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Abstract-K-Mn oxides of hollandite group minerals such as cryptomelade (K,-2(m3+, 
~n~+)~o,@~o)  are often precipitated authigenically in weathering profiles. The presence of S ~ C ~  
K allows these minerals to be dated by the K-Ar and 40Ar/39Ar methods, making it possible to study 
the progression of oxidation fronts during weathering processes. Within the context of a recent ' O h /  

"Ar study of cryptomelane from the Azul Mn deposit in the Carajs region (Amazônia, Brazil), 
Vasconcelos et al. (1994) defined three age clusters (65-69,51-56, and 40-43 Ma) and proposed that 
they correspond to the episodic precipitation of the three generations of Mn oxide that have been 
identified in the deposit (Beauvais et al., 1987). 

We performed a laser probe 40Ar/39Ar and 87Rb/87Sr study on new samples from the same Mn deposit. 
Our 40Ar/39Ar data confirm that cryptomelane is a suitable mineral for 4Ar/399Ar dating, although in 
some cases we clearly identify the existence of 39Ar recoil effects. Although the corresponding age 
spectra are generally strongly disturbed, our results also confirm that the earliest cryptomelane generation 
is of Upper Cretaceous-Paleocene age. We obtained good plateau ages from veins and concretions of 
the second cryptomelane generation. Some of these results allow definition of a well-constrained age 
cluster at 46.7-48.1 Ma not observed by Vasconcelos et al. (1994). A petrographic study confirms that 
none of the samples analyzed in the present study contained material associated with the third generation 
of cryptomelane. We propose that these new results support the idea of a more or less continuous 
crystallization of K-Mn oxides, mainly constrained by local factors, rather than the model advanced by 
Vasconcelos et al. (1994), which suggests that each cryptomelane generation corresponds to distinct 
weathering events related to global climatic changes. 

87Sr/86Sr data show large variations, clearly inherited from the 2.1 Ga parent rock of the Mn protore. 
The Rb/Sr results demonstrate that minimum fractionation occurs during cryptomelme crystallization, 
except for the latest generation, which is depleted in Sr. This precludes use of the Rb/Sr radiochronometer 
for dating secondary Mn oxides in laterites. 

1. INTRODUCTION 

Weathering is one of the main processes in the geomorpho- 
logic and geochemical evolution of the Earth's surface. Lat- 
eritic terrains, which represent apprOximateIy one third of 
the continental surface and f o m  the substrate of equatorial 
forests, are the end-products of long-term exposure of cra- 
tonic rocks under tropical climate. The precise determination 
of the rate of continental crust weathering is thus a critical 
parameter for soil sciences and paleoclimatology. However, 
direct dating of weathering phenomena remained a very dif- 
ficult problem until recently. The open-system evolution of 
most weathering profiles precludes direct radiochronological 
dating using most standard radiometric techniques. Hence, 
current studies focus on the search for supergene minerals, 
which may behave as closed systems for at least one isotopic 
chronometer. 

K-bearing supergene minerals such as alunite and jarosite, 
or K-Mn oxides of the hollandite group such as cryptomel- 
ane, are widely present in soils and weathering profiles. 
Cryptomelanes are important components of Mn-bearing lat- 
erites from West AIZca (Nahon et al., 1984, Perseil and 
Grandin, 1985) and Brazil (Herz and Banexje, 1973; Beau- 
vais et al., 1987). Vasconcelos et al. (1994) showed that 
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cryptomelane and hollandite are potentially suitable minerals 
for dating weathering processes by the K-Ar and aAr/39Ar 
methods. Their *AdBk results yielded internally consistent 
results for a series of distinct cryptomelane generations 
formed during laterithation of Archean and Proterozoic bed- 
rocks in the Carajh Region, Amazonia (Brazil), and led to 
the proposition that the three age clusters were associated 
with distinct crystallization events correlated with major en- 
vironmental changes and climatic periods. These results gave 
thus the tirst absolute time constraints on the rate of develop 
ment of laterite sequences. 

The aims of the present work are ( 1 ) to discuss the analyti- 
cal problems which can be encountered during "'Ar/39Ar 
laser-probe analyses of cryptomelanes, (2) to add new &Ar/ 
39Ar results to one of the profiles studied by Vasconcelos et 
al. ( 1994), in order to improve the statistical significance of 
the age distribution of the Mn oxides at this site, (3) to test 
whether the various cryptomelane generations are related to 
major environmental changes, or to continuous weathering 
with various stages related to differences in weathering rates 
of the minerals forming the source rock, and (4) to determine 
whether cryptomelanes also behave as a closed system for 
Rb-Sr. Coupled K-Ar and mRb/"Sr studies have been suc- 
cessfully applied previously to some phyllosilicates like 
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FIG. 1. Geological map and profile (labelled A-B on map) of the Azul ore deposit (after Bemardelli and Beisiegel, 
1978) with the location of the four shafts (described by Beauvais (1984)) in which samples were handpicked for 
this study. Drilling F5 reaches the fresh (unweathered) parent rock. 

glauconites (Morton and Long, 1980), smectites (Clauer et 
al., 1984), celadonites (Staudige1 et al., 1986), and illites 
(Clauer et al., 1993). The crystallographic structure of crypt- 
omelane may host Rb as well as K, and thus cause large 
fractionation of the RblSr ratio. Fifteen new samples from 
the Azul Mn-ore (Carajàs mountains, Para state, Bra- 
zil), one of the sites previously studied by Vasconcelos 
et al. (1994), were analyzed with the Rb/Sr and QAr/39Ar 
methods. 

2. SAMPLES 

2.1. Geological Setting and Sampling 

The Azul Mn-ore is located near the Fe deposit of C m j b  (Para 
State, Brazil) at about 500 km south of Belem. It developed on 
Lower h a m b r i a n  sedimentary shales (Rio Fresco Group). The 
weathering sequence consists of four main horizons (Fig. 1 ) : the 
relic? of $e non-manganiferous parent rock horizon (shales and 

’ silts) ; he‘  Mn-Gxidesc “plaqbettes’’. horizon i( manganiferous indu- 
rated and !ittle indurated slabs); the brecciated Mn-oxides horizon 
(lateritic manganiferous breccia), and the pisolitic horizon (manga- 
niferous pisolites). 

The parent rock was reached by drilling to a depth of 100 m 
(Drilling F5, Fig. 1 ) . The oxidized horizons were sampled in several 
pits, about 40 m deep, which reached various horizons along the 
slope of the plateau. 

Samples were collected from the four profiles (Fig. 1 ) descrihl 
by Beauvais (1984), approximately 300 m away from the section 
studied by Vasconcelos et al. ( 1994). Locations and description of 
the samples are reported in the Appendix. Fifteen samples were 
analyzed, corresponding to eight whole-ore samples collected in the 
different units, five “separates” extracted from veins or concretions 
(labeled by “II” after the reference of the corresponding whole- 
ore), one sample of lithiophorite (#22-III), and one clay matrix 
(#15-III). The whole-ore samples range from dark bluish metallic 
blocks to dull-black, more friable pieces. Two of the “separates” 
come from millimetric veins visible in polished whole-ore sections 
(R2-D and #32-11), one (#2&II) from a light-grey metallic rim, 
one millimeter thick, on the faces of a fissure, and two (#7-ll and 
#31-II) from brownish submillimeuic botryoïdal rim covering the 
faces of fissures. All of the analyzed samples are essentially com- 
posed of cryptomelane, although X-ray diffraction reveals the pres- 
ence of small amounts of nsutite and pyrolusite. 

2.2. Mineralogical Evidence for Successive Generations of Mn 
Oxides 

The Azul profile is composed of different generations of Mn 
oxides, among which, several generations of cryptomelane have been 
differentiated (Beauvais et al., 1987). 

