrhotite-pyrite 
equilibrium, because aFes in pyrrhotite is de- 
pendent on the fugacity of $2 (see Fig. 7). 
Therefore, the reaction between pyrrhotite and 
magnetite should be represented by a curve 
rather than a straight line. In Fig. 7 equilibria 
between ilmenite and rutile (thin lines) have 
been superimposed onto the iron oxide-sul- 
fide equilibria. Furthermore, because graphite 
occurs in the three central vein zones, the 
reaction: 

C,-~ 0 2  ~.~--CO2 ( 1 ) 
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TABLE 2 

REE and trace-element data for samples from Ti-rich veins (data determined by instrumental neutron activation analysis unless 
stated otherwise) 

Phlogopite  zone  Titanian c l inohumite  
zone  

Sample No. Br 23 error Br 149 error Br 157 error Br 162 error 

(ppm): 

La 11.0 + 0.2 19.3 + 0.2 117.0 + 0.4 110.0 + 0.6 
Ce 29 _+ 1 54 + 1 225 + 2 262 + 2 
Nd 15 +2 32 +2 94 +3 149 +6 
Sm 4.2 _+ 0.2 8.5 + 0.2 16.0 + 0.2 22.8 + 0.2 
Eu 0.9 +0.1 1.6 +0.1 2.5 +0.1 3.4 +0.1 
Gd <2.5 7 + 1 14 +3 22 +3 
Tb 0.49 _+0.04 1.0 _+0.1 1.3 _+0.1 2.2 _+0.1 
Tm 0.17 _+0.08 n.d. n.d. n.d. 
Yb 1.0 + 0.2 1.7 _+ 0.2 1.7 _+ 0.2 3.1 _+ 0.3 
Lu 0.15 _+ 0.02 0.3 _+ 0.1 0.20 _+ 0.02 0.26 _+ 0.02 
ya <2 5 _+3 10 _+4 13 _+4 
Sc 15.3 _+ 0.4 18.1 _+ 0.6 21.6 _+ 0.4 37.8 + 0.2 
2~(REE) 77 148 503 626 

Hf 4.5 + 0.2 5.6 + 0.2 5.4 + 0.2 11.1 + 0.4 
Ta 1.9 +0.2 2.8 +0.2 2.5 +0.2 5.3 +0.2 
Th 11 + 1 11 + 1 52 +4 105 + 12 
U 67 +2 38 + 1 33 + 1 130 +4 
Cs 12.6 + 0.4 11.4 + 0.6 10.0 + 0.6 < 0.6 
Rb a 176 + 10 142 + 12 151 + 12 16 +6 
Ni a 229 + 40 354 + 30 461 + 54 156 + 54 
Co ~ 44.5 + 0.6 72.0 + 0.8 86.4 + 0.8 19.4 + 0.4 
Cu a 676 + 11 1,153 + 19 3,251 +23 14 +3 
Zn a 94 + 8 93 + 8 638 + 16 4,769 + 100 
Cr ~ 323 + 6 350 _ 8 580 + 10 1,261 + 30 
F b 4,697 + 200 4,152 + 200 3,915 + 200 4,612 + 200 
Zr ~ 125 + 12 151 + 12 195 + 12 393 + 12 
V a 471 + 11 384 + 10 357 + 11 755 + 15 

(wt%): 

S a 4.19 + 0.03 6.95 + 0.05 5.85 + 0.04 0.02 + 0.01 
TiO2 a 2.11 + 0.02 2.51 + 0.03 2.51 + 0.03 4.47 + 0.03 

Errors correspond to 2a errors resulting from counting statistics. For details on analytical techniques and samples, see Gier6 
(1990b). 
aFrom X-ray fluorescence analysis. 
bFrom ion  selective electrode potentiometry. 

has been plotted into the diagram; it is repre- 
sented by a thick solid horizontal line for 
Xco2 = 1.0, and by a dashed horizontal line for 
Xco2 = 0.2. The latter corresponds to the mole 
fraction of  CO2 inferred from the Fe-free sili- 
cate-oxide assemblages in the phlogopite zone. 

The graphite and ilmenite equilibria were cal- 
culated because magnesian ilmenite was found 
to coexist with graphite in the phlogopite zone 
of  the vein shown in Fig. 1 (Gier6, 1990b). No 
quantitative microprobe data are available for 
that particular ilmenite; thus, the equilibria 
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Fig. 4. Chondrite-normalized REE patterns for the three 
Ti-rich central zones of the hydrothermal vein shown in 
Fig. 1. Chondrite values from Wakita et al. ( 1971 ). Error 
bars represent 2tr errors due to counting statistics (data 
from instrumental neutron activation analysis, see Table 
1 ). Sample numbers in brackets. 

were calculated for unit activity (solid lines) 
as well as for an ilmenite activity of 0.5 (dashed 
lines). As shown in Fig. 7, reaction (1) at 
Xco2 =0.2 intersects the ilmenite-rutile reac- 
tion with aFeTiO3----'0.5 at a sulfur activity of 
,~ 10- 7. From Fig. 7 it was thus concluded that 
the fluid had the activities ao2= 10 -23.5 and 
as2 = 10 -7 (at T=600°C and Ptot=2000 bar) 
during formation of the sulfide-bearing vein 
zones (at least during formation of the phlo- 
gopite zone), which at the same time are the 
vein zones containing the REE-, ACT-, Ti- and 
Zr-rich minerals. 

These results, combined with thermody- 
namic data for the three equilibria: 

H2 +0.502 ~n20 (2) 

H2 -b 0.5S2 ~-HES (3) 

02 d(- 0.5S 2 ~--SO 2 (4) 

1000  
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Fig. 5. Chondrite-normalized REE patterns for four sam- 
ples from hydrothermal Ti-rich veins very similar to the 
one shown in Fig. 1. Chondrite values from Wakita et al. 
( 1971 ). Error bars represent 23 errors due to counting 
statistics (data from instrumental neutron activation 
analysis, see Table 2). Sample numbers in brackets. 

and with experimental data on the partitioning 
of F and C1 between apatite and fluid (Kor- 
zhinskiy, 1981 ), allowed the fugacities of sev- 
eral species in the metasomatic fluid to be cal- 
culated (for details, see Gier6, 1990b). The 
results are listed in Table 3, and show that H2S 
was the dominant sulfur species in the fluid 
(fH~s :fs2 :fso2 ~ 106:0.6:1 ), implying a rather 
low pH. As shown by Ohmoto ( 1972 ), sulfides 
precipitating in the H2S predominant field ex- 
hibit ~34S isotopic compositions similar to the 
total ~34S composition of the fluid. Thus, the 
sulfur isotope data given by Gier6 and Hoering 
(1990) can be used as indicators for the source 
of the sulfur. The sulfur isotope data confirm 
the conclusions drawn from other stable iso- 
tope data (Gier6, 1990b) as well as from radi- 
ogenic isotope data (Gier6 et al., 1988; Gier6, 
1990b), suggesting that the Ti-rich veins were 
formed from a magmatic, most probably ton- 
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Fig. 6. Chondrite-normalized REE patterns displaying the 
compositional ranges for the Ti-rich veins (shaded, from 
Figs. 4 and 5 ), for the tonalite intrusion (black, data from 
Gier6, 1990b), and for the dolomite marble (stippled;full 
squares= graphite-rich sample, data from instrumental 
neutron activation analyis; full circles=graphite-poor 
sample, data from isotope dilution analysis; cf. Gier6, 
1990b). Open triangles represent the detection limit for 
the instrumental neutron activation analysis of the do- 
lomite marble samples. Chondrite values from Wakita et 
al. (1971). 

alitic fluid which was diluted (by ~ 50%) by a 
fluid derived from the adjacent dolomite 
marble. 

