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La Negra-Coquimbana Manganiferous District,
Southern Atacama Desert, Chile

M. PINCHEIRA 2 and L. FONTBOTE >3

1 Introduction

The La Negra-Coquimbana (Mn-Fe) district is located in the Coastal Range of
the southern Atacama desert, about 20 km northwest of Vallenar (28 ° 22’'S. lat
and 70° 31'W. lat; Fig. 1).

The deposits are mainly stratiform (locally called mantos) and appear in three
main levels on the top of a volcano-sedimentary sequence of Lower Cretaceous
age (Bandurrias Formation; Segerstrom 1960a). This formation has a wide exten-
sion in the Coastal Range of north Chile (27°-30°S.), and consists mainly of
andesitic rocks with intercalations of sedimentary rocks of upper Valanginian to
upper Barremian ages (Biese 1942; Corvaldn 1955).

The mines in this area (La Negra, Porvenir, Coquimbana, and Venus), were ex-
ploited in this century at successive times especially during the first and second
world war due to the high price of manganese. The ore extracted had a maximum
Mn-grade of 46—48%.

2 Geologic Setting

In the La Negra-Coquimbana district (Coastal Range) rocks of the Bandurrias
Formation and plutonic rocks of a batholitic complex of dioritic-tonalitic compo-
sition crop out. These units form a well-developed north-south-trending belt,
which represents the remains of a magmatic arc of Lower Cretaceous age. Toward
the east, in the Andean Range, a parallel belt of contemporaneous sedimentary
rocks appears (Chaifiarcillo Group, Biese 1942; Corvaldn 1955). All transitional
environments between volcanic facies toward the west and marine sedimentary
facies toward the east can be recognized. These units, as a whole, are interpreted
as a magmatic arc-back-arc basin developed over continental crust (Abad 1977;
Mercado 1979; Coira et al. 1982).

Stratabound ore deposits occur in different geotectonic positions of this pair
as shown by Fontboté (this Vol.). A west-east zonation pattern of the stratabound
ore deposits correlates well with geotectonic environments trending north-south,
which are largely determined by the subduction mechanism in the west margin of
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Fig. 1. A Stratabound ore deposits in the Lower Cretaceous units of the Atacama region (see also
Cisternas this Vol.; Diaz this Vol.). I Coastal batholith; 2 volcanic facies; 4 transitional facies (volcanic
rocks with intercalation of sedimentary rocks) of the Bandurrias Formation; 3 marine sedimentary
facies (Chaiarcillo Group); 5 red sandstones. B Geologic map of the district. / La Negra mine;
2 Porvenir mine; 3 Coquimbana mine; 4 Venus mine; * = tabular subvertical magnetite-ore-bodies
a Dioritic-tonalitic rocks; b Andesitic rocks; ¢ calcareous sedimentary rocks of the Bandurrias Forma-

tion; d modern sediments and terraces
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the South American plate. In the La Negra-Coquimbana district, the hosting
rocks were formed in a NNE-SSW-trending intra-arc basin, which extended paral-
lel to the outcrops of the Lower Cretaceous magmatic arc (Pincheira and Thiele
1982). The Bandurrias Formation in this area is composed of andesitic lava flows,
tuffs, and breccias, with some intercalations of sandstones, limestones, and chert.
The Mn-Fe-rich layers are intercalated in chert and limestones, in the upper part
of the sequence closely associated with tuffs and breccias. The sequence in the
district is folded, dipping west, 60—80° with a NNE strike. Mining works com-
prise open pits and underground works, as for example at the Coquimbana Mine,
where they reach a depth of 130 m (Behncke 1944). On the surface these mantos
extend continuously for 9 km. To the north, they are covered by Tertiary terraces;
to the south and west, they are intruded by tonalitic rocks.

3 General Stratigraphy of the District

The Cretaceous sequence that appears in the La Negra-Coquimbana district can
be subdivided into the following two sequences:

@ A volcanic base (b-1, b-2), 1400 to 2500 m thick, consisting of andesitic rocks
with a minor amount of rhyolitic intercalations. This sequence includes less than
10% of sedimentary rocks.

