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Abstract 

Emerald, occurring in K-metasomatic rocks devcloped at the contact of the Carnaíba leucogranite with 
serpentinite (Bahia State, Brazil), has been dated using an original 40Ar/39Ar procedure. It combines step heating 
and spot fusion experiments on two types of phlogopite crystals: (1) bulk samples and individual grains extracted 
from the enclosing K-metasomatic host rocks; and (2) syngenetic solid inclusions precipitated along growing zones of 
the emerald host crystals. Thc second procedure uses in situ laser probe experiments on rocksections. In spite of the 
huge amounts of excess 40Ar detected in adjacent emerald, we could measure reliable ages of 1951 * 8 Ma and 
1934 t- 8 Ma for the Trecho Velho and Braulia occurrences, respectively. Spot fusion data had higher discrepancy 
than the step heating data, but minute crystals of phlogopite included in emeralds bearing excess argon do not reveal 
gcess argon. A muscovite belonging to the same granite hydrothermal complex gave a plateau age of 1976 * 8 Ma, 
which may correspond to a higher closure temperature of the K-Ar system during the cooling of the whole pluton 
and associated hydrothermal halo. 

These accurate measurements lead to the following conclusions: (1) direct emerald dating is possible; (2) in spite 
of a polyphase history during the Transamazonian orogenesis (2 Ga), combined step heating and spot fusion 
experiments give a better precision for granite-related emerald mineralization than the scattered ages obtained by 
Rb-Sr and K-Ar methods; (3) the late-Transamazonian tectonothermal retrograde event which probably caused the 
dispersion of previous Rb-Sr and K-Ar data is not revealed by our procedure; (4) the emerald mineralization and 
K-metamorphism appear to be linked with the thermal history of the leucogranite; ( 5 )  in addition to its use in 
polyphase crustal domains, accurate 40Ar/39Ar dating is of major interest in the field of metallogenic models, even, 
for instance, for mineralizations characterized by disturbed isotopic systems, which record effects as exce& argon: ' .  
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trated in ultramafic bodies. Exceptional geologi- 
cal conditions are needed, therefore, to  bring 
together these two elements within the emerald 
crystal structure, which explains the scarcity of 
this valuable gem. Geological environments pro- 
pitious to such juxtaposition are suture zones, 
granite/greenstone terrains and metamorphosed 
shales 111. The Brazilian deposits from Bahia 
state 121 are good examples of such a process: 
emeralds are found in K-metasomatized rocks 
associated with leucogranites and Pegmatites in- 
truding serpentinite bodies. The metasomatic 
rocks are believed to represent the channels of 
fluid-rock interaction between pegmatitic veins 
and serpentinites [3,4]. Emerald mineralization 
therefore appears to be a good witness of granitic 
emplacement in Archean-Early Proterozoic cra- 
tons during continental collisions. However, the 
polyphase tectonothermal history of such crustal 
domains caused t1i.e frequent resetting of isotopic 
systems [5,6]. Direct and precise dating of emer- 
ald might contribute to a better understanding of 
the interaction between highly differentiated 
granite and basement rock during continental 
accretion. 

Natural emerald can contain measurable 
quantities of Rb. Therefore, the Rb-Sr method 
was first used for direct emerald dating of the 
Brazilian deposits (Socoto-Bahia State, Brazil), 
[7]. These first Rb-Sr determinations, although 
yielding age ranges compatible with the Transam- 
azonian orogeny (2 Ga), show high discrepancies 
between model ages of contemporaneous K- 
nietasomatite phlogopite (1814 h?a) and emerald 
(1180 Ma). 

Direct K-Ar dating of beryl and its emerald 
variety appears difficult due to large amounts of 
exce& argon, which occupies, along with other 
volatiles (H,O), inert gases (He) and alkali ions 
(Li, Na, K, Rb and Cs), the hexagonal channels 
defined by the six-membered silica tetrahedron 
ring. Values of 82-99% excess argon relative to 
radiogenic argon have been reported [8,9]. There- 
fore, the only promising way for precise emérald 
dating remains, at the moment, the indirect dat- 
ing of host rocks or K-bearing mineral inclusions 
which reflect their paragenesis and are very often 
present in natural emeralds [10,11]. 

In situ laser probe 40Ar/j9Ar experiments on 
minute syngenetic solid inclusions in emcrald, 
combined with 40Ar/39Ar step heating on bulk 
samples and single grains from the host rock, can 
be carried out on the “AI-/~’A~ delice of the 
University of Nice, France [12,13]. This method 
was attempted on the Carnaiba deposit from 
Brazil (Bahia sate), which produces emeralds with 
minute phlogopite grains precipitated along the 
growing zones of the gems. Phlogopite also repre- 
sents the main gangue mineral of the host rock, 
thus allowing comparative 40Ar/39Ar dating. This 
approach requires that the dated minerals are: 
(1) really Co-genetic (this will be discussed in 
detail in this paper); and (2) completely free from 
excess argon. Due to the close spatial association 
of the high excess argon-bearing emeralds and 
the dated phlogopite hydrous inclusions, we an- 
ticipated that some excess argon should also af- 
fect the latter. Our results invalidate this state- 
ment. 