The parent rock is composed of 65% rhodochrosite, 15% phyllo- 
silicates. 10% quartz, 5% feldspars, and 5% sulfides. The rhodochro- 
site consists of “egg-fish” shaped micronodules of tiny crystals (2- 
10 pm) or of sparitic crystals (50 pm), located imveins crossing the 
bedding of the shale. The chemical composition of the rhodochrosite, 
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FIG. 2. Chemical compositions of different generations of cryptomelane plotted in a Mn02-10K20-10N20, 
triangular diagram. 

obtained from microprobe analyses by Beauvais et al. ( 1987) (fifteen 
analyses) is: 

( M n ~ + g J F e ~ M g , . o , C a o . ~ ) C 0 3 .  

The X-ray diffraction pattern is; 3.660 Å; 2.8:O Å; 2.386 Å; 2.169 
Å; 1.998 Å; 1.825 Å: 1.760 A; and 1.538 A. Quartz grains are 
mostly detrital grains (20-50 pm), but can also occur as euhedral 
crystals ( 100-200 pm). in association with veins of rhodochrosite. 
Phyllosilicates are detrital grains of muscovite and chlorite, ranging 
in size from 10 to 30 pm. Feldspars ( 4 0  pm) are K-feldspars. 
Sulfides consist of pyrite and covellite, as euhedral crystals, along 
with rhodochrosite. 

The Mn-oxides “plaquette” horizon results from weathering of 
the two different units of rhodochrosite-bearing shales of the Rio 
Fresco Group. The original rhodochrosite weathers directly into a 
first generation of cryptomelane (thereafter labeled “cryptomelane- 
I”). The chemical composition of cryptomelane-1 is shown on a 
triangular diagram (Fig. 2) (Beauvais et al., 1987) (seve; analyse?; 
sample #l). The main X-ray patterns are 6.90 A, 4.90 A, 2.39 A. 
and 2.14 A. The cryptomelane structure consists of a framework 
of double chains of edge-sharing Mn-O octahedra containing large 
tunnels filled with K + ions. Most of the Mn is MnJ+ but some Mn3+ 
substitutes for Mn4+ to balance the positive charge of tunnel cations 
(Post et al., 1982; Hypólito et al., 1984). The composition is 
K,Mn:Z, Mnj’ OI6 (Vicat et al., 1986), with x ranging from 0.2 to 
1.0 in cryptomelanes from lateritic profiles. 

Cryptomelane-1 consists of tiny aggregated crystals (up to a few 
tens micrometers ) that pseudomorphically replace rhodochrosite 
grains. This is manifested by the preservation of the original sedi- 
mentary structure of the parent rock, and of the original fish-egg 
shape of the nodules (Fig. 3). The strong increase in density implies 
that pseudomorphic replacement of rhodochrosite by cryptomelane- 
1 requires a net import of Mn (Beauvais et al., 1987; Merino et al., 
1993). 

Direct pseudomorphs of rhodochrosite by cryptomelane have been 
already observed at Moanda (Gabon) (Nziengui-Mapangou, 1981 ), 
although direct replacement of rhodochrosite by manganite 
(MnOOH) is more commonly observed. Recent thermodynamic 
studies (Parc et al., 1989; Nahon and Parc, 1990) have shown that 
manganite is not stable for high COz pressures (IogfCO, > -2.0) 

and that cryptomelane can form directly from weathering of h 
carbonates at sufficient Kf concentrations (log [KC]/[HC] > 3). 

Cryptomelane-1 and nsutite (a more highly oxidized mined 
containing less Mn3+), can be intermingled in samples and are 
generally difficult to separate (Fig. 3). The nsutite formula is 
Mn:?, Mn702-, (OH), with y < 0.05 (Giovanoli and Leuenberger, 
1969). 

FIG. 3. Reflected light ( ~ 4 ) :  C1 is the first generation of crypto- 
melane (cryptomelane-1) associated with few nsutite in pseudo- 
morph after the parent rock. Notice that they preserved the original 
miaolaminated and egg-fish texture. C2 is the second generation of 
cryptomelane (cryptomelane-2) along with few nsutite, crossing the 
CI. Sample #28. 
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FIG. 4. Reflected light (X4):  Fibroradiated crystals of cryptomel- 
ane-2. V is void and CI is cryptomelane-1 with presented original 
texture. Sample #31. 

The walls of open fissures or microscopic tubules, crossing the 
fish-egg texture, often show recrystallization of nsutite and crypto- 
melane into a new generation of cryptomelane-3, and nsutite-2 (Figs. 
3. 4). Recrystallization is indicated by the fact that ( 1 ) the fish-egg 
microtexture is now erased and ( 2 )  that cryptomelane-2 and nsutite- 
2 show fibroradiated crystals perpendicular to the walls of the fis- 
sures and tubules (Fig. 4). This second generation of cryptomelane- 
3, is slightly enriched in K. It is generally very difficult to separate 
completely cryptomelane-1 from cryptomelane-2, in which tiny rem- 
nants of cryptomelane-1 can persist. 

Higher in the weathering profile, i.e., in more oxidized environ- 
ments. pyrolusite (well-ordered Mn02) replaces cryptomelane-2 and 
nsutite-2 in the same structural position. Pyrolusite is thus the final 
end-product of the weathering sequence (Bricker, 1965; Garrels and 
Christ, 1965). However, at the stage where pyrolusite precipitates, 
most detrital muscovite grains (15% of the parent rock) are not yet 
entirely weathered into kaolinite (Fig. 5). K-micas persist in the 
upper part of the weathering profile because K' cations are more 
solidly bound to the muscovite structure than they are in K-feldspars. 
which weather as m n  as the weathering front develops. Thus, K * 
ions released during the early dissolution of detrital K-feldspars 
lead to the formation of cryptomelane-1 and cryptomelane-2, while 
leaching of interlayer K from detrital muscovite grains occurs after 
the precipitation of pyrolusite, and leads to the late destabilization 
of MnOz into a new generation of cryptomelane-3 (Beauvais et 
al.. 1987; Vasconcelos et al., 1994). Well-developed crystals of 
pyrolusite ( -100 pm). observed in the upper part of the weathering 
profile of Azul. show dissolution features on their faces. Cryptomel- 
arie-3 Precipitates as tiny needles in these dissolution voids and 
progressively replaces the whole pyrolusite (Fig. 6). The shape of 
the original pyrolusite can be preserved through this pseudomorphic 
rephCement by cryptomelane-3. 

It Is Important to Suess that, in contrast with the samples studied 
by Vasconcelos et al. ( 1994). none of the samples analyzed in the 
present study contained cryptomelane-3. 

Finally. when muscovite is entirely weathered into kaolinite, AI 
released by kaolinite weathering can feed lithiophorite formation at 
the top of the profile. 

FIG. 5. Reflected light (X16): M is a detrital muscovite grain 
within the cryptomelane-1 ( C l ) .  Sample #32. 

lithiophorite was scraped out with a clean needle. The kaolinitic clay 
was separated away from the ore by vibrating the sample in an 
ultrasonic bath and pouring off the suspendant. All samples were 
rinsed several times in distilled water in an ultrasonic hath. 

3.1. Rb-Sr Method 

Samples of about IO mg were dissolved in concentrated HCI ( 5  
mL) and spiked with and "Rb. The clay was dissolved in a 
HF-HNOS-HCIO, mixture (5 mL). All samples were then dried 
and redissolved in aqua regia ( 1 mL). dried again, and finally dis- 
solved in a few drops of dilute HCI. Rubidium was collected by 
precipitating Rb perchlorates and Sr was eluted on a AG5OW X8 
cation column (Alibert et al., I983 1. 