@ An upper volcano-sedimentary sequence (a-1 to a-8), 700 m thick, composed
of andesitic lava flows, tuffs, and breccias, with more than 30% of sedimentary
intercalations consisting of calcareous sandstones, limestones and chert.
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Fig. 2. Stratigraphic column of the district. 7 Rhyolites; 2 andesites; 3 andesitic breccias; 4 andesitic-
dacitic tuffs; 5 volcanic sandstones; 6 calcarenite; 7 sandy-limestones; 8 limestones; 9 ferruginous
chert; 10 calcilutites; @ andesitic breccias; b dark gray limestones; ¢ ferruginous chert; d limestones
with Fe-rich nodules; e Mn-mantos
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The general stratigraphic column shows the following units from top to bottom
(Fig. 2):

a-1) 200 m of limestones with intercalations of greenish and reddish chert. Some hematitic layers
(5 to 20 cm thick) are intercalated in the cherty strata;

a-2) 70 m of greenish andesitic-dacitic tuffs and breccias, composed of fragments of andesites,
fragments of Fe-rich sandstones, quartz and feldspar grains;

a-3) 20 m of dark gray to red Mn-Fe-rich limestones with intercalations of ferruginous chert. This
section contains the two main Mn-mantos in the district;

a-4) 150 m of brownish dark gray limestones;

a-5) 80 m of andesitic volcanic rocks, at the bottom with a minor intercalation of sandy tuffs;

a-6) 60 m of grayish limestones. Towards the bottom this section grades to sandy limestones;

a-7) 90 m of greenish sandy-tuffs, composed of andesitic fragments and lenses of fine-grained
hematite in a micritic matrix;

a-8) 50 m of gray calcarenite, in beds 20 to 60 cm thick. They consist of intraclasts of micrite, ce-
mented by microsparite. The detritic fraction is composed of fragments of andesites, tuffs, feldspar,
and quartz;

b-1) 1000 to 1800 m of andesitic lava flows, tuffs, and breccias with minor intercalations of lime-
stones and volcanogenic sandstones in beds 20 cm to 1 m thick;

b-2) 400 to 700 m of andesitic lava flows, tuffs, and breccias with 2 minor amount of rhyolitic in-
tercalations.

4 Manganese Deposits

Several Mn-Fe-rich mantos can be recognized in the La Negra-Coquimbana dis-
trict, but only two have been exploited. At the mines, the mantos dip almost verti-
cally, with a NNE strike, and are concordant with the stratification. They general-
ly contain several thin bands (5 to 20 cm) of manganese minerals, alternating with
thin bands (2 to 5 cm) of red chert or limestones. The Mn-rich mantos have a mas-
sive texture composed of a fine-grained assemblage of oxide minerals. They are
fractured, faulted, and cross-cut by quartz-hematite-bearing veinlets.

Hematite occurs always associated with the Mn-rich layers as fine laminae or
nodules. The iron-rich layers contain generally only subordinate manganese ox-
ides, possibly indicating a segregation between manganese and iron. A probable
segregation mechanism will be discussed below.

The mantos and the hosting volcano-sedimentary sequence are folded and af-
fected by low-medium grade contact metamorphism.

5 Mineralogy of the Manganese Deposits

Samples from the La Negra, Porvenir, and Coquimbana mines were studied by
optical reflection, X-ray diffraction methods, and electron microprobe analysis.
The results of the analyses are summarized in Tables 1, 2, 3, and 4. A few samples
consist of alternating layers of red chert and hematite or limonite bands. The
limonitic bands contain frequently hematitic nodules (Fig. 3).