2. Regional geology 

The Carnaiba granite and its related emerald 
deposits belong to the Transamazonian (2 Ga) 
leucogranites plutons of the Jacobina-Contendas 
Mirante belt [14-16], which form an elongated 
structure over 500 km long in the eastern part of 
the Archaean and lower Proterozoic São Fran- 
cisco craton (Bahia State, Brazil). The Carnaíba 
granite is a small, circular (4 km in diameter), 
homogeneous and fine grained, two-mica 
leucogranite [17] emplaced within a dome struc- 
ture of the Jacobina lower Proterozoic forma- 
tions, which overthrusts the  Archaean basement 
from east to  west (Fig. 1). The  Jacobina series are 
composed of thick metaquartzite units, metacon- 
glomerates, mica schists, banded iron formations :: 
and intercalated, thin meta-ultrabasic slices (100- i. 
300 m thick) bearing stratabound chromium 
posits, which have been retromorphosed into Ser- 
pentinites (Fig. 1). The serpentinite layers are  
cross-cut by the intrusive granitic pluton or oCC 

as enclaves in the top of the roof-pendant. 
The genesis of the Carnaíba-type emerald d 

posit appears to be well constrained [4,1S,1 
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emerald is found in the contact metamorphic 
rocks of the granite aureole (Fig. 11, within a 
dense swarm of Pegmatites crosscutting the ser- 
pentinite slices. The development of emeralds 
results from a metasomatic process. This is due to  
the infiltration of hydrothermal fluids throughout 
both the Pegmatites and serpentinites which lead 
to chemical exchanges, such as, for example: (1) 
the desilicification and albitization of Pegmatites; 
(2) the biotitization of serpentinites, which re- 
sulted in the development of monomineralic mica 
zones, the so-called K-metasoniatites or phlogo- 
pitites; and (3) the deposition of emerald and 
accessory molybdenite and scheelite, within the 
K-metasoniatites or less frequently the albitized 
Pegmatites. During the metasomatic ' exchanges, 
the chromium, substituted within the lattice of 
beryl and giving it its valuable colour, was ex- 
tracted from the serpentinites. The emerald oc- 
currences were then cross-cut by quartz- 
molybdenite-niuscovite-yellow beryl veins gener- 
ated during a late hydrothermal phase in the 
general emerald depositional event. 

Later, a barren tectonothermal overprinting, 
characterized by folding, boudinage, crenulation 

Y 

and a weak chloritization of biotite, affected the 
granite and the emerald-bearing K-metasoma- 
tites. This retromorphic event is attributed to the 
ultimate tectonic pulses of the Transamazonian 
orogenesis, since this part of the Saó Francisco 
craton is free of tectonothermal events of Brasil- 
iano age (0.6-0.5 Ga) [14,15]. 

The polyphase geological history of the 
Carnaiba area probably explains the wide disper- 
sion of radiometric data obtained on granites and 
related K-metasomatites. A Rb-Sr isochron age 
at 1553 t. S7Ma 1161 has been proposed for the 
Carnaiba granite, whereas the associated K- 
metasomatites yield an age of 1569 4 25 Ma [3 ] .  
Muscovites and biotites from the Carnaiba gran- 
ite yield K-Ar isochron ages of 19SOt.30 Ma 
and 1590 4 32 Ma, respectively [20], whereas the 
K-nietasomatites gave an age of 1958 rt 20 [201. 
Such a wide range of ages, determined on mus- 
covite and biotite from the granite and associated 
contact-metamorphosed surrounding rocks, ap- 
pear to be probably due to the late Transamazo- 
nian tectonothernial overprint, which partly dis- 
turbed the original Rb-Sr and K-Ar radiogenic 
systems, and thus gives scattered ages. 

. .  
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a . . .  . . l .  .J.& ' .  c.: : Fig. 1. Geological sketch map of the Carnaiba granite and emerald mining dictrict. 
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Fig. 2. Location and 4"Ar/3"Ar ages of the laser spot-fusion analysis on the slab samplcs from UraGlia (BaF12-11-1) ;und Trcclio Vclho (TVFI 6). 
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It therefore appears necessary to constrain the 
age of the metasomatic halo and the emerald 
mineralization accompanying the Catnaíba gran- 
ite intrusion more precisely. This would allow 
further valuable comparisons with other  
leucogranites emplaced within the Jacobina-Con- 
tendas Mirante belt [ 16,20-221, and better knowl- 
edge of the Transamazonian orogenesis. Such a 
goal is made possible by the use of the “AI-/’~A~ 
method which needs fewer samples for analysis 
than the Rb-Sr or K-Ar techniques, and individ- 
ual biotite grains or a few grains of ultra-pure 
unchloritized biotite can be used. The shape of 
the resulting 40Ar/j9Ar step-heating spectrum can 
also be used to validate plateau ages. 