Rubidium and Sr were loaded on single W filaments with Ta 
oxide and run on a VG Sector 54-30 mass spectrometer. Strontium 

3. ANALYTICAL TECHNIQUES 

Massive samples were sawed. The veins were extracted from the 
whole ore either with a small handsaw or with metal tweezers. The 

FIG. 6. SEM observation P is a crystal of pyrolusite. Along the 
cracks and fissures crossing pyrolusite. needles,of cryptomelane de- 
velop. This is the third generation of cryptomelane (C3). V is void. 
In Beauvais et al. (1987) 
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X1 
17 
m-n 
x15 
#22 
ru-n 
mu-m 
m 
m-tl 
K3l 
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#32 
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y34 
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Whole-om 
Whole-ore 
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Whole-orc 
Whole-orc 
Vein 
Lithiophorite 
Whole-orc 
vein 
Whole-on 
Concrction 
Wholc-orc 
Vein 
Whole-orc 
WhOlC-OrC 

lsotopic dating of Mn oxides 

Table 1. R b S r  &ta 

1/Sr (ppm) I "RbfSr 1 ''Srf% 1 2a 
0.0070 I 0.684 10.766860 I O.ooOo10 
0.0072 
0.0063 
0.0091 
0.0095 
0.0065 
0.0056 
0.0062 
0.0229 
0.0034 
0.0133 
0.0023 
0.mo 
0.0018 
0.0015 

0.684 
0.646 
0.880 
2375 
1.782 
0.917 
1228 
5554 
0.511 
3.272 
0.170 
0.213 
0.202 
0.150 

0.752736 
0.751376 
0.762337 
01813724 
0.811822 
0.79544s 
0.789596 
0.811186 
0.759014 
0.795461 
0.744916 
0.745237 
0.747518 
0.746628 

0.000309 

0 . m 1 0  

O.oooO13 

o.ooOo12 

0 . m 1 2  

Rubidium and Sr concentrations and strontium isotopic compositions of the analysed 
samples. 

isotopes were measured using a dynamic multicollection mode. Re- 
peated analyses of NBS 987 standard gave an average value OE 
0.710205 t 16 (~cT,,, on twenty-four runs). Strontium total blanks 
were negligible. lower than 300 pg. 

3.2. 'Ar/'9Ar method 

The grains analyzed with the laser probe were carefully hand- 
picked under a binocular microscope from coarse fractions (0.5-2 
mm) of the crushed samples. The samples were irradiated at the 
McMaster reactor (Hamilton, Canada) with a total flux of 9 x IOt8 
n.cm-'. All of the analyzed samples were gathered in a narrow zone 
at the same level within the irradiation can in order to minimize the 
effect of the flux gradient, which is estimated to be less than ?OS%. 
The irradiation standard was the amphibole MMhbl (Samson and 
Alexander. 1987: 520.4 Ma).  

The step-heating experiments on single grains (described in detail 
by Scaillet et al., 1990; Ruffet et al., 1991) were performed with a 
laser-probe using a Coherent Innova 70-4 continuous Ar-ion laser 

8 
8 
P 

6 

\ 

FIG. 

model with a maximum output power of 6 Watts in mL iline mode. 
The laser beam was focused through an optical system onto a sample 
located in a UHV sample chamber (a  Cu sample-holder, beneath a 
Pyrex window, in a stainless steel chamber). 

Each laser experiment lasts 5 min: ( 1) 3 min in the purification 
line (laser heating of the sample and cleanup of the released gas) 
and (2) 2 min of inlet time into the mass spectrometer. The laser 
beam size is at least 2.5 times greater (up to 6 mm) than the sample 
size, in order to obtain a homogeneous tempera& over the whole 
grain. The temperature is not known but its homogeneity is con- 
trolled by observing the heated mineral with a binocular microscope, 
coupled with a color video camera and a high resolution video 
recorder. The laser heating time (1 min) is kept-constant for each 
stepheating experiment. The fusion of the minefal is achieved by 
sharply focusing the laser spot. 

The mass spectrometer consists of a 120" M.A.S.S.E.@ tube, 
a Blur  Signer" source, and an SEV 217" electron-multiplier 
(total gain: 5 X 10"). The purification line comprises an SAES 
GPSOW getter with StlOl@ Zr AI alloy operating at 400°C and 

0.80 - 

0.78 - 
- 
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87Rb/86Sr 
7. Diagram ''Sr/"Sr YS. "Rb/"Sr with 2.1 Ga reference isochrone. 
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TABLE ?. "Ar/39Ar analytical data 

Step "Ar,. JyArK "ArcJ(yArK "Ar'r"Ar, Age Step wArm. "Ard"Alr "Ar'PkK Age 
n' (%) (45) ( X l O 3  (Ma) n* (45) (%) ( X l O 3  a) 

1.33 38.9 f 1.6 
1.42 415 f 0.9 

2 79.4 3.77 0.0688 1.71 49.9 t 4.9 Totalage: 44.0 2 05 
-1.1 036 0.0280 

38.4 8.60 0.0565 
1.65 483 f 40.7 Fu% 16.4 14.79 0.0145 

(Single grain) (J=0.0164325) 8 

3 59.0 3.64 0.0918 155 453 f 53 
4 67.1 3.04 0.0845 1.01 29.8 f 6.6 t (Single grain) (1=0.01643'3) 

050 14.8 f 71.8 96.9 0.04 O.oo00 5 60.0 5.62 0.0961 1.14 333 f 3.6 
6 245 23.01 0.0515 
7 9.4 14.82 0.0311 
8 8 5  19.76 0.0388 
9 205 19.43 0.0923 
10 27.7 5.08 0.0987 
Fusc 41.0 1.48 0.1072 

t (Single grain) (Jd.0164325) 
w . 0  1 61.86 0.0743 
2 42.0 1135 0.0494 
3 64.0 9.76 0.1178 
4 53.4 13.36 0.1339 

2.09 
2.29 
2.17 
1.29 
1.20 
1.00 

Total age: 

1.72 
1.48 
0.68 
O54 

60.8 2 1.3 2 
66.7 f 1.4 3 
63.1 f 1.1 4 
37.9 f 1.1 5 
35.1 f 2.8 6 
29.4 2 12.7 7 
52.4 t 0.7 8 

9 
10 

503 t 2.4 11 

202 r 2.7 
433 f 2.2 Fu% 

15.9 f 2.1 

93.4 3.48 
49.8 2.87 
42.4 422 
17.5 6.94 

5.6 19.39 
4.8 28.17 
7.9 13.65 
35.8 4.01 
14.6 2.62 
Za.9 4.94 

8.8 9.57 

0.0626 
O.LM72 

0.0342 
0.0240 
0.0199 
0.0182 
0.0217 
0.0544 
0.0438 
0.0331 

0.0377 

2.00 
2.61 
2.67 
2.61 
231 
221 
2.15 
2.10 
2.22 
2.80 
2.14 

Total age: 

582 f 55 
75.7 2 2.0 
77.6 2 15 
75.9 t 1.0 
67.2 t 0.7 
64.4 t 0.4 
62.7 2 O 2  
613 f 0.4 
64.6 f 1.1 
81.2 2 13 
623 f 1.1 
655 t 03 

5 66.1 2.04 0.0522 1.01 29.6 2 8.9 (Single p i n )  (J=0.0164325) 
6 72.6 0.61 O.oo00 0.60 17.6 f 34.9 -0 0.41 0.1192 1.18 34.6 f 55.4 
Fuse 762 1.02 0.0451 054 15.8 2 212 2 97.9 3.41 0.1033 1.14 33.4 2 9.4 

127 373 2 82 
4 953 6.76 0.0930 122 35.9 2 5.0 

Total age: 41.0 2 1.6 3 96.9 5.60 0.0968 

(Single grain) (J=0.0164325) 
m . 5  3.78 0.2075 
2 495 5.20 0.0836 
3 36.7 4.75 0.1785 
4 9.8 8.84 0.1339 
5 5.8 24.22 0.0920 
6 52 14.75 0.0865 
7 5.8 7.94 0.0598 
8 6.0 1130 0.0707 
9 6.9 14.43 0.1124 