3. Comparison with other examples 

Described below are two examples from 
geologically different environments; they show 
textural features which are similar to those 
found in the Adamello veins, and their min- 
eral assemblages infer that the REE have been 
transported by a fluid rich in reduced sulfur. 

3.1. Zirkelite-jordisite veins (former U.S.S.R.) 

Rekharskiy and Rekharskaya (1969) dis- 
covered a zirkelite*-jordisite (MoS2) vein as- 
semblage in zones of altered volcanic rocks. 

*Like zirconolite a polymorph of the compound 
CaZrTi2OT. 
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Fig. 7. Phase diagram for iron and sulfur phases with su- 
perimposed graphite-CO2 equilibrium. Pyrrhotite stabil- 
ity field is stippled. The diagram was calculated for a fixed 
activity of FeS in pyrrhotite (aFes=0.425) using the GEO- 
CALC software package (Brown et al., 1988). Thermo- 
dynamic data for pyrite and troilite from Robie et al. 
(1979), for all other phases from Berman ( 1988 ). Arrow 
indicates the direction of increasing FeS activity in pyr- 
rhotite. Abbreviations: Hm = hematite; Mt = magnetite; 
Po=pyrrhotite; Py=pyrite; Hm=ilmenite; Rut=rutile. 
Dashed lines are for Xco2 = 0.2 (thick horizontal line) and 
aFea-io3 =0.5 (thin lines). Black dot shows approximate 
conditions of vein formation. See text for discussion. 

The fresh volcanic rocks of trachytic to rhyo- 
litic composition consist mainly ofplagioclase, 
potassium feldspar, biotite and quartz, and 
contain accessory titanite, zircon and magne- 
tite. Hydrothermal alteration transformed the 
original magmatic assemblage into kaolin- 
ite + quartz or sericite + quartz, and led to the 
formation of veins and stringers of zirke- 
lite +jordisite within the highly altered zones. 

Zirkelite and jordisite are intimately inter- 
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TABLE 3 

Logarithmic values of fugacities (bar)  of selected species in 
the vein-forming fluid at Adamello 

logJrt2o 3.0 

logf¢o ~ 3.3 

log fo~ - 20.0 

logfH2 0.9 

log fs: - 5.0 

log fso2 - 4.8 

log fn2s 1.2 
log f . v  0 - 2.1 

logfvla o - 1.1 

Calculated for T=600°C,  P, ot=2000 bar and Xco2=0.2 
(corresponding to the mole fraction of CO2 inferred from the 
mineral assemblage in the phlogopite zone). 

grown with each other as well as with abundant 
metasomatic pyrite which occurs in micro- 
granular aggregates or as idiomorphic crystals. 
No other minerals have been described from 
the vein assemblage. Chemical analyses showed 
that these veins, besides being rich in REE, also 
contain elevated concentrations of U, Hf and 
Nb, as well as Pb, Zn, As, Sb, Cu and Ag (con- 
centrations unspecified by the authors). 

Based on the genetic relation between the 
mineral association in the veins and the host 
rocks, Rekharskiy and Rekharskaya (1969) 
concluded that the vein minerals were formed 
presumably at temperatures of ~ 100-200 ° C. 
The mineral assemblage further suggests that 
sulfur was an important component in the me- 
tasomatic fluid. The mineral assemblage does 
not provide any evidence for the presence of 
other fluid components (e.g., F, P) which seem 
to be important for the transport of REE in the 
Adamello example. The intergrowth of a REE 
mineral with a sulfide mineral, however, is 
characteristic of both examples. 

3.2. Galena mine at Korsn~is (Finland) 

The Korsniis lead deposit, also known as 
Svart/Sren deposit, occurs in a large vertical 
fracture which cuts the foliation of the local 
migmatitic gneisses of the Svecofennian schist 
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belt. As reported by Isokangas (1978), the 
fracture-filling vein consists mainly of galena, 
calcite, microcline, diopside and scapolite, and 
grades laterally into a pegmatite. Galena forms 
massive aggregates up to several meters in di- 
ameter and is the most important sulfide in the 
deposit (minor amounts of sphalerite, molyb- 
denite, pyrrhotite, pyrite, chalcopyrite). A REE 
concentrate was generated as a by-product of 
galena mining at Korsn~is. The high REE con- 
tents of the ore (0.91 wt% REE203) are due to 
the presence of abundant apatite and monazite 
which both tend to be associated with galena. 

Although the formation of this deposit is not 
well understood (see Isokangas, 1978), the 
textural association of the REE-bearing phos- 
phates with galena is characteristic and could 
indicate a mutual genetic relationship. Be- 
cause scapolite can incorporate significant 
amounts of sulfur, chlorine and CO2, its pres- 
ence in the paragenesis suggests that the vein- 
forming process may have involved, besides 
sulfur and phosphorus, also chlorine and CO2, 
the latter additionally documented by the 
abundance of calcite. 

4. Submarine hydrothermal vent fluids 

Since the discovery of submarine hydrother- 
mal venting ("black smokers") on the East 
Pacific Rise (Macdonald et al., 1980; Spiess et 
al., 1980), considerable efforts have been made 
to analyze the chemical composition of the hy- 
drothermal fluids which, blackened by base- 
metal sulfide precipitates, are jetting out (sev- 
eral m s - i )  from chimneys at temperatures 
around 350 ° C, and which are involved at pres- 
ent in the formation of volcanogenic massive 
sulfide deposits (for comprehensive reviews, 
see, e.g., Lydon, 1988a, b; Scott, 1991 ). 