3. Sample description 

The present study has been carried out using 
samples of emeralds, K-metasomatites and 

Table 1 

molybdenite- and muscovite-bearing quartz veins 
selected in the Trecho Velho and BraÚlia 
prospecting pits (Fig. 1). Two different emerald- 
bearing ores were studied: Sample TVFl 6 
(Trecho Velho) consists of emerald and its K- 
metasomatite host rock included in nietasoma- 
tized serpentinites. The K-metasomatite is coarse 
grained and composed of phlogopite (2 cm long), 
apatite and minor quartz. Sample Ba FLZII-1 
(BraÚlia) belongs to an albitized pegmatite vein 
showing irregular phlogopite pockets and/ or 
veinlets 1-10 cni in length. In  both cases, emerald 
contains syngenetic phlogopite incIusions (Fig. 2). 

The muscovite Ba 102 belongs to a molybden- 
ite-yellow beryl-quartz vein which cross-cuts the 
emerald-bearing K-metasomatites in the BraÚlia 
deposit. 

Phlogopite and muscovite crystals analyzed by 
the induction and laser step-heating techniques 
were carefully separated by hand picking. Elec- 
tron niicroprobe data and the analytical proce- 

Microprobe and chemical analysis of muscovite, phlogopite and emerald from the Carnaiba emerald deposit 
Muscovite Phlogopite Emerald 

CATV BA102 BAFL2-11-1 TVF16, TVFI6 TVF16 
1 1 2 2 

Sio, 47.27 39.75 41.60 42.52 42.04 Si02 64.52 
Tio ,  0.13 0.28 0.33 0.26 0.28 Tio, < 0.01 
A 1 2 0 3  30.32 17.55 14.25 14.39 14.09 Alzo, 16.80 
MgO 3.35 13.47 20.04 19.71 19.59 h4gO 1.18 I 

0.02 0.00 0.00 0.00 0.00 C a 0  0.25 
0.01 0.53 0.23 0.30 0.28 MnO < 0.01 MnO . 

F e 0  : . 3.40 12.67 7.52 7.39 8.09 Fe,O, 0.57 

. 

Na,O ~ 0.33 0.16 0.31 0.30 0.27 Na,O 1.20 
K2O - ’  10.78 9.85 9.36 - 9.44 9.62 K,O 0.038 

0.28 .’ 0.35 0.53 Rb2O 0.0038 

4.85 , 4.70 : 4.74 B e 0  . 13.26 , 

-2.04 : . -1.98 . -1.99 Li 0.0684 , 

1.93 . 1.90 H 2 0  2.42 

‘ .  . 
, .  

, .’ 
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Table 2 
40Ar/~’Ar analytical data 

Atmospheric ’9& 3’h,,/39ArK 4 0 ~  */39,4. K Apparent Error 

(5%) (Ma) . 
Contamination (925) age (k l a )  

Bulk sample induction fiiniace analpis Saiiiple BaFl2-II-1 Analysis M266 
Temperature (“Cl 
520 . 87.468 
540 76.776 
610 67.673 
630 46.666 
675 17.018 
690 4.7168 
700 2.0858 
710 1.206 
720 0.77409 
725 0.46711 
710 0.82397 
745 2.6162 
770 2.9182 
soo 1.2129 
830 0.9248 
860 1.0185 
ss0 0.8306 
900 0.78027 
920 0.85805 
930. 0.98145 
940 1.5421 I 

970 1.4639 
1020 1.5848 
1120 6.4475 
1450 94.157 
Integrated age = 1934.9 f 1.3 

0.197 
0.115 
0.107 
2.894 
9.013 

12.23 
10.16 
8.013 
5.276 
7.133 
2.354 
1.102 
1.219 
2.334 
3.939 
6.707 
6.332 
6.852 
4.376 
3.006 
1.448 
1.817 
2.367 
0.558 
0.013 

9.4SE - 03 
9.01E - 03 
5.19E - 03 
2.6E - 03 
3.1E - 03 
5.1E - 04 
4.5E - 04 
4.7E - O4 
2.9E - 04 
4.4E - O 1  
1.02E - 03 
4.44E - 03 
1.77E - 03 
6.6E - 04 
3.6E - 04 
5.7E - O4 
O 
5.5E - 04 
6.5E - 04 
9E-  04 
8.9E - O4 
8.5E - O4 
5.7E - 04 
2.9SE - 03 
0.54505 

Sirigle grain laser analysis Sample BaFl2-II-1 Analysis hf303 
Steps 
1 92.038 
2 79.547 
3 40.386 
4 7.1525 
5 2.8355 
6 2.1416 
7 2.0656 
8 1.8661 
9 1.8731 

10 1.5355 
11 0.88 
12 0.9773 
13 / 0.8422 
14” 0.56418 
15 0.84569 
16 O. 4 9 9 9 6 
17 0.74242 
18 1.5055 
19 1.5865 
Integrated age = 1921. 