5 
128 37.7 f 1.7 6 
128 375 t 1.9 7 
1.20 35.2 2 1.9 8 
1.28 37.6 t 1.1 g 
1.47 43.0 t 05 10 
1.68 492 f 05 11 
1.67 49.0 f 0.9 F~~ 
1.45 425 t 0.6 
0.90 26.4 f 0.7 

86.6 
58.1 
43.8 
39.0 
35.7 
33.1 
40.4 
65.7 

8.99 
1536 
19.28 
16.61 
7.66 
555 
3.91 
6.46 

0.0499 
0.0447 
0.0390 
0.0258 
0.0201, 
0.0112 
0.0273 
0.0389 

1.83 533 f 2.0 
230 67.0 f 1.8 
232 675 f 1.0 
2.37 68.8 2 0.9 
2.71 785 2 13 
5.04 1435 f 2.0 

11.71 3175 f 4.1 
4.00 114.9 t 1.7 

Totai age: 79.1 f 0.8 

FUSC 17.8 4.78 0.1197 0.90 265 f 25 (Single grain) (J4.0164325) 
135 395 f 1.4 

2 13.7 10.83 0.1313 156 45.6 r 0.9 
Totalage: 398 t 03 1 34.0 13.46 0.1232 

1.94 565 f 1.1 87-u c m  (Single gain) (Jd.0164325) 3 4.7 9.83 0.1760 
1 96.7 0.78 0.1461 058 172 f 19.7 4 3 4  41.92 0.0409 2.24 fi5.I 2 03 -. . __ .- - - - 

1.4 14.05 0.0314 330 952 t 0.8 2 802 6.08 0.0383 1.08 31.8 2 4.0 5 
3 71.4 737 0.0348 136 39.9 2 32 6 15 3.11 0.0837 20.45 5U.6 2 45 

6.96 195.4 t 1.9 4 44.2 13.38 0.01% 1.63 47.6 f 1.4 F~ 
Totalage: 86.1 5 0.4 5 18.9 20.24 0.0159 1.63 47.8 2 0.8 

6 15.3 17.77 0.0106 1.62 475 f 0.9 
7 20.8 10.98 0.0260 156 45.8 t 1.1 

1.4 6.79 ~.oooo 

"Ar,,, = atmospheric "Ar. "/u* = radiogenic "Ar. Ca = produced by Ca-neutron interferences. K = produced by K-neutron interferences. 
Age(Ma) = the date is calculated using the decay constants recommended by Steiger and Jager 1977). The error is at the 10 level and does 
not include the error in the value of the J parameter. Correction factors for interfering isotopes produced by neutron irradiation were (39Ar/ 

= 7.0 x I O w 4 ,  ("Ar/39Ar)ca = 2.8 x IO-", ("Ar/"Ar)K = 2.58 x IO-'. 

a -95°C cold trap. Static measurements of argon isotopes corre- 
spond to eleven peak hopping scans. Backgrounds of the extrac- 
tion and purification laser system were measured every first or 
third step and subtracted from each argon isotope from the subse- 
quent gas fraction(s). Typical blank values were 2.7 X IO-" 
<: M/e40 < 1.0 X IO-" and 1.0 X IO-" < M/e36 < 3.8 
X cm-3 STP. 

All isotopic measurements are corrected for potassium and cal- 
cium isotopic interferences, mass discrimination. and atmospheric 
argon contamination. All errors are quoted at the lu level and do 
not include the errors on the wAr*/3yArK ratio and age of the monitor. 
The error on the "Ar*/"ArK ratio of the monitor is included in the 
calculation of the plateau age error bars. To define a plateau age, 
we need at least three consecutive steps. corresponding to a minimum 
of 70% of the total 39ArK released, and the individual fraction ages 
must agree within 20 error with the "integrated" age of the plateau 
segment. 

4. RESULTS 
4.1. Rb-Sr Results 

Both the cryptomelane whole-ores and the separates, exhibit 
relatively low Rb concentrations ( 19-69 ppm) and higher Sr 

concentrations (44-659 ppm: Table 1 ). The two "separate" 
samples (#28-II and #31W that displayed '''-'.~4r/~~Ar plateau 
ages (see below) have the lowest Sr contents (less than 100 
ppm) , with Rb concentrations similar to other samples (around 
60 ppm). These results contradict the expectation that the for- 
mation of cryptomelane would Fractionate the Rb/Sr ratio. as 
this ratio remains lower than one in all samples. 

The clayey matrix is also depleted in Sr (48 ppm), and 
even more in Rb (2 ppm). The lithiophorite contains respec- 
tively 41 and 180 ppm of Rb and Sr. 

In spite of these low Rb/Sr ratios, all analyzed cryptomelane 
samples ( whole-ores and separates ) have radiogenic strontium 
isotopic compositions ranging from 0.749 to 0.81 37. R7Sr/8hSr 
ratios of the lithiophorite and the clayey matrix are also within 
this range. The discrepancy between two analyses of distinct 
aliquots of sample #34 (0.7466 and 0.7475) indicates the de- 
gree of isotopic heterogeneity existing within a sample. 

The data do not define an isochron in the Rb-Sr isochron 
diagram (Fig. 7).  However, the results for the whole-ore 
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TABLE 2. (Continued) 

2225 

step k m .  ATK "ATJAtc uAT'FATK Age 
n' (%) (%) (XlO3 (Ma) 

-(Single grain) (J=O.O16432S) 
1 59.7 0.56 0.2061 0.83 
7 - 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
Fuse 

47.2 
30.7 
23.4 
16.0 
8.7 
53 
3.9 
3.1 
21 
1.3 
1.2 
1.4 
13 

7.08 
3.93 
3.48 
354 
3.64 
4.63 
8.44 
14.99 
15.07 
9.46 
6.93 
3.96 
14.29 

0.0769 
0.1414 
0.0674 
0.0226 
0.0016 
0.0082 
0.0419 
0.0814 
0.0190 
0.0427 
0.0506 
0.1433 
0.0265 

1.18 
1.45 
155 
1.66 
2.17 
256 
2.78 
2.49 
2.46 
2.65 
3.10 
5.19 
3.48 

Total age: 

- (Single grain) (J=0.0164325) 
1 1.23 0.0554 1.15 
2 92.4 3.99 0.0253 1 .so 
3 
4 
5 
6 
7 
8 
9 
Fuse 

17.2 
7 2  
35 
2.7 
2.9 
24.8 
79.7 
75.4 

6.14 
11.15 
17.29 
24.27 
23.87 
6.12 
228 
3.67 

0.0109 
0.0080 
0.0080 
0.0080 
0.0074 
0.0071 
0.023 
0.0126 

n31._Crvotomclanc (Single grain) (J=0.016432.5) 
1 49.8 0.00 0.M)Oo 
2 100.0 0.10 - 
3 94.7 1.04 0.0547 
4 85.9 1.14 0.0877 
5 79.6 1.10 0.0636 
6 75.7 1.82 0.0479 
7 69.7 2.03 0.0327 
8 60.7 2.58 0.0376 
9 60.9 2.90 0.0517 
10 64.8 2.36 0.0564 
11 60.0 4.20 0.0398 
12 47.4 5.15 0.0599 
13 26.2 7.18 0.0.159 
14 12.4 11.15 0.0287 
15 7.8 I733 0.0326 

154 
1.60 
1.63 
1.64 
1.65 
1.66 
1.68 
1.69 

Total age: 