The hydrothermal vent fluids are essentially 
seawater which has been heated and chemi- 
cally modified by reaction with hot rocks 
(usually tholeiitic basalts at mid-ocean ridges ) 
a few kilometers below the sea floor, in the so- 
called high-temperature reaction zone (an- 
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cient reaction zone exposed on Cyprus; see 
Schiffman and Smith, 1988). At sediment- 
starved, mid-ocean ridge axes the vent fluids 
are reducing, HeS-rich (H2S,~250 ppm) ,  
mainly acid (pH,~3.5)  and, relative to sea- 
water, greatly enriched in a number  of  metals, 
particularly Fe, Mn, Cu, Zn; the salinities of  
the fluids are variable, but commonly  near that 
of  seawater resulting in chloride being the main 
anion (Michard  et al., 1984; Von D a m m  et al., 
1985 ). Fig. 8 shows that the submarine hydro- 
thermal  solutions also exhibit a pronounced 
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Fig. 8. Chondrite-normalized REE patterns showing the 
ranges in composition of seawater at depths > 1800 m 
(data from Goldberg et al., 1963; Hegdahl et al., 1968; 
Elderfield and Greaves, 1982; Klinkhammer et al., 1983; 
Michard and Albar~de, 1986; Greaves et al., 1991 ), ofhy- 
drothermal vent fluids from the East Pacific Rise (Mi- 
chard et al., 1983; Michard and Albar~de, 1986), of vol- 
canogenic massive sulfide deposits (ancient: Graf, 1977; 
Whitford et al., 1988 --  modern: Barrett et al., 1990), and 
of ochres from Cyprus (Robertson and Fleet, 1976). The 
REE pattern of a typical mid-ocean ridge basalt is plotted 
for comparison (thick solid line=data from Ludden and 
Thompson, 1979). Chondrite values from Wakita et al. 
(1971). 

enr ichment  in R E E  relative to seawater*. This 
REE enr ichment  must  be ascribed to leaching 
from the tholeiitic basalts in the high-temper- 
ature reaction zone, unless the fluids contain a 
significant third component  (e.g., derived from 
the mant le) .  Such a component ,  however, is 
not readily detected in these fluids, although 
some indications exist (Lupton et al., 1980; 
Michard et al., 1984; Michard and Albar~de, 
1986). As demonstra ted by Ludden and 
Thompson (1979),  substantial amounts  of  
REE can be mobilized during the seawater-ba- 
salt interaction which also releases the sulfide- 
forming metals into the fluid (cf. Humphr is  
and Thompson,  1978a, b; Mottl  and Holland, 
1978; Reed, 1983). Comparison of  the REE 
patterns of  a typical mid-ocean ridge basalt 
with those of  the vent fluids (Fig. 8 ) suggests 
that the LREE (and in particular Eu)  prefer- 
entially fractionate into the fluid during the 
seawater-basalt  interaction. These data show 
that at elevated temperatures acid solutions are 
able to transport  high amounts  of  ore-forming 
metals along with R E E  in the presence of  large 
excesses of H2S. 

Both ancient and recent volcanogenic mas- 
sive sulfide deposits have extremely variable 
REE contents (cf. Graf, 1977; Alt, 1988; Whit- 
ford et al., 1988; Barrett  et al., 1990); gener- 
ally, however, they are distinctly richer in REE 
than the modern  vent fluids (Fig. 8 ), indicat- 
ing that the REE are t rapped during precipita- 
tion of  the base-metal sulfides. The sulfides are 
precipitated when the ascending fluids are dis- 
charged into the ambient  seawater; thus, the 
upper part  of  a "black smoker"  sulfide chim- 
ney is the most  likely place for deposition of  
REE. In terms of  the minerals in which the REE 

*The REE data for seawater include samples from depths 
> 1800 m only, i.e. where most hydrothermal activity takes 
place, because the REE content of seawater generally in- 
creases with depth (e.g., Goldberg et al., 1963; Elderfield 
and Greaves, 1982; Klinkhammer et al., 1983; De Baar et 
al., 1985 ), and because it may be influenced at shallower 
levels by other factors (e.g., REE-rich Mediterranean out- 
flow in the North Atlantic; see Greaves et al., 1991 ). 
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are accommodated, Morgan and Wandless 
(1980) have shown that REE are not readily 
incorporated into galena; by analogy, other 
sulfides are also likely to be REE-poor. Mor- 
gan and Wandless (1980), however, demon- 
strated that anhydrite, a prominent mineral in 
"black smoker" sulfide chimneys (Haymon 
and Kastner, 1981; Haymon, 1983; Graham et 
al., 1988 ), accommodates rather high amounts 
of REE (particularly LREE). This was also 
confirmed by Michard and Albar~de (1986) 
who found relatively high REE concentrations 
in anhydrite from the East Pacific Rise. 

Fe-rich, Mn-depleted sediments, known as 
ochres, occur above some ancient sulfide ore- 
bodies on Cyprus and are the products of in 
situ submarine sulfide oxidation (Robertson 
and Fleet, 1976); they tend to be enriched in 
many REE relative to the massive sulfide de- 
posits shown in Fig. 8. A similar relationship 
has been observed for modern submarine gos- 
sans from a hydrothermal field on the Mid-At- 
lantic Ridge (Trans-Atlantic Geotraverse; cf. 
Hannington et al., 1991 ). In some cases, thus, 
oxidation of sulfide orebodies seems to further 
increase their REE contents, but it involves, 
like the formation of hydrothermal metallifer- 
ous sediments, an additional REE component 
due to adsorption of seawater-derived REE 
onto Fe-oxyhydroxides (Barrett et al., 1988; 
Hannington et al., 1991; Mills et al., 1991 ). 

5. Discussion 

The above examples demonstrate that at el- 
evated temperatures H2S-rich fluids are very 
effective in transporting large amounts of ore- 
forming base metals as well as lesser, but none- 
theless significant quantities of REE and other 
elements (in some cases ACT, Ti, Zr). The 
mineralogical, geochemical and textural rela- 
tionships described for the Adamello veins and 
summarized for the other examples suggest that 
the REE are trapped at the site of sulfide pre- 
cipitation. At these sites, however, the REE are 
not incorporated into sulfide minerals (Mor- 

gan and Wandless, 1980), but rather into ac- 
cessory or minor phases with a high affinity for 
REE [i.e. monazite, aeschynite, zirconolite/ 
zirkelite, apatite and titanite; in submarine as- 
semblages: barite (Barrett et al., 1990), and 
anhydrite]. All these minerals are texturally 
closely associated with the sulfides (Figs. 2 and 
3; see also Haymon, 1983; Gierr, 1990b, 1992; 
Gier6 and Williams, 1992), indicating that the 
deposition of REE from the hydrothermal 
fluids could be genetically related to the crys- 
tallization of base-metal sulfides. 

5. I. Transport of REE 

The presence of large amounts of H2S in cer- 
tain hydrothermal fluids suggests that under 
these special conditions the REE might form 
complexes with reduced sulfur (S -n )  species, 
i.e. H2S, HS- and S 2-. The possible role o fS  - n  
complexes in transporting REE has also been 
pointed out by Wilton ( 1985 ). To the author's 
knowledge, however, no experimental data ex- 
ist on complex formation of sulfide species with 
REE, although crystalline REE-sulfides 
(REE2S3) are known in the laboratory (Fla- 
hout, 1979). In contrast to this, experimental 
data and theoretical predictions suggest that 
sulfate ions form relatively strong complexes 
with REE (cf. Wood, 1990). Moreover, sulfate 
complexes, could be important even if the con- 
centration of reduced sulfur in the fluid is larger 
than that of sulfate. Hot vent fluids from the 
East Pacific Rise, for example, contain only 
approximately one order of magnitude more 
HES than SO 2- (end-member concentrations; 
see Von Damm et al., 1985 ); therefore, sulfate 
complexes could be more important, if the sta- 
bility constants for the REE-sulfate complexes 
are more than an order of magnitude greater 
than those for REE-sulfide complexes. 