.. . 
B 

0.085 
0.174 
0.91 
5.388 
6.882 
7.453 
8.054 
8.408 
8.803 

9.009 
7.546 
7.767 
4.667 
3.419 
3.484 
5.138 . 
1.06 
0.973 

10.78 

3.1213 
0.44137 
O 
0.03894 
0.05601 
0.06822 
0.06772 
0.02312 
0.04864 
0.04356 
0.0333 
0.02702 
0.05084 
O. O 3 5 8 4 
0.04914 
0.05365 
0.07541 

0.0495, 
7.03E - 03 

- , .  

67.915 
66.497 
54.44 
78.617 
82.886 
84.126 
84.557 
84.534 
84.277 
84.465 
84.456 
84.498 
84.224 
84.203 
84.391 
84.44 
84.349 
84.386 
84.15 
84.113 
83.684 
83.816 
84.155 
84.325 

126.49 

p 

63.392 
48.212 
65.276 
81.708 
82.939 
82.899 
83.207 
83.092 
83.012 
83.127 
83.573 
83.31 
83.157 
83.7 
83.272 
83.31 
83.569 
82.831 

. 83.942 

1694.09 
1671 
1461.76 
1859.41 
1921.35 
1938.94 
1945.02 
1944.7 
1931.08 
1943.73 
1943.6 
1944.19 
1940.33 
1940.03 
1942.68 
1943.37 
1942.09 
1942.61 
1939.28 
1938.76 
1932.69 
1934.56 
1939.35 
1941.75 
2455.69 

1619.4 
1343.36 
1650.89 
1904.47 
1922.1 
1921.53 
1925.92 
1924.28 
1923.14 
1924.78 
1931.12 
1927.38 
1925.21 
1932.92 
1926.84 
1927.38 
1931.06 
1920.56 
1936.34 

L .. .. 
x ,  

a 
38.608 
19.8286 
10.9801 
9.4081 
7.0609 
5.1959 
4.8814 
4.1493 
3.1374 
3.5623 
2.8065 
9.9779 
2.8571 
2.5976 
3.3901 
3.8855 
3.5737 
3.705 
4.5757 
3.2796 
3.0547 
2.7393 
3.5244 
3.9131 

226.013 

897.076 
114.204 
29.1406 
7.0244 
7.5578 
5.5671 
4.652 
4.5586 
4.8972 
4.584 . 
5.9352 
5.6662 
7.2701 
7.77 
7.2785 
7.5495 
7.8758 

34.6233 
24.4761 
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Table 2 (continued) 

479 

Atmospheric 39Ar 37Ar,-,/39ArK "Ar * / 3 9 ~ ,  Apparent Error 
Contamination (5%) a s  ( f l u )  
(5%) (Ma) 

Single grain laser aiialysix Saiiiple TWI6 Analysis A.1313 
Steps 
1 22.837 0.201 O 
2 8.5619 0.146 O 
3 2.2656 0.697 O 
4 1.0407 5.185 0.014209 
5 0.36906 12.39 0.05041 
6 0.31575 10.15 0.015913 
7 0.1 1141 8.223 0.04586 
8 0.18775 5.SS6 0.05464 
9 0.21291 5.145 0.07166 

10 O. 168 12 7.04 0.0461 
11 0.23469 7.351 0.06389 
12 0.33796 6.571 0.07522 
13 0.28793 6.395 0.0736 
14 0.2827 5.549 0.07646 
15 0.36971 5.292 0.09275 
16 0.17917 6.639 0.04579 
17 0.10057 3.78 0.06863 
18 7.9768 3.347 0.05347 
Jntegrated age = 1950.1 f 2.7 

Biclk sainple iriduciioii furiiace arialysis Sample Bal02a Alialpii Ari267 
Temperature ("C) 
500 78.216 0.095 0.03353 
570 43.707 0.193 0.01531 
650 41.369 0.121 0.07099 
710 20.045 0.525 0.01368 
750 15.36 0.656 0.0142 
790 19.16 0.58 0.04975 
840 4.8958 2.539 3E - 03 
880 1.3372 - 14.68 6.9E - 04 
900 0.33905 8.433 1.15E - 03 
920 0.26234 15.55 7E - 04 
925 0.19816 15.18 8.9E - 04 