26.24 

1.27 
1.88 
2.09 
228 
228 
2.40 
2.44 
2.44 
235 
231 
2.27 
2.19 
2.12 

- 

24.5 f 6.5 
34.6 f 0.8 

45.4 f 1.6 
48.6 t 1.0 
633 f 0.8 
74.2 f 1.0 
80.6 f 1.4 
723 f 0.3 
715 f 0.4 
76.9 f 0.5 
895 t 0.7 

147.7 t 1.2 
1001 f 0.5 
75.4 f 0.2 

425 f 1.0 

33.8 f 11.2 
43.9 2 4.6 
452 f 0.7 
46.9 2 0.4 
47.8 f 0.4 
47.9 f 0 3  
483 f 03  
485 f 0.8 
49.0 f 3.6 
49.6 f 1.9 
475 2 0 3  

646.9 f 23615 

373 2 162 
54.8 f 8 5  
60.8 2 8.8 
66.4 f 55 
663 f 5.8 
69.7 f 4.7 
70.8 2 3 3  
70.9 2 4.8 
68.4 t 2.6 
67.1 f 2.3 
66.0 2 1.0 
63.6 f 0.8 
61.8 f 05 

- 2  - 

16 8.0 13.37 0.0283 2.08 
17 7.4 13.08 0.0279 2.04 
18 21.0 4.92 0.0395 1.96 
F W  68.1 8.55 0.0400 1.79 

Total age: 

D I - U  Qy&m&n~ (Single grain) (J=0.0164325) 
1 22.6 0.00 2.8456 5.10 
2 85.1 0.62 0.0313 0.90 
3 91.1 1.88 0.0231 1.04 
4 82.6 1.34 0.0317 1.11 
5 64.4 1.41 0.0191 1.29 
6 48.1 1.40 0.0259 136 
7 23.8 2.75 0.0139 151 
8 16.7 6.44 0.0103 1.60 
9 22.6 959  0.0111 158 
10 20.1 12.75 0.0108 159 
11 15.6 959 0.0093 1.62 
12 14.7 10.11 0.0087 1.61 
13 14.9 1128 0.0107 1.61 
14 172 10.95 0.0114 1.60 
15 19.1 8.05 0.0143 157 
16 16.7 3.17 0.0194 158 
F W  42.4 8.69 0.0139 158 

Total age: 

(Single gain) (JS.0164325) 
0.75 
0.90 

m l  051 0.0932 
2 76.1 4.87 0.0105 
3 76.8 4.19 0.0185 1.05 
4 65.2 559 0.0179 1.40 
5 32.0 5.66 0.0259 1.63 
6 15.2 6.61 0.0283 2.23 
7 8 2  10.94 O.OO80 2.41 
8 7.1 14.94 0.0084 2.18 
9 7.1 11.45 0.0097 2.24 
10 7.7 7 5 1  O.Oo90 2.47 
11 173 5.07 0.0196 2.83 
12 53.3 5.02 0.0175 3.41 
FW 66.2 17.64 0.0111 2.01 

Total age: 

1 035 0.0141 0.79 
2 89.1 2.10 0.0257 0.68 

- (Single grain) (JS.0164325) 

60.6 f 0.8 
59.4 f 0.6 
57.1 f 1.8 
52.2 f 2.1 
61.8 f 0 5  

145.1 f 489.9 
26.4 f 6.6 
30.7 f 3.5 
32.6 f 4.3 
37.8 f 4.1 
39.8 f 2.9 
443 f 1.1 
46.7 f 05 
462 f o 3  
46.6 f 0.4 
473 f 0 3  
47.1 t 0.4 
47.1 f 0.4 
46.7 f o 3  
45.9 f o5 
46.1 z 0.8 
462 f 0 5  
45.8 -+ 0.2 

22.1 f 11.9 
26.4 t 2.0 
30.8 f 1.6 
41.0 f 1.7 
47.6 f 1.4 
65.0 2 0.9 
70.1 2 0.8 
635 t 0 5  
6.5'3 t 0 5  

,71.9 f 0.7 
82.0 f 12 
985  f 2.2 
58.5 2 0.9 
61.4 t 0 3  

233 2 10.7 
3.1 f 3.9 

samples LOW a positive correlation, corresponding to an age 
of 2. I Ga. Three of the separate samples of cryptomelane plot 
also within this correlation, and are close to their respective 
whole-ore (Fig. 7 ) .  The clayey matrix is also within the 
same trend. On the other hand, the two samples #28-II and 
#31-II, with well-defined 40Ar/39Ar plateau ages, plot far 
away to the right of the correlation line. due to their lower 
Sr contents, and thus, higher, RblSr ratios. Finally, the ab- 
sence of any mixing line in the vs. 1/Sr diagram 
(not shown) clearly rules out a simple mixing process. 

4.2. "ArJ3'Ar Results (Table 2) 

Eight whole-ore samples and five separates (veins or con- 
cretions labelled by "II"), collected in the different units, 
were analyzed with the mfOAr/39Ar method. The results are 
illustrated in Figs. 8- 13. 

4.2.1. Whole ores 

All the whole-ore samples display disturbed age spectra. 
The integrated ages range from 39.8 i 0.3 Ma to 79.1 2 0.8 

Ma. In spite of the strong disturbances of the age spectra, 
similar features are found in various samples. (1) All of 
these samples but one (#7) display some apparent age seg- 
ments older than 60-65 Ma in their age spectra. (2) Four 
samples, including the three samples from the clastic ore 
(#15, #28, and #32) show anomalously high ages in the low 
to intermediate temperature steps (Fig. 8). (3) These three 
samples from the clastic horizon, as well as one sample 
(#22) from the platey level, also show high ages up to 317.5 
2 4.1 Ma in the high temperature steps (Fig. 9). (4) Samples 
#1 and #34 display age spectra, with younger ages in the 
range 35-45 Ma, in the high temperature steps (Fig. 10). 
Sample #7, which is the only sample with all apparent ages 
lower than 50 Ma (Fig. lo),  also shows low ages in the 
range 16-26 Ma, in the high temperature steps. 

A broad age convergence in the intermediate temperature 
steps is observed around 60-70 Ma, when all age spectra 
(except #7) are grouped together (Fig. 1 1 ). A poorly con- 
strained age cluster between 20 and 40 Ma also appears in 
the low temperature steps. Furthermore, sample #22 displays 
a "pseudo" plateau age (less than 70% of the total 3 9 A r ~  
released) at 67.8 2 0.8 Ma (Fig. 12). 
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TABLE 2. (Continued) 

Step ' ' A I ~ ~ I A I K  "Ar'r"Ar, Age 
n' (46) (%) (XI03 (Ma) 

3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
Fuse 

96.0 
85.2 
77.1 
62.7 
43.0 
19.7 
115 
10.9 
Il3 
135 
13.7 
25.7 

3.97 
4.50 
5.18 
4.48 
4.91 
7.62 
14.91 
16.60 
9.16 
4.41 
I I 2 9  
1053 

0.0435 
0.011s 
0.0735 
0.0151 
O.Mo0 
09194 
0.0180 
0.0196 
0.13208 
0.0261 
0.0125 
0.0130 

(Single grain) (J4.016439Z) 
-6 0.01 1.7898 
2 912 1.25 0 . m  
3 82.7 2.07 0.0449 
4 725 250 0.0358 
5 67.9 5.15 0.0462 
6 65.7 5.65 0.0582 
7 553 6.42 0.0589 

9 20.4 10.23 0.0293 
10 11.9 12.13 0.0265 
11 16.8 10.19 0.0174 
12 23.0 936 0.0197 
13 50.0 8.08 0.0356 
FUSC 74.4 19.18 0.0379 

8 35.1 7.77 0.~1240 

0.88 
1.13 
1.10 
1.36 
1.63 
1.80 
1.90 
1.96 
1.95 
1.85 
1.86 
1.86 

Total age: 