Braunite 3(Mn>*, Fe’*),0;.Mn?* SiO, is the main ore mineral of the La
Negra and Coquimbana Mines. Two chief fabrics are recognized: (a) layered gran-
ular aggregates (most common), where individual equant grains are packed tight-
ly with only traces of gangue or secondary minerals along the grain boundaries
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Table 1. Mineralogy of selected samples of the district (see also Table 5)

Sample Description Mineralogy

Porvenir mine:
P-7 Limonitic-hematitic layers Hematite-andradite-goethite-chert.
Hematite-quartz-goethite (veinlets)

Coquimbana mine:
P-1 Massive banded Mn-ore Hausmannite-a-vredenburgite-pyrolusite-
tephroite. Calcite (veins)

La Negra mine:

P-2 Massive banded Mn-ore Franklinite-a-vredenburgite-pyrolusite-cryp-
tomelane-coronadite-manjiroite

P-3 Massive banded Mn-ore Braunite-hausmannite-man-
jiroite-pyrolusite-cryptomelane-spessartine

P-5 Massive banded Mn-ore with lamination of Braunite-hausmannite-pyrolusite-birnessite.

chert Calcite-quartz (veins)

P-17 Fe-rich nodules in laminated chert Hematite-goethite-chert. Quartz-hematite

(veinlets)
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Fig. 3. The system Fe;0,-Mn;0,-ZnMn,04-ZnFe,0,. Equilibrium diagram for the Zn-Mn-Fe spinels
(Mason 1947), and composition of hausmannites from the Coquimbana mine. Electron microprobe
analyses of La Coquimbana (1) and (2) of the La Negra mine. As the temperature rises the field of

solid immiscibility (ABCD at room temperature) contracts and finally disappears between 900 and
1000°C
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Table 2. Electron microprobe analyses of braunite and hausmannite?®

M. Pincheira and L. Fontboté

1 2 3 4 5 6
Mn,0, 73.07 79.00 79.21 67.24 65.81 61.93
MnO 10.49 9.62 9.39 29.05 31.59 32.51
CuO n.d. n.d. n.d. n.d. n.d. n.d.
ZnO 0.07 0.01 0.03 2.43 0.48 0.31
MgO n.d. n.d. n.d. n.d. n.d. n.d.
CaO 1.89 1.70 0.90 0.17 0.05 0.15
Na,O n.d. n.d. n.d. n.d. n.d. n.d.
K,0 0.08 n.d. n.d. n.d. n.d. n.d.
BaO n.d. n.d. n.d. n.d. n.d. n.d.
PbO n.d. n.d. n.d. n.d. 0.62 n.d.
AlLO, 1.83 0.43 0.89 0.92 1.04 1.05
Fe,03 2.76 n.d. n.d. 0.17 0.52 1.51
As,0,4 n.d. n.d. n.d. n.d. n.d. n.d.
V,0, 0.01 0.04 n.d. n.d. n.d. n.d.
Cr,0,4 n.d. n.d. n.d. n.d. n.d. n.d.
Sio, 10.60 10.01 9.16 0.19 0.70 1.52
TiO, 0.22 n.d. 0.07 n.d. 0.05 0.09
SO, n.d. n.d. n.d. n.d. n.d. n.d.
Total 101.03 100.83 99.65 100.16 100.87 99.06

1, 2, and 3 number of cations on the basis of 12.000 oxygens and 4, 5, 6 on the

basis of 4.000 oxygens:

Mn3+ 5.552 5.950 5.896 1.939 1.883 1.789
Mn?+* 0.887 0.806 0.777 0.932 1.006 1.045
Zn 0.005 0.001 0.002 0.068 0.013 0.008
Pb - - - - 0.006 -

Ca 0.206 0.179 0.090 0.006 0.001 0.006
Fel+ 0.211 - - 0.004 0.014 0.043
Al 0.219 0.049 0.098 0.041 0.046 0.047
Si 1.082 0.987 0.865 0.007 0.026 0.057
Ti 0.016 - 0.005 - 0.001 0.002

Total iron as Fe,O;. The relative amounts of MnO and Mn,0; were recalculated
from total manganese assuming that the sum of the R?* elements and Ti equals
6000 for braunite and equals 3000 for hausmannite.
2 (1), (2) and (3) braunite of the La Negra mine: (1) massive banded ore; (2) and
(3) core of isolated euhedral grains in a carbonated matrix. (4), (5) and (6) haus-
mannite of the La Coquimbana mine: (4) micro veinlet of hausmannite; (5) mas-
sive banded ore; (6) nodule.

and (b) isolated and well-crystallized braunite grains dispersed in a matrix of car-
bonates (sample P-3) or included in secondary manganese oxides (sample P-5).
Between both fabric types a complete gradation is observed.