,930 0.22361 8.468 3.9E - 04 
935 0.32884 4.825 1.33E - 03 
940 0.30377 4.245 2.37E - 03 
950 0.37281 3.501 9.9E - 04 
960 0.42321 1.795 5.05E - 03 
970 0.37733 2.878 2.43E - 03 
980 0.45328 2.521 2.888 - 03 
990 0.32083 3.315 1.47E - 03 

1010 0.37761 3.178 1.25E - 03 
1060 : 0.31732 4.419 1.97E - 03 
1160 1.94 2.029 3.58E - 03 
1450 51.143 0.254 0.07438 
Integrated age = 1975.0 & 1.4 

78.75 
71.442 
78.489 
84.453 
85.492 
84.853 
85.752 
85.4 
85272 
85.449 
85.004 
84.679 
S5.035 
54.727 
84.661 
84.463 
84.325 
84.598 

50.111 
59.305 
76.5 
87.071 
80.487 
75.231 
88.186 
87.438 
86.901 
86.778 
86.755 
86.844 
86.636 
86.632 
86.795 
87.296 
86.691 
86.751 
86.876 
86.786 
86.866 
87.041 
86.598 

1861.37 
1750.26 
1857.52 
1943.56 
1958.14 
1949.18 
1961.77 
1956.85 
1955.06 
1957.53 
1951.3 
1946.74 
1951.74 
1947.41 
1946.49 
1943.7 
1941.75 
1945.6 

1350.3 
1549.13 
1827.89 
1980.07 
1886.8 
1808.72 
1995.4 - 
1985.13 . - '  
1977.72 
1976.02 
1975.74 
1976.93 
1974.05 
1974 
1976.25 
1983.17 
1974.81 
1975.64 * 
1977.37 
1976.13 
1977.24 
1979.65 
1973.53 

50.6804 
92.6925 
19.0475 
11:3319 
6.1478 

17.S912 
4.7663 
6.6829 
6.7487 
5.6099 
S.1114 

10.0641 
9.0711 
7.5119 
4.9999 
8.7487 
9.4591 

18.2172 

78.4596 
18.3736 
66.9549 
5.9197 
5.2121 
7.0541 
3.2394 
3.114 
2.4787 
3.1453 
6.6579 
3.0125 
3.3142 
2.4035 
4.1377 

2.0074 
3.2367 
2.4998 
2.4335 
3.0898 

10.2773 

2.8245 

140.407 

. .  . .. , ;,, v .  . 3 1: 
for .micas are' listed in TabE.1. The mus- sents two distinct compositions: the crystals in- 

contains3.4% Fe0 and, 3.4% MgO, cluded within the TVFl 6 emerald or  in the 
h.e. pliengite: series. Phlogopifie pre-----._ K-metasomatite y enclosing rock display identical 

. .  .. ., , . > . . ' .  
.;. . - .  - _  
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compositions, having 1S% annite (Fe + Mn/Fe somatites obtained by microsawing parallel tu the 
+ Mn + Mg ratio; Table l), whereas the Ba FL2- c axis of the emerald (Fig. 2); one sample from 
11-1 K-metasomatite shows a higher annite con- Braúlia and three samples from Trecho Velho 

, tent (36%, Table 1). This annite content differ- were investigated (Fig. 2). 
ence reflects the host rock composition: the The laser-probe device and procedure of the 
BraÚlia K-metasomatite was developed from a University of Nice (France) are described else- 
pegmatite, whereas the Trecho Velho K-meta- where [12,13]. The samples were irradiated ih,the 
somatite derives from a serpentinite which origi- Osiris reactor (Saclay, France) with a total inte- 
nally had a 'lower Fe/Mg ratio [3], which buffers grated flux of lo" n/cm2 and rotated during 
the metasomatic process forming biotites with a irradiation. The flux monitor was the hornblende 
higher Mg content. MMhb-1 [23]. Analytical data are presented in 

ICPAE spectrometry and chemical analysis of Figs. 2 and 3 and Tables 2 and 3; age calculations 
an emerald crystal from Trecho Velho (CATV) were made using isotope correction procedures, 
are presented in Table 1. It shows the usual standard plateau age definition [13?24], recom- 
enrichment in Cr, Fe and V of Brazilian emeralds mended decay constants [25] and are given with 
[2]. These emeralds are also characterized by a la standard error estimates. The error on the 
relatively high Cs (0.1%) and Li (0.07%) and a irradiation factor, J ,  is not included in the calcu- 

lation of individual age errors in the step heating 
experiments. For the plateau age calculation, we 

low K,O content (0.038%). 

included the error due to the flux, which is k 0.4% 
on each level of irradiation where the standard 
was analyzed. Owing to a higher contribution of 
this error bar relative to the other factors, we 
obtained a constant error bar of S Ma on the 
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4. Experimental procedure 