0.27 
1.23 
130 
139 
1.07 
0.94 
136 
2.24 
2.60 
2.46 
236 
2.16 

154 
Total age: 

1.n 

26.0 f 4.5 
33.3 f 3 2  
323 f 1.8 
39.9 f 1.1 
47.6 f 0.9 
52.7 f 0.6 
555 f 0 3  
57.1 f 03 
57.0 z 0.4 
54.1 f 0.9 
54.2 f 0.4 
54.2 f 0.4 
50.0 f 03 

7.9 z no.4 
36.0 f 7 3  
38.1 z 53 
40.6 f 3.4 
315 f 1.6 
275 2 1.8 
39.0 f 25 
653 f 1.6 
75.4 t 1.1 
715 z 0.8 
685 z 1.0 
63.0 2 12 
51.7 f 15 
452 t 13 
55.2 2 a5  

4.2.2. Separates 

The age spectra obtained on separates are generally less 
disturbed than those obtained for the whole-ore samples. 
Four of the five samples display age spectra with flat seg- 
ments (Fig. 12). Two real plateau ages at 46.7 2 0.2 Ma 
and 48.1 2 0.2 Ma are obtained for samples #31-II and #28- 
II, respectively. Two "pseudo" plateau ages (less than 70% 
of the total " A r K  released) are displayed by samples #7-II 
and #32-II, respectively, at 47.3 2 0.5 Ma and 55.6 5 0.2 
Ma. All of these age spectra present a staircase shape in 
the low temperature steps, with initial ages in the range 
20-40 Ma. 

Sample #22-II has the most disturbed age spectrum, with 
a general staircase shape very similar to that displayed by 
the corresponding whole-ore (Fig. 12). This age spectrum 
presents (1 ) a poorly defined level (one step) at 65.1 2 0.3 
Ma and (.2) anomalously high ages in the high temperature 
steps up to 522.6 -e 4.5 Ma. 

4.2.3. Isochron analysis 

All of the samples were also analysed using 36Ar/40Ar vs. 
39Ar/40Ar correlation diagrams (Tumer, 1971; Roddick et 
al., 1980; Hanes et al., 1985). This analysis confirms the 
age of the plateaus observed on the age spectra of the sepa- 
rates (Table 3). It also confirms the existence of two poorly 
constrained "plateau" segments around 36-37 Ma in the 
low temperature steps, for two whole-ore samples (#7 and 
#22) (Table 3). The low values of the MSWD (less than 
l ) ,  are related to the large error bars of the corresponding 
steps, with high amounts of atmospheric contamination. The 
high value of the MSWD parameter and the low value of the 
( 40Ar/36Ar)i ratio of sample #32-Il reflect the poor quality of 
the corresponding plateau segment. 

4.2.4. '7ArCn/39ArK spectra 

Figure 13 shows that no clear relationship can be found 
between the shape of the 37Ar~a/39ArK spectra and the sample 
type (whole-ore or separate), as previously observed for the 
age spectra. Nevertheless, the two samples which display 
the plateau ages around 47 Ma (#28-11 and #3 1-11) also have 
less disturbed 37Ara/39Ar~ spectra, with the lowest (around 
0.01) 3 7 k e / 3 9 & K  ratio values (bold lines in Fig. 13). 

5. DISCUSSION 

5.1. Rb-Sr data 

Our Rb-Sr data clearly indicate that the crystallization 
of cryptomelane produces a much lower fractionation be- 
tween Rb and Sr than between K and Ca. Potassium con- 
tents range approximately from 1 to 3% in cryptomelanes, 
while Ca contents are much lower, averaging 0.1-0.2% 
(Beauvais, 1984). Therefore, K/Rb and Ca/Sr ratios av- 

100 I i 

œ # l 5  
=#31 

O !  I I I I I 

%39Ar 
O 20 40 60 80 100 

FIG. 8. Two of the four age spectra which display anomalously high ages in the low to intermediate 
temperature steps. The error bars for each temperature steps are at the lu level. The errors in the J-values are not 
included. 
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FIG. 9. “Ar13’Ar age spectra with anomalously high ages in the high temperature steps. Same observations as for 
Fig. 8. 
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%BAr 
FIG. IO. J‘Ar/’yAr age spectra with low ages in the low and high temperature steps. Same observations as for Fig. 8. 

O !  I I I I I 

%BAr 
O 20 40 60 80 100 

FIG. 11. “ArlJgAr age spectra of all the whole-ore samples (except sample #7). Same observations as for Fig. 8. 
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FIG. 12. *Ar13’Ar age spectra of whole-ore and “separate” sam- 
ple pairs. Same observations as for Fig. 8. 

erage -500 and =IO. compared, respectively, to mean 
crustal values of 200 and 30 (Taylor and McLennan, 
1985). These low Ca/Sr ratios probably result from dif- 
fering behaviour of the two alkaline-earth elements in the 
cryptomelane structure. 

Similarly, Rb/Sr ratios exhibit a wide range of variation 
between 0.1 and 10 in continental sediments. Cryptomelanes 
from Azul fall within this range of variation, and conse- 
quently. do not show any evidence for a Rb enrichment 
relative to Sr. 

The correlation line obtained in the isochron diagram can 
be interpreted as a 2.1 Ga reference isochron, in spite of the 
fact that the Rb-Sr chronometer clearly suffered some perturba- 
tion. This age, which corresponds to the formation of the Rio 
Fresco group containing the Mn protore (Beauvais et al., 1987; 
Machado et al., 1991 ; Macambira, 1992) suggests that the Rb- 
Sr chronometer has not been strongly affected by the first stage 
of weathering of the proterozoic sediments. 

This could result from the presence of inherited phyllosili- 
cates. such as muscovite, occasionally observed in thin sections 
(Fig. 5) and suggested by some of the 40Ar/39Ar results (see 
below). Nevertheless, traces of muscovite, when present in Mn 
oxides, cannot fully explain the radiogenic 87Sr/86Sr. 

Consequently, these data suggest that (1 ) the inherited 
Sr component is located within the crystal structure of 
cryptomelanes and ( 2 1 the pseudomorphic replacement 
of rhodochrosite by cryptomelane does not significantly 
disturb the Rb-Sr chronometer. Neither Rb nor Sr were 
significantly leached during the first stage of weathering, 
and both elements probably entered the cryptomelane 
crystal structure by K-replacement. Thus, this transfoma- 
tion took place in a closed system, at least at the scale of 
the entire sequence. 

This conclusion is supported by the fact that Sr can be 
integrated within the hollandite crystal structure, (of 
which cryptomelane is the potassic endmember) (Bums 
and Bums. 1979), whereas Ca-hollandite has never been 
described so far. This could explain that Ca, but not Sr, 
was leached out of the Mn oxides. 

Secondary concretions and veins of cryptomelme-;? (#í’-II, 
#32-II, and #22-II) have similar Rb/Sr characteristics to those 
of whole-ores. This suggests that Sr was not removed during 
their crystallization. In contrast, the two samples with well- 
defined MAr/”Ar plateau ages (#28-II and #31-JI) plot far 
away from the reference isochron (Fig. 7 ) . This clearly indi- 
cates that the Rb-Sr system was disturbed during the crystí&a- 
tion of these Mn oxides, with a relative enrichment in Rb. 

T h B L E  3. Results of the analyses with the ‘6Ar/woAr vs. 3YAr/MpU correlation 
diagram method. 

The ( aAr/36Ar ), and ages are both calculated from the intercept of the best-fit line 
(York. 1969). with the respective axis of the correlation plot. MSWD = SUMS/(n 
- 2 )i  SUMS: weighted sum of residuals; n: number of points fitted. 
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37Arc./’9ArK spectra of all the studied samples. Black lines: 37ArG/39ArK spectra of samples 
#31-11; Grey lines: all others 37Arc./’gArK spectra. 

Unlike in the first generation, the initial textures were not pre- 
served during the crystaIIization of these samples (Fig. 3), 
leading to much lower Sr contents in these minerals. 