The mineral assemblage in the zirkelite-jor- 
disite veins does not point to the presence in 
the fluid of complexing agents other than a re- 
duced sulfur species or possibly hydroxide ions. 
In this particular case, OH-  and S -H species 
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are the most likely ligands for complexing and 
transporting the REE in the hydrothermal fluid 
which also carried Fe, Mo, U, Ti and Zr. Aga- 
pova et al. (1989) demonstrated that the sol- 
ubility of anatase increases with increasing 
contents of total reduced sulfur in hot sulfide- 
carbonate solutions (200°C, 100 atm; con- 
stant pH of intermediate value); from these 
results they concluded that Ti forms mixed-li- 
gand bisulfide-carbonate-hydroxide com- 
plexes. Since Ti is a prominent metal in the 
REE-rich zirkelite-jordisite veins and often 
behaves similarly to the REE in hydrothermal 
fluids (Gier6, 1990a), the experiments of Aga- 
pova et al. (1989) contribute to understand- 
ing the formation of these veins, particularly 
because the studied solutions appear to be very 
effective also in transporting Mo and U (Aga- 
pova et al., 1987). 

The above example indicates that REE-S -n 
complexes might be of considerable impor- 
tance in hydrothermal fluids, but most proba- 
bly only in the absence of other potentially 
strong ligands (see also Brookins, 1989). If 
strong complex-forming ligands such as fluo- 
ride, carbonate or possibly phosphate are pres- 
ent, the suggested S -II complexes with REE 
would probably not be important because of 
the strong affinity of the hard REE ions for ox- 
ygen donors from hard ligands, especially at 
higher temperatures (Ahrland, 1968; Nancol- 
las, 1970 ). In the Adamello example the vein- 
forming fluid contained elevated concentra- 
tions of the hard ligands fluoride and phos- 
phate, which thus are the most likely ligands 
for complexing the REE (cf. Gier6, 1990a, b, 
1992). Similarly, the suggested REE-S -~I 
complexes probably play only a minor role in 
the submarine hydrothermal vent fluids where 
chloride is the main anion. 

5.2. Mechanisms of REE deposition 

If REE-S-u complexes do exist, crystalliza- 
tion of sulfide minerals might cause precipita- 
tion of REE. This mechanism can be illus- 

trated by considering the equations: 

REE(HS) ° ~REE(HS)~ +HS-  (5) 

REE(HS)J- ~-REE(HS) 2+ +HS-  (6) 

REE (HS) 2÷ ~REE 3+ + HS- (7) 

which describe three possible complexation 
equilibria of trivalent REE ions with bisulfide 
ligands. In high-temperature fluids, where 
metal ions tend to form neutral complexes 
(Seward, 1981; Crerar et al., 1985), the re- 
moval of large amounts of reduced sulfur due 
to precipitation of sulfide minerals, thus, would 
lead to the stepwise breakdown of the neutral 
REE(HS) ° complexes, and eventually to the 
formation of REE 3 + ions which then might be 
deposited in REE-bearing phases. 

A similar model has been proposed by Gier6 
(1990a) in order to explain textural relation- 
ships between the F-rich and the REE-, Ti- and 
Zr-bearing minerals in the Adamello veins. 
This suggestion is based on and indirectly sup- 
ported by experimental results as well as by 
theoretical considerations, which demonstrate 
that fluoride is a very effective ligand for com- 
plexing of REE, at least in the intermediate pH 
region and at temperatures up to 350°C 
(Wood, 1990). Thus, a decrease in the fluo- 
ride activity, caused, for example, by the crys- 
tallization of fluorapatite or F-rich silicates, 
might induce breakdown of the REE-fluoride 
complexes. Similarly, Kosterin (1959) sug- 
gested that crystallization of calcite or dolo- 
mite in hydrothermal systems leads to a de- 
crease in the CO 2- concentration in the fluid, 
resulting in a breakdown of the REE-carbon- 
ate complexes. The latter can be important for 
the transport of REE in near-neutral to basic 
hydrothermal fluids (Wood, 1990). 

The suggested genetic relationship between 
base-metal sulfides and REE-bearing min- 
erals, however, is probably more complex in 
cases where both S -u species and stronger 
complex-forming ligands are present in the 
fluids (e.g., Adamello, vent fluids). The re- 
moval of large amounts of reduced sulfur by 
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crystallization of sulfide minerals, thus, would 
not directly affect the stability of complexes 
like, for example, REEF~a or REE(PO4) °, but 
it may significantly change other fluid proper- 
ties, e.g. pH or Eh, which in turn could induce 
deposition of REE. 

This mechanism is best illustrated by con- 
sidering chloride-rich hydrothermal fluids in 
which ore-forming elements such as Fe, Cu, Zn 
or Pb are carried as chloride complexes (e.g., 
Barnes, 1979 ). Sulfide precipitation from these 
particular fluids can be described by the gen- 
eral reaction: 

MeC1 ° + H2 S~MeS + 2H + + 2C1- 
( sulfide ) 

(8) 

which may be formulated, for example, for 
pyrrhotite, pyrite, sphalerite or galena, but also 
for chalcopyrite (Eugster, 1985, 1986). This 
conversion of metal chloride solutes to sulfide 
minerals is liberating H + (or HC1) which in- 
creases the acidity of the hydrothermal fluid. 
Deposition of the dissolved REE might then 
occur in response to such a change in pH, in- 
duced by crystallization of the sulfide min- 
erals, rather than as a consequence of the 
breakdown of REE-S-IX complexes. 

Evidence for this type of mechanism is pro- 
vided, for example, by the hydrothermal vent 
fluids: dramatically different conditions are 
encountered suddenly by the hot ( T~ 350 ° C ), 
acid (pHi3 .5) ,  H2S- and chloride-rich, 
REE-bearing vent fluids at the seafloor when 
they are ejected into the cold (T~ 2 °C), alka- 
line (pH ~ 8 ) and SO 2- -rich seawater; this is 
leading to immediate precipitation of sulfide 
minerals. It seems that most REE dissolved in 
the hydrothermal fluids are deposited at the site 
of sulfide precipitation; this is suggested by the 
REE patterns of hydrothermal metalliferous 
sediments further away from the vent sites 
which indicate that the REE deposited in such 
distal sites are mainly derived from seawater 
(e.g., Barrett et al., 1988 ). Besides being incor- 
porated into anhydrite (see p.261 ), the REE 
could further be removed from the vent fluids 

by adsorption onto the surface of the precipi- 
tating sulfide minerals*. 

5.3. Sulfide precipitation and REE deposition 
in the Adamello veins 

The aspects of REE transport and deposi- 
tion outlined above can be combined into a 
tentative model in order to explain the inter- 
dependence between the formation of sulfides 
and the crystallization of REE-bearing min- 
erals in the Adamello veins. 

As mentioned above (p.257), the isotopic 
data suggest that the vein-forming fluids were 
derived from the nearby tonalite intrusion, 
representing fluids which probably separated 
from the tonalitic melt during emplacement of 
the tonalite (Gier6, 1990b). Such fluids are 
expected to be acid and relatively oxidizing 
(judging from the silicate assemblage in the 
Adamello tonalite probably in the range of 1- 
2 log units above FMQ; see Frost and Lin- 
dsley, 1992). A relatively oxidizing original 
fluid is also indicated by the average sulfur iso- 
tope composition of the veins as well as by the 
oxidation state of sulfur in the tonalite, where 
sulfur appears to be mainly contained in apa- 
tire, probably as sulfate substituting for phos- 
phate (Gier6 and Hoering, 1990). 