ì Laser spot fusion procedures were performed 
on 1 mm thick slabs of emerald-bearing K-meta- 

I 

I 
Table 3 
40Ar/39Ar laser spot fusion analytical data 
spot Atmospheric "Ar cc STP 37Ar,/39Ar, 40Ar */39ArK Age Error 
NO. con tamination ( x  1 0 - 9  (Ma) f lu  

Spot laserflogopite BaFl2-II-1 Y '  i 
(%I 

2 0.19 48.7 0.05 ' 85.79 1962 F 14 
3 0.18 128.8 0.05 85.87 1963 k 16 
4 0.41 48.3 0.05 85.10 1952 f 16 
5 0.15 31.7 0.05 85.25 1955 i 16 
6 0.09 67.2 0.09 83.79 1934 f 15 
7 1.84 121.4 0.05 84.42 1943 5 16 
8 5.63 55.5 0.09 85.41 1957 F 16 
9 2.02 1.7 2.06 82.80 1920 f 157 

10 1.32 12.0 0.04 82.15 1911 -I: 15 
11 3.86 5.2 1.45 1710.00 6665 5 63 
12 0.56 10.5 0.07 85.33 1956 f 16 
13 .. 1.61 7.9 0.05 84.89 1950 5 16 
14."" 0.50 ' 49.4 0.04 84.85 1949 5 1 6  . 

Spot laser phlogopite f V F L 6  
1 3.66 26.6 0.03 85.29 .1955 9 16 

3 6.62 1.9 0.00 82.98 1923 & 15 
2 , 37.22 6.0 , 0.00 90.63 2029 & 33 

4 ':. , . ,: 1.3s . .  . 27.9 .-.- . .., . :..0.14 132.38 , . 2517 5 20 

. P . , . . . .  . . . 41.56 ''1 , , ,  : . 5.2: .: . ,.. , ,.. .:. . . 

, . . 115.5 r. ,I.. ,, 87.05 . 2 1 6  , 

. . .  . ' . 85.88- , ,  , f 60 . .  
. .  ..._ 2 : .  'I 

. 5  : . 3.02. , 
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covite Ba 102 and K-metasomatite .phlogo@te 
BaF12-11-1 samples. Single grains of K-Ineta- 
somatite phlogopite BaF12-11-1 and TVFl 6 were 
also analyzed through the laser step-heating pro- 
cedure. The isotopic ratio and apparent ages are 
reported in Tables 2 and 3 and the corresponding 
age spectra in Fig. 3. All samples display remark- 
able flat age spectra, yielding plateau ages at 
1976 t S Ma for muscovite Ba 102 (bulk sample), 
1951 i S Ma for phlogopite TVFL 6 (single grain), 
1942i-S Ma (bulk sample) and 1926f S Ma 
(single grain) for phlogopite Ba FLZII-1 (Fig. 3). 
These plateau ages were calculated with more 
than 90% of the total 39Ar released (except for 
bulk sample BaF12-11-1: S1%) and are, in this 

p271c2L! 3fc-C for al1 samples. Because of'fhe flux 
gzdienr  along the vertical axis of the irradiation 
ozn. zr:d [ht: ]arge dimension of the rock slab, we 

[ilC error bars on ,laser spot ages at 
.& o - ~ c - ; .  SrhiS  esplains the errors of i- 15-16 Ma 
os mG..i the laser spot ages (for which the 

duc  10 the flux gradient is dominant) and 
th: 52nc minimum error bars on the calculated 
31r::?.s. 

- 

5. *:.\r/.'qzii- dat ing resuIts 

/ ~ L w ~ i ~ i g  cxperi~irnetirs: Bulk sample induc- 
[:,):I i':i;n;!ct analyses were performed on mus- 

2100 I 

c 1  
Phlogopite Brahlia - Ba F12-11-1 

LEï Single grain 
Bulk sample 

1400 ! I I I 1 I 
O 20 40 60 so 100 

% 39Ar 
b E' 

3100 1 1 

2000 

s- r 1900 

3 lS00 

. .  5 

< EEll hluscovite Ba102 - Bulk sample 
O Phlogopite TVFL 6 - Single grain 

1700 Phlogopite BaF12-11-1- Single grain 
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\va>', within 0.5% of the integrated calculated 
ages (Table 2). 