Hausmannite (Mn?*, Mn3*);0, is abundant and widespread at the La Co-
quimbana Mine. It occurs mainly as granular and massive aggregates forming well
stratified bands, and also as nodular and lenticular structures surrounded by rims
of silicates. Hausmannite is usually intergrown with a-vredenburgite (Mason
1943) and is associated with silicates (largely tephroite) which fill the interstitial
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Table 3. Electron microprobe analyses of alpha-vredenburgite?

1 2 3 4 5
Mn,0, 11.90 20.44 24.60 20.36 18.26
Fe, 0O, 42.89 40.75 40.78 42.96 44.55
MnO 35.90 33.02 30.00 31.45 32.67
CuO n.d. 0.02 n.d. n.d. n.d.
ZnO 0.38 0.45 0.27 0.57 0.45
MgO 0.37 0.05 n.d. 0.49 0.28
CaO 0.32 0.75 0.31 0.14 0.12
Na,O n.d. n.d. n.d. n.d. 0.08
K,O 0.06 n.d. 0.05 n.d. n.d.
BaO n.d. n.d. n.d. n.d. n.d.
PbO n.d. n.d. n.d. n.d. n.d.
Al O, 3.01 1.52 0.73 2.03 1.46
As,0,4 n.d. n.d. n.d. n.d. n.d.
V,0, n.d. n.d. n.d. n.d. n.d.
Cry0, n.d. n.d. n.d. n.d. n.d.
Sio, 4.33 2.23 1.09 n.d. 0.49
TiO, 0.33 0.47 0.53 1.89 1.99
S0, n.d. n.d. n.d. n.d. n.d.
Total 99.50 99.68 98.36 99.90 100.38
Number of cations on the basis of 4.000 oxygens:
Mn3+ 0.355 0.585 0.723 0.584 0.523
Fe’* 1.195 1.153 1.185 1.218 1.262
Mn?+ 1.125 1.052 0.981 1.004 1.041
Ca 0.013 0.030 0.012 0.005 0.004
Mg 0.020 0.002 - 0.027 0.015
Zn 0.010 0.012 0.007 0.016 0.012
Al 0.131 0.067 0.033 0.090 0.065
Si 0.160 0.083 0.042 - 0.018
Ti 0.009 0.013 0.015 0.053 0.056

Total iron as Fe,O;. The relative amount of Mn,0; was recalculated from
total manganese assuming that the sum of the cations equals 3.000.

2 Laminated layers of a-vredenburgite: (1), (2), (3) from La Coquimbana
Mine and (4), (5), from La Negra Mine.

space between grains. In the sample P-1 from the La Coquimbana Mine, a thin
veinlet of hausmannite cuts the microlayers of hausmannite, a-vredenburgite, and
Mn-bearing silicates.

Alpha-vredenburgite (Mn?*, Fe?*, Mg, Zn)(Fe’*, Mn>*),0, a metastable
phase within the two exsolved phases region of the system Fe;0,-Mn;0, (Mason
1947; Van Hook and Keith 1958) occurs at the La Coquimbana and La Negra
Mines as fine-layered 0.1 —3 mm thick aggregates with only minor interstitial sili-
cates or secondary manganese oxides. Under the microscope appears one phase
with weak bireflection, low to medium anisotropy, and reflectivity similar to
braunite. At the Coquimbana Mine alternating bands of hausmannite+tephroite
and a-vredenburgite were observed.

Franklinite (Zn, Fe?*, Mn?")(Fe**, Mn3*),0, was indentified only by X-ray
diffraction methods and occurs probably intergrown with a-vredenburgite, both
minerals having similar optical properties.
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Table 4. Electron microprobe analyses of secondary Mn-oxides of the La Negra mine?