This tonalitic fluid then interacted with the 
dolomite marble causing oxidation of the wall- 
rock graphite [according to reaction ( 1 ) ] in 
the immediate vicinity of the veins (bleached 
dolomite marble; see p.254), and producing 
the graphite-free assemblage forster- 
ite + calcite (Fig. 1 ). Formation of this vein 
zone may be expressed as 

2 CaMg( CO3)2 + SiO2taq) 
(dolomite) 

2CAC03 + Mg2 Si04 d- 2C02 
( calcite ) (forsterite) 

(9) 

*The REE are known to be rapidly adsorbed, for example, 
onto Fe-oxyhydroxides (Byrne and Kim, 1990; Koeppen- 
kastrop and De Carlo, 1992). 
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This decarbonation reaction leads to a dilu- 
tion of the metasomatic fluid which is consis- 
tent with the stable isotopic data indicating that 
the original fluid was diluted by dolomite-de- 
rived components (Gier6, 1990b). As pointed 
out by Crerar and Barnes (1976) and Barnes 
(1979), dilution of fluids carrying ore-form- 
ing elements may induce precipitation of sul- 
fide minerals, because the activity of ligand- 
forming anions (e.g., C1-) is decreased. This 
conclusion is drawn from reactions similar to 
reaction ( 8 ) which could be representative for 
precipitation of the sulfides in the Adamello 
veins. Reaction (8) assumes that the ore- 
forming metals are transported as chloride 
complexes, which is feasible for the Adamello 
example because of the relatively high fugacity 
of HC1 ° in the fluid (Table 3 ). 

The general sulfide-forming reaction (8), 
probably initiated by fluid dilution due to pro- 
gression of reaction (9), would lead to an in- 
crease in the fluid acidity. In carbonate rocks 
this acidity is generally neutralized by calcite 
dissolution and production of a CaC1 ° brine 
(Kwak and Tan, 1981; Eugster, 1985) accord- 
ing to the schematic reaction: 

CaCO 3 + 2 H  + +2C1-  ~CaC12 ° -~CO 2 + H 2 0  (10) 
( calcite ) 

In high-temperature, relatively reducing 
fluids Cu is mainly transported as CuC1 ° 
(Crerar and Barnes, 1976), while Fe com- 
monly forms FeC1 ° complexes (Chou and 
Eugster, 1977; Crerar et al., 1985 ). Combining 
this information with reactions ( 8 ) and (10) 
leads to the chalcopyrite-forming model 
reaction: 

3CACO3 + 4H2 S + 2CuC1 ° + 2FeC12 ° 
( ca l c i t e )  

2CuFeS2 + 3H20 + 3CAC12 ° + 3CO2 + H2 
( c h a l c o p y r i t e )  

or, expressed in a different way, 
0 o 6CACO3 + 8H 2 S + 4CuC1 + 4FeC12 

( calcite ) 

(11) 

4CuFeS2 + 8H20 + 6CAC12 ° + 5CO 2 "q- C 
( chalcopyrite ) ( graphite I 

(12) 

These reactions, both involving oxidation of 
Cu + to Cu E+, could describe the precipitation 
of chalcopyrite in the Adamello veins. Fur- 
thermore, reaction ( 12 ) leads to the formation 
of graphite and therefore, would explain why 
both graphite and chalcopyrite occur in the 
three central Ti-rich assemblages. Reactions 
( 11 ) and ( 12 ) could both eventually shift the 
oxygen fugacity of the fluid to values lower than 
those of the original fluid derived from the in- 
trusion, permitting the precipitation of pyr- 
rhotite (cf. Fig. 7). Pyrrhotite formation can 
readily be described by reaction (8); the re- 
sulting decrease in pH could then induce the 
breakdown of REE complexes. This break- 
down may be expressed, for example, as: 

REE(PO4)°+ 3H+ ~REE3+ + HaPO ° (13) 

or  

REEF~3 + 3H + ~REE 3+ + 3HF ° ( 14 ) 

for the case of a complete, three-step break- 
down of possible phosphate or fluoride com- 
plexes to trivalent REE ions. Moreover, crys- 
tallization of apatite, formulated schematically 
as: 

5CACO3 + 3HaPO ° + HF°~ 
( ca l c i t e )  

Ca5 (PO4) 3F+ 5CO2 + 5 H 2 0  ( 15 ) 
( a p a t i t e )  

would further aid in destabilizing the inferred 
REE complexes. Reaction ( 15 ) could also ex- 
plain the close textural association of fluor- 
apatite with the REE-bearing minerals (Gier6, 
1990a; Gier6 and Williams, 1992 ). 

Reactions ( 11 ), ( 12 ) and ( 15 ) may also be 
formulated in terms of dolomite dissolution: the 
formation of chalcopyrite could then be writ- 
ten as*: 

*Formulated in such a way as to exclude formation of 
magnesite, because magnesite was not observed in the 
apatite-bearing vein zones. 
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6CaMg(CO3) 2 + 8H2S 
( dolomite ) 

+ 4CuCl ° + 4FeCl ° + 12HCl°~ 

4CuFeS2 + 14H20+ 6CaCl ° + 6MgCl°2 
( chalcopyrite ) 

+ 11C02 + C 
(graphite) 

(16) 

whereas apatite formation could be described 
as; 

5CaMg(CO3)2 + 3H3PO ° + H F ° +  10HCI°~ 
( dolomite ) 

Cas(PO4)3F+ 5MgC1 ° + 10CO2 d- 10H20 
( apatite ) 

(17) 

It has to be stressed, however, that neither apa- 
tite nor chalcopyrite were found in the forster- 
ite + calcite zone, the only vein zone in contact 
with the dolomite marble wall-rock (Fig. 1 ). 
This is suggesting that the formation of both 
chalcopyrite and apatite implies the presence 
of calcite rather than dolomite, a condition 
which is met by the metasomatic fluid only 
after formation of the forsterite+calcite as- 
semblage. Therefore, reactions ( 12 ) and ( 15 ) 
best describe the crystallization of chalcopyr- 
ite and apatite. 

Similarly, according to the model presented 
above, the calcite crystals present in each of the 
sulfide-bearing assemblages (Fig. 1) could 
have been formed only after neutralization of 
the acidity produced by sulfide precipitation 
and after crystallization of apatite. An early 
crystallization of apatite within the sulfide- 
beating, Ti- Zr-, REE- and ACT-rich vein zones 
is also indicated by the euhedral shape of most 
apatite crystals. 

This tentative model could explain the ob- 
served mineralogical zoning with respect to 
some of the minerals present in the Adamello 
veins. Clearly, the model has to be elaborated 
in more detail in order to understand the zon- 
ing also with respect to pargasite, phlogopite, 

titanian clinohumite and spinel (R. Gier6, in 
prep. ). 