Spot fusioii esyeriiner~ts: Spot fusion experi- 
ments were performed on phlogopite crystals from 
K-metasomatite enclosing rock, on phlogopite in- 
clusions within the emerald crystals and on enier- 
ald. The age results and the location of the spots 
are presented in Fig. 2 and isotopic data in Table 
3. For the Braúlia sample BaF12-11-1 (Fig. 2), a 
good concordance appears (spot 10 excepted) be- 
tween the analyses performed on phlogopite in- 
clusions and those on the K-metasomatite: the 
n x a n  age for the largest inclusion (1 mni long; 
spots 7 and 8) is 1945 f 16 Ma. One spot (no. 12) 
on a small inclusion (0.1 mm long) yields 1956 5 
16 Ma. The most precise age on a smaller solid 
inclusion (0.2 nim long; spot 10) gives a younger 
age of 1911 f 15 Ma. For the three spots 7, S and 
12, the weighted mean age is 1949 5 16 Ma. The 
seven analyses (spots 2-6, 13 and 14) performed 
on one phlogopite crystal from the enclosing rock 
(Fig. 2) give ages ranging from 1933 5 15 Ma and 
1963 f 1s Ma, and a weighted niean age of 1956 
i 16 Ma. 

Evidence for excess argon is clearly provided 
by the high 40Ar*/39ArK i-atio (1710; Table 3) 
obtained from the Braúlia emerald crystal spot 
(no 11; Table 3) which gives an unrealistic age. 
The higher 37Ar,,/39Ar, ratio (1.45) linked with 
this result should also be noted. 

Three spots (3, 4 and 5 )  were measured on 
phlogopite included in the Trecho Velho emerald 
crystals, and three spots (1, 2 and 6) on the 
K-metasomatite enclosing rock; one of them (1) is 
situated on a phlogopite fracture zone within an 
emerald c j s ta l .  The ages measured on spots 1-3 
and 5 in K-metasomatites and inclusions are con- 
cordant (using a 2a confidence level) with the 
plateauage at 1951 5 8 Ma; whereas spot 4 dis- 
playega clearly older age of 2517 f 20 Ma. 

6.  Discussion of ages 

6.1 Phlogopite ages 

For the phlogopite BaF12-11-1, a concordance 
within the error bars is found (Fig. 3) between 

the plateau ages displayed by the bulk saniple 
and single grain (1942 f S Ma and 1926 f 8 Ma, 
respectively) of the metasomatite, the laser spot 
fusion ages obtained on the metasoniatites 
(weighted mean age: 1956 k 16 Ma; spots 2-6,63 
and 141, and the inclusion in the emerald 
(weighted mean age: 1949 +. 16 Ma; spots 7, S and 
121, one small inclusion age excepted (spot 10: 
1911 f 15 Ma). No excess argon could be de- 
tected even on small phlogopite inclusions. The 
bulk sample age spectrum shows a regular in- 
crease in ages at low temperatures (Fig. 31, which 
appears more clearly than for single grains. This 
may be related to the higher degree of alteration 
in the bulk sample. 

The step-heating experiments performed on 
one single grain of sample T'VFI 6 displayed a 
plateau age of 1951 5 8 Ma, which is not concor- 
dant with the previous results at the l u  confi- 
dence level (Table 2). The laser spot ages on both 
the metasomatites and the phlogopite inclusions 
are more scattered (from 1923 ct 15 to 2517 f 20 
Ma). These variations seem to be correlated with 
variable 37Ar,,/3gAr, ratios (from 0.0 to 0.14) 
and atmospheric contamination. If we reject the 
two results (spots 2 and 6) affected by the highest 
atmospheric contaminations (37% and 4296, re- 
spectively), we observe a positive correlation be- 
tween the ages obtained and the measured 
37ArCa/39Ar, ratios (Table 3). This may indicate 
that the higher ages are the results of a contami- 
nation of the phlogopite by emerald (the '-Arca/ 
39Ar, ratio measured on pure emerald is 1.45; 
spot 11 of BaF12-11-11. This interpretation is sup- 
ported by the fact that the laser beam was paral- 
lel to the cleavage planes of micas in the TVFl 6 
slab and perpendicular in the case of BaF12-11-1. 
During the laser heating procedure of the spot 
fusion experiment, we could observe, in some 
cases, a large opening of the cleavage planes of 
the phlogopites, allowing a deeper penetration of 
the laser beam, which could warm up the host 
emerald or  hidden inclusions. It should be no- 
ticed that Ca-bearing inclusions; that is, apatite 
and plagioclase, are common in the K-meta- 
somatite paragenesis of the Carnaíba deposit ClSI, 
which may play the same contaminant role as 
emerald if they contain excess argon. 

' 
. 
' 
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The ages obtained for both samples by step 
heating were more precise and clustered than the 
spot fusion analyses. This was due to: (1) a better 
knowledge of the flux gradient; and (2) a higher 
purity of the mineral phases analyzed in the sepa- 
rate minerals than in the slab plate. We therefore 
propose ages of 1934 _+ 8 Ma (weighted mean of 
the two step heating experiments) and 1951 i S 
Ma for the phlogopites BaF12-11-1 and TVFl 6, 
respectively. 