The two-point isochrons drawn between whole-ore sam- 
ples and separates correspond to unrealistic ages of 351 
and 93 Ma, much older than the “aAr/’9Ar ages. These 
results indicate that sample pairs formed by whole-ores 
and veins or concretions were not closed-systems for Rb 
and Sr after formation. This may result either from initial 
isotopic inhomogeneities between whole-ores and veins or 
concretions, or from continuous chemical exchange after 
formation. 

5.2. 40Ar/39Ar Data 

5.2.1. Age spectra shapes 

One of the significant features of the age spectra, mainly 
for whole-ore samples, is that anomalously low or high ages 
are often observed within a spectrum, in the low or high 
temperature steps, respectively. 

The low ages in the low temperature steps are observed 
for almost all the age spectra, often with a staircase shape 
in the first 10-206 of the total 39ArK released. 

Low ages in the high temperature steps are also observed 
in three age spectra: #I, #7, and #34 (Fig. IO).  Furthermore, 
samples #7-U and #31 (Figs. 12, 8 )  also show, to a lesser 
extent, slightly younger ages in the final stages of degassing 
of 39ArK. When the low ages occur both in the low and high 
temperature steps, the resulting age spectrum has an upward- 
convex shape ( # I ,  #7, #34) (Fig. 10). 

These low ages are generally correlated to higher ”Arca/ 
39ArK ratios. Low ages in the low temperature steps, com- 
bined with high 37ArC,/39ArK ratios are frequently observed 
for other kinds of minerals and are generally explained by 
the presence of poorly crystallized alteration phases. How- 
ever, this hypothesis cannot explain the low ages in the high 
temperature steps, as these alteration phases release their 
radiogenic Ar in a lower temperature domain than that of 
the “primary” minerals. On the other hand, convex-upward 
age spectra have been found in white micas (e.g., Wijbrans 
and McDougall, 1986) and were interpreted as indicating the 
presence of two mixed white mica generations with distinct 

#28-II and 

isotopic closure ages. These authors explained the lowering 
of the apparent ages in the initial and final degassing steps 
by a larger temperature span of the degassing spectrum of 
the youngest mica generation. This hypothesis can also be 
invoked to explain the convex-upward age spectra displayed 
by some of our cryptomelane samples. 

The distinct ages which are found in the low and high 
temperature steps (e.g., #34) (Fig. 10) can be explained 
either by distinct overlaps of the degassing spectra in the 
two temperature domains or by the presence of an alteration 
phase which preferencially degasses in the low temperature 
steps. Whatever the case, the highest ages of the age-spectra 
bumps give a minimum estimate of the true age of the oldest 
manganese oxide generation (see for instance samples #7 
and #7-II. which display concordant ages in the intermediate 
temperature steps and discordant ages outside this tempera- 
ture domain (Fig. 12)) .  

Four samples display age spectra with higher ages in the 
low (#I5 and #31) (Fig. 8) or intermediate temperature steps 
(a8 and #32) (Fig. 9). The latter samples also show steep 
staircase shapes for the first 25% of the total 3 9 h K  released. 
A common problem of the 40Ar/’9Ar dating method is the 
loss by recoil of neutron inadiation-generated 3 9 A r K ,  espe- 
cially when the material studied is very fine-grained (Turner 
and Cadogan, 1974; Harrison, 1983; Foland et al., 1992). 
Classically, the age spectrum displays old apparent ages, due 
to the ” k K  loss, in the low temperature steps, followed by a 
slow decreasing staircase shape of the apparent ages towards 
higher temperature steps (Turner and Cadogan, 1974). Sam- 
ples #15 and #3 1 (Fig. 8) display age spectra which corre- 
spond exactly to this model, except for the lowest temperature 
steps. In these two samples, the ” k K  displaced during the 
n,p transmutation definitely left the irradiated system since 
low ages ase observed only in the very first steps, correspond- 
ing only to a few percents of the total 39&K released. By 
contrast, low ages in the low temperature steps are observed 
in a larger degassing domain of samples a 8  and #32 (Fig. 
9).  This may result from the incorporation of the displaced 
3 9 h K  from the K-rich Mn oxides into other K-poor h4-1 oxides 
or alteration phases. In these samples, disturbed by 39ArK re- 
coil, the decreasing staircase shape of the age spectra in the 
intermediate to high temperature steps displays apparent ages 
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which tend towards, and may eventually reach, the true age 
of the mineral. Vasconcelos et al. (1994) did not observed 
any direct evidence of recoil in their samples. This may result 
from the large atmospheric contamination in the low to inter- 
mediate temperature steps of their experiments. which may 
hide the recoil effects. and which did not occur in our samples 
for some unknown reason. 

Five of OUT samples (#15, #22. #22-LI. #28, #32) (Figs. 9, 
12) give unrealistically old ages in the high temperature steps, 
which may reflect the presence of inherited hypogene minerals, 
such as muscovite or K-feldspar, as also revealed by the petro- 
graphic observation (Fig. 53. Indeed, muscovite releases its 
radiogenic argon in an higher temperature domain than crypto- 
melane (or other Mn oxides) (Vasconcelos et al., 1994). 

5.2.2. Clironological implications 

In addition to the methodological questions discussed 
above, five observations remain to be discussed which are 
relevant to the chronology of evolution of the Azul Mn ore: 

All whole-ore age spectra (except that of sample #7) 
show an age convergence around 60-70 Ma in the inter- 
mediate temperature steps (Fig. 1 1 ). 
The age spectra displayed by the “separate” samples are 
less disturbed and give different ages than those of the 
corresponding whole-ores (Fig. 12). 
One of the “separate” sample (#32-II) displays a poorly 
constrained plateau age at 55.6 t 0.2 Ma (Fig. 121. 
Very good plateau ages are displayed by three separate 
samples (#28-11, #7-II, #3 1-11). These ages are concor- 
dant within error bars and allow calculation of a mean 
value of 47.4 2 0.1 Ma (Fig. 12). 

5) Three whole-ore samples display low ages around 37 Ma 

in the low (#7. #22) or in the high (#1) temperature 
steps (Figs. 9. IO). 

Vasconcelos et al. ( 1994) defined three age clusters for 
the Azul Mn-ore. respectively, at 65.5-68 Ma, 51-56 Ma. 
and 30-43 Ma. They proposed that these age clusters charac- 
terize the episodic precipitation of the three successive Mn- 
oxide generations of the 4zul Mn deposit as a result of 
superimposed weathering events. 

Our data confirm that cryptomelane-1 probably formed 
between 60 and 70 Ma as proposed by Vasconcelos et al. 
( 1994). We find evidence for some Early Paleocene-Upper 
Cretaceous ages in all the whole-ore samples (except #7) 
(Figs. 1 1, 14 ) and one separate sample (#22-11). Further- 
more. one whole-ore age spectrum (#22) displays a plateau 
segment at 67.8 i. 0.8 Ma (51% of the total j9ArK released) 
(Fig. 12). This age cluster is not veriy well constrained. 
probably because whole-ore samples are mixtures of crypto- 
melane and other constituents, unlike separates which are 
primarily composed of cryptomelane. The lower ages in the 
low or high temperature steps may be related to the presence 
of younger cryptomelane generations in the whole-ore sam- 
ples, as discussed above. 

The age at 55.6 +- 0.2 obtained for the separate sample 
#32-II is only constrained by one sample, and the plateau 
age is of poor quality. Nevertheless, this result is concordant 
with the age cluster at 51-56 Ma defined by Vasconcelos 
et al. (1994) for the Azul area (Figs. 12, 14). 