6. Summary 

As shown in this study, the REE can be 
transported by reducing, H2S-rich fluids in a 
wide range of different geological environ- 
ments. Complexes of REE with S -II species 
may be important in certain hydrothermal 
fluids, but most probably only in the absence 
of other strong ligands such as fluoride, car- 
bonate, or possibly phosphate. In the environ- 
ments described above, textural relationships 
and geochemical data suggest that the forma- 
tion of REE-bearing accessory and minor min- 
erals appears to be genetically linked to the 
precipitation of base-metal sulfides. Two dif- 
ferent kinds of mechanisms for REE deposi- 
tion can be envisaged both producing similar, 
possibly indistinguishable textures: 

(1) The precipitation of sulfides could in- 
duce REE deposition by the removal of S -II 
species and concomitant breakdown of the 
REE-S- ii complexes. 

(2) If the REE are complexed in the fluid by 
other, stronger ligands, the breakdown of such 
REE complexes (e.g., REEF3 ° ) could be a re- 
sponse to changes in fluid properties, such as 
pH or Eh induced by crystallization of sulfide 
minerals. 

The mechanisms proposed here could both 
explain the observed trapping of REE at the site 
of sulfide precipitation. The Adamello veins 
provide a good example for the complex inter- 
dependence between crystallization of sulfide 
minerals, changes in fluid composition, and the 
deposition of REE. 

Base-metal sulfide deposits may contain ap- 
preciable amounts of REE; they can be further 
enriched in REE when affected by secondary 
processes as documented, for example, by oxi- 
dation of submarine sulfide orebodies. This 
could indicate that under certain circumstan- 
ces, sulfide deposits might become potential 
REE deposits. 



266 R. GIERI~ 

Acknowledgements 

Thi s  s t udy  was  m a d e  poss ib le  b y  the  gener -  
ous  f inanc ia l  s u p p o r t  o f  the  Schwe ize r i s che r  
N a t i o n a l f o n d s  ( G r a n t s  No .  2 .601-0.8  5, 2000-  
5.240 a n d  2 1 - 3 3 8 3 0 . 9 2 ) ,  wh ich  is gra te fu l ly  

acknowledged .  T h e  a u t h o r  w o u l d  l ike to  t h a n k  
P r o f e s s o r  S.A. W o o d  ( U n i v e r s i t y  o f  I d a h o ) ,  
P r o f e s s o r  T .M.  Seward  ( E T H  Z i i r i ch ) ,  Dr .  J. 

B r e n a n  ( L a w r e n c e  L i v e r m o r e  N a t i o n a l  L a b o -  

r a t o r y )  a n d  two  a n o n y m o u s  rev iewers  for  the i r  
ve ry  care fu l  a n d  c o n s t r u c t i v e  r ev iews  o f  an  
ear l ier  ve r s ion  o f  the  m a n u s c r i p t .  I a m  par t i c -  

u la r ly  i n d e b t e d  to P r o f e s s o r  B.R.  F ros t  ( U n i -  
ve r s i ty  o f  W y o m i n g )  for  ve ry  he lpfu l  c o m -  
m e n t s  a n d  s t imula t ing  discussions.  I also wou ld  

l ike to  express  m y  g ra t i t ude  to  Dr .  C.T.  Wil-  
l i ams  ( N a t u r a l  H i s t o r y  M u s e u m ,  L o n d o n  ) for  
p e r f o r m i n g  s o m e  o f  the  i n s t r u m e n t a l  n e u t r o n  

a c t i v a t i o n  ana lyses  on  the  A d a m e l l o  ve in  
samples .  

References 

Agapova, G.F., Shmariovich, Ye.M., Vorob'yev, I.M. and 
Khitarov, D.N., 1987. Experimental study of the be- 
havior of molybdenum in hot sulfide-carbonate solu- 
tions. Int. Geol. Rev., 29(4): 491-498. 

Agapova, G.F., Modnikov, I.S. and Shmariovich, Ye.M., 
1989. Experimental study of the behavior of titanium 
in hot sulfide-carbonate solutions. Int. Geol. Rev., 
31 (4): 424-430. 

Ahrland, S., 1968. Thermodynamics of complex forma- 
tion between hard and soft acceptors and donors. 
Struct. Bond., 5:118-149. 

Alt, J.C., 1988. The chemistry and sulfur isotope compo- 
sition of massive sulfide and associated deposits on 
Green Seamount, Eastern Pacific. Econ. Geol., 83: 
1026-1033. 

Barnes, H.L., 1979. Solubility of ore minerals. In: H.L. 
Barnes (Editor), Geochemistry of Hydrothermal Ore 
Deposits. Wiley, New York, N.Y., pp. 404-460. 

Barrett, T.J., Jarvis, I., Longstaffe, F.J. and Farquhar, R., 
1988. Geochemical aspects of hydrothermal sedi- 
ments in the Eastern Pacific Ocean: an update. Can. 
Mineral., 26: 841-858. 

Barrett, T.J., Jarvis, I. and Jarvis, K.E., 1990. Rare earth 
element geochemistry of massive sulfides-sulfates and 
gossans on the Southern Explorer Ridge. Geology, 18: 
583-586. 

Barton, P.B. and Skinner, B.J., 1967. Sulfide mineral sta- 

bilities. In: H.L. Barnes (Editor), Geochemistry of 
Hydrothermal Ore Deposits. Holt, Rinehart & Win- 
ston, New York, N.Y., pp. 236-333. 

Berman, R.G., 1988. Internally-consistent thermody- 
namic data for minerals in the system Na20-K20- 
CaO-MgO-FeO-Fe203-A1203-SiO2-TiO2-H20- 
CO2. J. Petrol., 29(2): 445-522. 

Bianchi, A., Callegari, E. and Jobstraibizer, P.G., 1970. I 
tipi petrografici fondamentali del plutone 
dell'Adamello. Mem. Ist. Geol. Mineral. Univ. Pa- 
dova, 27: 1-148. 

Brookins, D.G., 1989. Aqueous geochemistry of rare earth 
elements. In: B.R. Lipin and G.A. McKay (Editors), 
Geochemistry and Mineralogy of the Rare Earth Ele- 
ments. Mineral. Soc. Am., Rev. Mineral., 21: 201-225. 

Brown, T.H., Berman, R.G. and Perkins, E.H., 1988. 
GEO-CALC: Software package for calculation and dis- 
play of pressure-temperature-composition phase dia- 
grams using an IBM or compatible personal computer. 
Comp. Geosci., 14(3): 279-289. 

Byrne, R.H. and Kim, K.-H., 1990. Rare earth element 
scavenging in seawater. Geochim. Cosmochim. Acta, 
54: 2645-2656. 

Chou, I-Ming and Eugster, H.P., 1977. Solubility of mag- 
netite in supercritical chloride solutions. Am. J. Sci., 
277: 1296-1314. 

Crerar, D.A. and Barnes, H.L., 1976. Ore solution chem- 
istry, V. Solubilities of chalcopyrite and chalcocite as- 
semblages in hydrothermal solution at 200 ° to 350°C. 
Econ. Geol., 71: 772-794. 