1 2 3 4 5 6 7
MnO, 87.68 89.40 89.88 96.53 94,75 85.78 70.40
MnO n.d. n.d. n.d. n.d. n.d. 3.45 3.27
CuO n.d. 0.06 0.03 n.d. n.d. 0.04 n.d.
ZnO 0.33 0.11 n.d. n.d. n.d. n.d. 0.09
MgO 1.40 0.37 0.47 0.10 n.d. n.d. n.d.
CaO 1.67 1.14 1.75 0.27 0.29 1.19 0.21
Na,O 2.41 2.54 1.49 0.24 n.d. 1.45 n.d.
K,0 0.12 0.64 0.32 0.68 0.48 5.14 n.d.
BaO 0.56 0.50 0.08 n.d. n.d. n.d. n.d.
PbO 0.04 0.34 0.06 n.d. n.d. n.d. 12.58
Al0, 0.41 1.11 1.02 0.64 0.71 0.79 0.56
Fe,0,4 0.09 n.d. n.d. n.d. n.d. n.d. n.d.
As,0; n.d. n.d. 0.13 n.d. 0.17 n.d. 0.90
V,0, 0.06 n.d. 0.01 n.d. n.d. 0.03 0.09
Cr,04 n.d. 0.63 0.04 0.04 n.d. 0.02 n.d.
Si0O, 0.80 1.09 0.37 0.38 0.55 0.33 0.80
TiO, n.d. n.d. n.d. 0.05 n.d. n.d. n.d.
SO, n.d. 0.14 n.d. 0.07 n.d. 0.36 n.d.
H,0#* (4.42) (1.93) 4.33) (0.99) (3.05) (1.39) 11.11)
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Number of cations on the basis of 16.000 oxygens except for pyrolusite (4) and (5) calculated on the
basis of 2.000 oxygens:

*Mn*+ 7.336 7.415 7.497 0.957 0.966 7.321 7.320
*Mn2+ - 0.064 - - - 0.361 0.416
*Cu - 0.006 0.002 - - - -
*Zn 0.029 0.009 - - - - 0.010
Pb 0.001 0.011 0.002 - - - 0.509
*Mg 0.253 0.066 0.085 0.002 - - -
*Ca 0.216 0.146 0.225 0.004 0.004 0.157 0.033
Ba 0.026 0.023 0.004 - - - -
Na 0.566 0.591 0.349 0.006 - 0.348 -
K 0.019 0.098 0.049 0.012 0.009 0.811 -
*Al 0.058 0.156 0.145 0.010 0.012 0.115 0.099
*Fel+ 0.008 - - - - - -
*Sj 0.097 0.130 0.044 0.005 0.008 0.040 0.120
*Tl —_ - —_ . —_ —_ —

Total iron as Fe,O;. The total amounts of MnO and MnO, were recalculated from total manganese
assuming that the sum of the cations (*) equals 8.000, except for pyrolusite, where it equals 1.000.
(#) H,0 calculated from difference to 100%.

2 Massive banded manjiroite (1), (2) and (3); (4), (5) pyrolusite and (6) cryptomelane filling a cavity;
(7) coronadite intergrowths with pyrolusite in nodules.

Manjiroite (Na, K);_,(Mn*2, Mn*%)30,..xH,0 was observed only at the La
Negra Mine. It shows three predominant fabrics: fine cryptocrystalline mono-
mineralic aggregates forming well-defined layers (1 —5 mm thick), a matrix of iso-
lated euhedral crystals of braunite, and disseminated in the matrix associated with
pyrolusite and gangue silicates. Manjiroite is also cross-cut by veinlets of pyrolusite-
cryptomelane and occurs also subordinated in pyrolusite-coronadite-rich nodules.
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Pyrolusite (MnO,) occurs in pores as microcrystalline aggregates within
braunite, hausmannite, and a-vredenburgite, or associated with manjiroite and
cryptomelane in the matrix or as veinlets. Braunite and hausmannite are replaced
by pyrolusite, cryptomelane, and birnessite along fractures and cleavage, while a-
vredenburgite exhibits no supergene alteration. Some of the fractures and veinlets
are filled with calcite.