The most reliable ages. according to the usual criteria of 
the wAr/39Ar method (see above). are displayed by the three 
“separate” samples. These early Eocene ages, with a mean 
value at 47.4 -t- O. 1 Ma are clearly distinct from the two age 
clusters (51-56 Ma and 40-43 Ma) that were attributed 
respectively to the second and third cryptomelane genera- 
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FIG. 14. Distribution of all the apparent ages (step-heating increments) of the age spectra From this study (black) 
and from the study (Azul area) of Vasconcelos et al. ( 1994) (light grey). The age spectra of the second cryptomelane 
generation do not include sample #22-11, whereas the age spectra of the first cryptomelane generation do not include 
sample #7. *: third cryptomelane generation (or cryptomelane-3) defined by Vasconcelos et al. ( 1994 ). 
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tions by Vasconcelos et al. ( 1991) (Figs. 12, 14). Moreover. 
these separate samples are essentially composed of the sec- 
ond generation of cryptomelane. AS emphasized above. no 
occurence of the third cryptomelane generation described by 
Beauvais et al. ( 1987) or Vasconcelos et al. ( 1994) has 
been detected in the samples of this study. We nevertheless 
obtained low ages (around 37 Ma) from three whole-ore 
samples (Figs. 9, I I .  14). 

Therefore, we believe that these results contradict the 
model proposed by Vasconcelos et al. ( 1994). which pro- 
poses that each cryptomelane generation corresponds to dis- 
tinct weathering events corresponding to global climatic 
changes. Cryptomelane-2 and -3 may have formed simulta- 
neously and more or less continuously over several million 
years (from 56 Ma to 40 and possibly 37 Ma), This interpre- 
tation seems more compatible with the petrographic evidence 
that each generation of Mn oxide replaces progressively the 
previous generation through dissolution and in situ recrystal- 
lization. Although the mineralogical “evolutionary se- 
quence” suggests a gradation from bottom to top of the 
profiles and from upstream to downstream of the sequence, 
this does not imply a simple spacial nor temporal spacing 
of crystallization events. Because of  the complex path of 
water circulation and residence time within the profiles. the 
crystallization of the different generations of cryptomelane 
may occur sequentially at a given location, but simultane- 
ously at different locations in the profile. In fact, no simple 
correlation is observed between sample depth and the age 
or shape of the “Ar/”Ar age spectra (see for instance, sam- 
ples #I, #7, and #15 (Figs. 8, IO),  collected at different 
depth in profile A 1 P 170 1. 

A final noticeable feature of the Azul chronology is that 
the formation of cryptomelane seems to have stopped much 
earlier than at other locations in Brazil. The youngest age 
found by Vasconcelos et al. (1991) is 11 2 2 Ma. More 
recent crystallization events may have occurred, as indicated 
by the few age segments at 37 Ma displayed by some of our, 
whole-ore samples. Nevertheless, these lower Eocene ages 
are much older than those found in the Igqapé Bahia profile 
(Carajàs mountains) (Vasconcelos et al., 1994). This differ- 
ence remains to be explained, and is most likely associated 
with local factors rather than continental-scale climate 
changes. One hypothesis involves a decrease of K available 
for recrystallization in the Mn-protore, due to exhaustion of 
the original K-bearing minerals in the parent rock. System- 
atic budget calculations. as well as comparisons with other 
locations in the same continental area will have to be carried 
out to solve this problem. 

6. CONCLUSIONS 

I )  These results show that cryptomelane is a suitable min- 
erd for dating with the MAr/39Ar method as previously pro- 
posed by Vasconcelos et al. (1994). However, problems 
related to 39Ar recoil during rreutron irradiation. contamina- 
tion by hypogene phases, or the presence of multiple genera- 
tions of Mn-oxides are encountered. 

2 )  Fine-scale sampling allowed by the laser probe “Ar/ 
39Ar technique makes it possible to analyse separately dis- 
tinct generations of Mn oxides extracted from a single sam- 
ple. The most reliable ages were obtained on separates, either 

millimetric veins crosscutting the samples or millimeter- 
thick concretions covering the faces of fissures. 
3) Little Rb/Sr fractionation occurs during cryptomelane 

crystallization. Large variations of the S 7 ~ r / ‘ h ~ r  ratio are 
found among the samples. inherited from the 2.1 G~ old 
parent rock. This shows that little isotopic homogenization 
occurred during the crystallization Of the Mn oxides, which, 
thus, cannot be dated by the Rb/Sr method. 

3) Our data confirm that the oldest and first cryptomelane 
generation (cryptomelane- I ), formed by pseudomorphic re- 
placenient of rhodocrosite. probably developed betaeen 60 
and 70 Ma. 

5) Some of the samples of the second cvptomelane gen- 
eration displayed ages around 47 Ma, distinct from the two 
age clusters at 5 1-56 and 40-43 Ma defined by Vasconcelos 
et al, (1994). Furthermore, hints of younger ages, around 
37 Ma. without any evidence of a third cryptomelane genera- 
tion. are observed in the age spectra of some of our samples. 

6) These results suggest. in contradiction with the inter- 
pretation of Vasconcelos et al. (1994). that the evolution 
of Mn oxides and cryptomelane in the weathering profile 
essentially results from a continuous process and that succes- 
sive petrographic generations may form simultaneously 
within one profile. 

7) Although the previous conclusion may put some limi- 
tations to the use of the K-Mn oxides as paleoclimatic “trac- 
ers”, the “0Ar/39Ar study of these minerals provides, never- 
theless, the first absolute radiochronological. constraints on 
the development of tropical weathering. This invaluable in- 
formation will clearly be extremely useful in the near future, 
for paleoalteration studies and for more precisely under- 
standing both the mechanisms and timing of ‘laterite forma- 
tion. 
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APPENDIX 

1 )  AIP 170profile 
a )  # I ,  collected in the indurated Mn-ore level, is composed of 

black cryptomelane with some nsutite and small layers of 
grey pyrolusite. The whole sample was analyzed, since it 
was not possible to separate the different phases. 

bl) #7 was also collected in the indurated Mn-ore level. The 
massive ore (#7) contains prinmcipdly cryptomelane and 
nsutite. Cryptomelane-2 appears as disseminated brown con- 
cretions (#7-II), which were separated and analyzed sepa- 
r.ately. 

c)  W15 was sampled in the clastic ore. The ore itself (#15) is 
composed of small exfoliated plates and blocks, made 
af cryptomelane with very little nsutite, packed in a red- 
dish, clayey matrix (#15-III1 made of kaolinite and minor 
gibbsite. 

2 )  AIP 175 profile 
#72 was collected in the little indurated ore. The ore (#22) is 
bluish to black. and is very rich in cryptomelane. Veins of 
cryptomelane-2 ( #22-II) crosscut the platey layering. Lithio- 
phonte has (#22-111) crystallized in the ore cavities. 

#28 was collected in the clastic ore. It is composed of consoli- 
dated, cemented plates (#28), Crosscut by a system of small 
fractures filled by secondary minerals. in which grey-coloured, 
cryptomelane-2 has been recognized (#28-11). 

#31 was collected in the poorly consolidated ore. The ore (#31) 
is blue to blackish, and plates are cemented. Cryptomelane 
constitutes the main mineral species. and is associated with 
nsutite. Brown concretions of cryptomelane-2 (#31-III) may also 
be observed. 

#32 was sampled at the surface level in the Mn mine and 
is issued from the clastic ore. The ore (#32) is very rich in 
cryptomelane. A crosscutting vein Of Cryptomelane-2 (#32-II ), 
separated from the ore, was also analyzed. 
#34 was sampled in a cross-section along a cutting. The sample 
is blue to grey and belongs to the poorly consolidated ore. Two 
phases can be distinguished. Both are enriched in cryptome- 
lane. with also nsutite and kaolinite. We only analyzed the 
whole-ore. 

3 )  AIP 16-3 profile 

4 )  AIP 162 profile 

5) Samples collecled out of the weathering projles 