Crerar, D.A., Wood, S.A., Brantley, S.L. and Bocarsly, A., 
1985. Chemical controls on the solubility of ore-form- 
ing minerals in hydrothermal solutions. Can. Min- 
eral., 23: 333-352. 

De Baar, H.J.W., Bacon, M.P. and Brewer, P.G., 1985. 
Rare earth elements in the Pacific and the Atlantic 
Oceans. Geochim. Cosmochim. Acta, 49: 1943-1959. 

Del Moro, A., Pardini, G., Quercioli, C., Villa, I.M. and 
Callegari, E., 1985. Rb/Sr and K/Ar chronology of 
Adamello granitoids, Southern Alps. Mem. Soc. Geol. 
Ital., 26: 285-299. 

Elderfield, H. and Greaves, M.J., 1982. The rare earth 
elements in seawater. Nature (London), 296:214-219. 

Eugster, H.P., 1985. Granites and hydrothermal ore de- 
posits: a geochemical framework. Mineral. Mag., 49: 
7-23. 

Eugster, H.P., 1986. Minerals in hot water. Am. Mineral., 
71: 655-673. 

Flahout, J., 1979. Sulfides, selenides and tellurides. In: 
K.A. Gschneider and L. Eyring (Editors), Handbook 
of the Physics and Chemistry of the Rare Earths, Vol. 
4. Elsevier, Amsterdam, pp. 1-88. 

Frost, B.R. and Lindsley, D.H., 1992. Equilibria among 
Fe-Ti oxides, pyroxenes, olivine, and quartz: Part II. 
Application. Am. Mineral., 77: 1004-1020. 

Gier6, R., 1990a. Hydrothermal mobility of Ti, Zr and 



TRANSPORT AND DEPOSITION OF REE IN H2S-RICH FLUIDS 267 

REE: Examples from the Bergell and Adamello con- 
tact aureoles (Italy). Terra Nova, 2( 1 ): 60-67. 

Gier6, R., 1990b. Quantification of element mobility at a 
tonalite/dolomite contact (Adamello massif, Provin- 
cia di Trento, Italy). Ph.D. Thesis, Eidgen~ssische 
Technische Hochschule, ZiJrich, No. 9141, 158 pp. 

Gier6, R., 1992. Compositional variation of metasomatic 
titanite from Adamello (Italy). Schweiz. Mineral. Pe- 
trogr. Mitt., 72: 167-177. 

Gier6, R. and Hoering, T.C., 1990. Isotopic composition 
of sulfides in Ti-rich veins from the Adamello contact 
aureole (Italy). Carnegie Inst., Annu. Rep. Geophys. 
Lab., pp. 33-37. 

Gier6, R. and Williams, C.T., 1992. REE-bearing min- 
erals in a Ti-rich vein from the AdameUo contact au- 
reole (Italy). Contrib. Mineral. Petrol., 112: 83-100. 

Gier6, R., Oberli, F. and Meier, M., 1988. Mobility of Ti, 
Zr and REE: Mineralogical, geochemical and isotopic 
evidence from the Adamello contact aureole (Italy). 
In: European Association for Geochemistry, Interna- 
tional Congress of Geochemistry and Cosmochemis- 
try. Chem. Geol., 70(1/2): 161 (abstract; special 
issue ). 

Goldberg, E.D., Koide, M., Schmitt, R.A. and Smith, R.H., 
1963. Rare earth distributions in the marine environ- 
ment. J. Geophys. Res., 68( 14): 4209-4217. 

Graf, J.L., 1977. Rare earth elements as hydrothermal 
tracers during the formation of massive sulfide depos- 
its in volcanic rocks. Econ. Geol., 72 (4): 527-548. 

Graham, U.M., Bluth, G.J. and Ohmoto, H., 1988. Sul- 
fide-sulfate chimneys on the East Pacific Rise, 11 ° and 
13°N latitudes, Part I: Mineralogy and paragenesis. 
Can. Mineral., 26: 487-504. 

Greaves, M.J., Rudnicki, M. and Elderfield, H., 1991. Rare 
earth elements in the Mediterranean Sea and mixing 
in the Mediterranean outflow. Earth Planet. Sci. Lett., 
103: 169-181. 

Hannington, M.D., Herzig, P.M., Gregoire, D.C. and Be- 
langer, P., 1991. Mineralogy and chemistry of complex 
Fe-oxide gossans from the TAG hydrothermal field, 
Mid-Atlantic Ridge. Geol. Assoc. Can.-Mineral. As- 
soc. Can.-Soc. Econ. Geol., Prog. Abstr., 16:A51 
(abstract). 

Haymon, R.M., 1983. Growth history of hydrothermal 
black smoker chimneys. Nature (London), 301: 695- 
698. 

Haymon, R.M. and Kastner, M., 1981. Hot spring depos- 
its on the East Pacific Rise at 21 °N: preliminary de- 
scription of mineralogy and genesis. Earth Planet. Sci. 
Lett., 53: 363-381. 

Hagdahl, O.T., Melsom, S. and Bowen, V.T., 1968. Neu- 
tron activation analysis of lanthanide elements in sea- 
water. Adv. Chem. Ser., 73: 308-325. 

Humphris, S.E. and Thompson, G., 1978a. Hydrother- 
mal alteration of oceanic basalts by seawater. Geo- 
chim. Cosmochim. Acta, 42: 107-125. 

Humphris, S.E. and Thompson, G., 1978b. Trace ele- 
ment mobility during hydrothermal alteration of 
oceanic basalts. Geochim. Cosmochim. Acta, 42:127- 
136. 

Isokangas, P., 1978. Finland. In: S.H.U. Bowie, A. Kval- 
heim and A.W. Haslam (Editors), Mineral Deposits 
of Europe, 1, Northwest Europe. Inst. Min. Metall. 
Mineral. Soc., London, pp. 39-92. 

Klinkhammer, G., Elderfield, H. and Hudson, A., 1983. 
Rare earth elements in seawater near hydrothermal 
vents. Nature (London), 305: 185-188. 

Koeppenkastrop, D. and De Carlo, E.H., 1992. Sorption 
of rare-earth elements from seawater onto synthetic 
mineral particles: an experimental approach. Chem. 
Geol., 95: 251-263. 

Korzhinskiy, M.A., 1981. Apatite solid soultions as indi- 
cators of the fugacity of HC1 ° and HF ° in hydrother- 
mal fluids. Geochem. Int., 18: 44-60. 

Kosterin, A.V., 1959. The possible modes of transport of 
the rare earths by hydrothermal solutions. Geochem. 
Int., 4: 381-387. 

Kwak, T.A.P. and Tan, T.H., 1981. The importance of 
CaC12 in fluid composition trends - -  evidence from the 
King Island (Dolphin) skam deposit. Econ. Geol., 76: 
955-960. 

Leigh, G.J., 1990. Nomenclature of Inorganic Chemistry, 
Recommendations 1990, IUPAC. Blackwell, Oxford, 
289 pp. 

Ludden, J.N. and Thompson, G., 1979. An evaluation of 
the behavior of the rare earth elements during the 
weathering of sea-floor basalt. Earth Planet. Sci. Lett., 
43: 85-92. 