6.2 Miscocite age 

The muscovite Ba 102. yields a plateau age of 
1976 i S Ma (Fig. 3), which is clearly older (even 
at the 2a confidence level) than the plateau age 
obtained on the phlogopite BaF12-11-1. In spite of 
a small difference in age (2%), this result is in 
apparent contradiction with field relationships; 
muscovite belongs to the quartz-molybdenite 
veins crosscutting the emerald-bearing K-meta- 
somatites. This aspect is discussed in the follow- 
ing section. 

7. Thermochronology of the Carnaiba pluton and 
related hydrothermal processes 

The 40Ar/39Ar ages obtained on phlogopites 
from the two sites of Trecho Velho (1951 i S Ma) 
and Braúlia (1934 &- 8 Ma) are concordant using a 
2 a  confidence level (rt 16 Ma), whereas the mus- 
covite Ba 102 displayed a plateau age at 1976 i S 
Ma, which is clearly older than the ages obtained 
on the Braúlia phlogopites. Clear geological and 
geochemical evidence shows that granite em- 
placement, the formation of emerald contained in 
K-metasomatites, and later hydrothermal 
quartz-molybdenite vein development are nearly 
contemporaneous. This is shown by the fact that: 
(1) the quartz-molybdenite vein system presents 
the same bulk geochemical spectrum (Mo-W-Be) 
as the granite-metasomatite complex; (2) fluid 
inclusion study of emerald-bearing metasomatites 
yield homogenization temperatures of about 
400"C, identical to the temperatures measured 
for the quartz-molybdenite veins [Giuliani, pers. 
commun., 19921. 

Muscovite 
990 1 B a 1 0 2  

Plllogopi te 
TVFL 6 960 

BaF12-II-1 
Phlogopite .................................................. i. ................................................. 

T 

1920 

1910 

I 

. . .  . :, . .  ::-. . : . .  . . .  
. . . . . . . .  . . .  L . I  , i 1.. 

I . .  

. ., . . .  . .- 
Fig, 4:Total variation' range of !0Ar/39Ar ages from the BraÚlia and Trecho Velho 'emerald deposits' considkring"p1ateau" and . . .  . . .  . . . . . . . . .  . . . . . . . .  . r . .  ::...'....,:. .! .... *::< : i :  :';. .... "spot'* ages. . . .  . . .  , I  I ... I i. " 



_.___ ..... - ..........- . . . . . . . . .  . ,  . . . . . . . . . . . . . . . . . . .  .- . . . . . . . . . . . .  

.- 

454 A. Clieillerz e! al. / Earth and Planetary Scietice Letters 120 (1993) 473-485 

If we consider as reliable t.he ages of 1976 i 8, 
1951 5 8 (plateau ages) and 1 9 3 4 i  S Ma (the 
means of the two plateau ages at 1942 and 1926 
Ma) for the muscovite Ba 102, the phlogopite 
TVFl 6 and Ba F12-11-1, respectively (Fig. 4), we 
may tentatively explain the age differences as 
representing the successive closure of the K-Ar 
system of the minerals, rather than crystallisation 
order, dqring cooling of the whole granite-hydro- 
thermal system, in spite of the low difference of 
the three ages (the maximum difference is 2%). 
The closure temperature possibly decreases from 
muscovite Ba 102, to phlogopite TVFl G (annite 
content 1S%), then to phlogopite BaF12-11-1 (an- 
nite content 36%). The inverse correlation be- 
tween the closure temperature of biotites and the 
annite content (related to the Fe/Mg ratio) has 
been proposed from hydrothermal experiments 
D G I .  

8. Conclusions 

The dating of minerals bearing excess argon is 
possible using 40Ar/39Ar laser spot and step heat- 
ing analyses of syngenetic phlogopite occurring as 
inclusions within emerald crystals and their K- 
metasomatic gangue. Minute phlogopite crystals 
included in beryls bearing excess argon do not 
show any excess argon. For two emerald deposits 
located at the contact of the Carnaiba leucogran- 
ite, Bahia State, Brazil, the results show phlogo- 
pite ages of 1951 k 8 and 1934 i 8 Ma, which are 
concordant at the 20- confidence level. 

The higher discrepancy of spot fusion data 
compared with step heating data may result from: 
(1) the deeper penetration of the laser beam 
when it is parallel to the cleavage plane of the 
micas, which may release argon from hidden ex- 
tra,mineral phases; and (2) flux gradients during 
hfadiation, which is not easily monitored on rela- 
tively large (> 5 mm) polished slab samples. 

The entire results, for both syngenetic phlogo- 
pites ‘of emerald deposits and muscovite belong- 
ing to a quartz-molybdenite vein crosscutting the 
emeralds, are. concordant with the fast cooling of 
the whole granite-hydrothermal system. - 

This work helps to establish the formation age 
of the Carnaíba granite-related emerald deposits 
as being within the Transamazonian (2 Ga) oro- 
genesis. 
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