Lupton, J.E., Klinkhammer, G.P., Normark, W.R., Hay- 
mort, R., Macdonald, K.C., Weiss, R.F. and Craig, H., 
1980. Helium-3 and manganese at the 21 °N East Pa- 
cific Rise hydrothermal site. Earth Planet. Sci. Lett., 
50: 115-127. 

Lydon, J.W., 1988a. Volcanogenic massive sulfide depos- 
its, Part 1: A descriptive model In: R.G. Roberts and 
P.A. Sheahan (Editors), Ore Deposit Models. Geol. 
Soc. Can., Geosci. Can. Reprint, Ser. 3, pp. 145-153. 

Lydon, J.W., 1988b. Volcanogenic massive sulfide depos- 
its, Part 2: Genetic models. In: R.G. Roberts and P.A. 
Sheahan (Editors), Ore Deposit Models. Geol. Soc. 
Can., Geosci. Can. Reprint, Ser. 3, pp. 155-181. 

Macdonald, K.C., Becket, K., Spiess, F.N. and Ballard, 
R.D., 1980. Hydrothermal heat flux of the "black 
smoker" vents on the East Pacific Rise. Earth Planet. 
Sci. Lett., 48: 1-7. 

Michard, A. and Albar~de, F., 1986. The REE content of 
some hydrothermal fluids. Chem. Geol., 55:51-60. 

Michard, A., Albar~de, F., Michard, G., Minster, J.F. and 
Charlou, J.L., 1983. Rare earth dements and uranium 
in high-temperature solutions from East Pacific Rise 
hydrothermal vent field ( 13 ° N). Nature (London), 
303: 795-797. 



268 R. GIERI~ 

Michard, G., Albar6de, F., Michard, A., Minster, J.F., 
Charlou, J.L. and Tan, N., 1984. Chemistry of solu- 
tions from the 13°N East Pacific Rise hydrothermal 
site. Earth Planet. Sci. Lett., 67: 297-307. 

Mills, R., Elderfield, H. and Thompson, J., 1991. Char- 
acterization of two hydrothermal components in me- 
talliferous sediments from TAG-26°N mid-Atlantic 
ridge. Terra Abstr., 3 ( 1 ): 467 (abstract). 

Morgan, J.W. and Wandless, G.A., 1980. Rare earth ele- 
ment distribution in some hydrothermal minerals: 
evidence for crystallographic control. Geochim. Cos- 
mochim. Acta, 44: 973-980. 

Morteani, G., 1991. The rare earths: their minerals, pro- 
duction and technical use. Eur. J. Mineral., 3: 641-650. 

Mottl, M.J. and Holland, H.D., 1978. Chemical exchange 
during hydrothermal alteration of basalt by seawater, 
I. Experimental results for major and minor compo- 
nents of seawater. Geochim. Cosmochim. Acta, 42: 
1103-1115. 

Nancollas, G.H., 1970. The thermodynamics of metal 
complex and ion-pair formation. Coord. Chem. Rev., 
5: 379-415. 

Ohmoto, H., 1972. Systematics of sulfur and carbon iso- 
topes in hydrothermal ore deposits. Econ. Geol., 67: 
551-579. 

Olson, J.C., Shawe, D.R., Pray, L.C. and Sharp, W.N., 
1954. Rare earth mineral deposits of the Mountain Pass 
District, San Bernardino County, California. U.S. Geol. 
Surv., Prof. Pap., 261: 1-75. 

Reed, M.H., 1983. Seawater-basalt reaction and the ori- 
gin ofgreenstones and related ore deposits. Econ. Geol., 
78: 466-485. 

Rekharskiy, V.I. and Rekharskaya, V.M., 1969. The new 
zirkelite-jordisite mineral paragenesis. Dokl. Akad. 
Nauk S.S.S.R., 184: 144-147. 

Robertson, A.H.F. and Fleet, A.J., 1976. The origins of 
rare earths in metalliferous sediments of the Troodos 
massif, Cyprus. Earth Planet. Sci. Lett., 28: 385-394. 

Robie, R.A., Hemingway, B.S. and Fisher, J.R., 1979. 
Thermodynamic properties of minerals and related 
substances at 298.15 K and 1 bar (10 ~ pascals) pres- 
sure and at higher temperatures. U.S. Geol. Surv., Bull. 
1452, 456 pp. 

Schiffman, P. and Smith, B.M., 1988. Petrology and oxy- 

gen isotope geochemistry of a fossil seawater hydro- 
thermal system within the Solea graben, northern 
Troodos ophiolite, Cyprus. J. Geophys. Res., 93B: 
4612-4624. 

Scott, S.D., 1991. Polymetallic massive sulfide deposits 
of the modern ocean floor: a review. Univ. of Bern, 
Bern, Short Course, Comm. Romande Coord. Sci. 
Terre (3e Cycle). 

Seward, T.M., 1981. Metal complex formation in aqueous 
solutions at elevated temperatures and pressures. In: 
D.T. Rickard and F.E. Wickman (Editors), Physics 
and Chemistry of the Earth, Vol. 13/14. Pergamon, 
Oxford, pp. l 13-132. 

Spiess, F.N., Macdonald, K.C., Atwater, T., Ballard, R., 
Carranza, A., Cordoba, D., Cox C., Diaz Garcia, V.M., 
Francheteau, J., Guerrero, J., Hawkins, J., Haymon, 
R., Hessler, R., Juteau, T., Kastner, M., Larson, R., 
Luyendyk, B., Macdougall, J.D., Miller, S., Normark, 
W., Orcutt, J. and Rangin, C., 1980. East Pacific Rise: 
hot springs and geophysical experiments. Science, 207: 
1421-1433. 

Von Damm, K.L., Edmond, J.M., Grant, B. and Meas- 
ures, C.I., 1985. Chemistry of submarine hydrother- 
mal solutions at 21 °N, East Pacific Rise. Geochim. 
Cosmochim. Acta, 49: 2197-2220. 

Wakita, H., Rey, P. and Schmitt, R.A., 1971. Abundances 
of 14 rare earth elements and 12 other elements in 
Apollo 12 samples: five igneous and one breccia rocks 
and four soils. Proc. 2nd Lunar Sci. Conf., Geochim. 
Cosmochim. Acta, Suppl., 2 (2): 1319-1329. 

Whitford, D.J., Korsch, M.J., Porritt, P.M. and Craven, 
S.J., 1988. Rare earth element mobility around the 
volcanogenic polymetallic massive sulfide deposit at 
Que River, Tasmania, Australia. Chem. Geol., 68: 105- 
119. 

Wilton, D.H.C., 1985. REE and background Au/Ag evi- 
dence concerning the origin of hydrothermal fluids at 
Cape Ray electrum deposits, Southwestern New- 
foundland. Can. Inst. Min. Metall., 78 (874): 48-59. 

Wood, S.A., 1990. The aqueous geochemistry of rare-earth 
elements and yttrium, 2. Theoretical predictions of 
speciation in hydrothermal solutions to 350°C at sat- 
uration water vapor pressure. Chem. Geol., 88: 99-125. 