6 Discussion

Hausmannite, jacobsite/vredenburgite, and braunite occur widely as metamor-
phic ore (de Villiers 1960; Huebner 1967; Watanabe et al. 1970; Roy 1973; Frenzel
1980). In addition, hausmannite, vredenburgite, and braunite had been synthe-
sized in the laboratory at a relatively high temperature (Mason 1947; Van Hook
and Keith 1958; Muan 1959a, b; in Bonatti et al. 1976), and are commonly found
in deposits affected by green schist-facies metamorphism. The presence of a-
vredenburgite in samples of the two mines indicates, according to the equilibrium
diagram for the system Fe;04-Mn;0,4-ZnMn,0,-ZnFe,0, (Mason 1947), a maxi-
mum temperature of formation of about 600°C (Fig. 3).

The natural occurrences suggest the following sequence of stability of phases
in the Mn-Si system with increasing temperature (Roy 1973):

Hariya (1961) found that todorokite samples heated in air at a temperature of
560°C for 1h produced an X-ray pattern containing lines of hausmannite,
Birnessite also changed to hausmannite at 560 °C. The Hariya test with manga-
nite, MnO(OH), resulted in the production of pyrolusite at 300 to 360 °C, bixbyite
at 580°C, but hausmannite was not produced when the sample was heated to
1050 °C. Groutite, MnO(OH), produced also bixbyite and hausmannite at compa-
rable temperatures.

The lack of braunite, jacobsite, and hausmannite in modern nodules and
metalliferous sediments from ocean basins and shallow seas (e.g., Barents Sea,
Gulf of Maine, Kara Sea; Roy 1981) suggests that the natural conditions on the

Psilomelane (in airy ———» Bixbyite Hausmannite

or (a-Mn,0,) (Mn;0,)
Cryptomelane
Birnessite +8i0, ———» Braunite or Rhodonite

(3Mn,0,-MnSiO,) (MnSiO3)

Pyrolusite at higher fO, at lower fO,
Nsutite +| Fe oxides ————» Bixbyite ——— Jacobsite/Vredenburgite

+Fe,0,4 MnFe,0, MnFe,0,+Mn;0,

solid solution

Rhodochrosite | ————— (in air) ————» Manganositt ————» Hausmannite
———— Rhodonite or Tephroite or Braunite
if Mn: Si if Mn:Si at higher fO,
=1:1 >1:1
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sea floor are not favorable to the formation of these minerals in sedimentary envi-
ronments (Sorem and Gunn 1967; Bonatti et al. 1976; Rona 1978; Toth 1980).
Modern studies of metalliferous sediments from the ocean basins indicate that the
common iron and manganese compounds that occur as nodules or crusts on ac-
tive spreading centers and seamounts consist of poorly crystallized oxides and hy-
droxide phases. These may be manganites, birnessite, todorokite, and rhodo-
chrosite in the Mn-rich crust (Bonatti et al. 1976), or goethite and nontronite in
iron-rich crusts (Toth 1980).

Lithology, textural features, and form of the orebodies are consistent with a
synsedimentary formation within an intra-arc basin (Pincheira and Thiele 1982).
In this environment volcanic-exhalative influence is very likely and could explain
the stratiform geometry of the deposits, textural features as lamination of chert,
and carbonates alternating with Mn-Fe-rich layers.

It is reasonable to assume that recrystallization during diagenesis and subse-
quent contact metamorphism of primary, poorly crystallized Mn-Fe phases could
result in conversion to a braunite-hausmannite-a-vredenburgite-tephroite-spessar-
tine assemblage with relict sedimentary textures, such as those occurring in the
La Negra-Coquimbana district.

The separation of manganese from iron probably resulted from the following
process:

a) oxidation and precipitation of iron in subsurface hydrothermal conduits of
Mn-Fe-bearing solutions due to the lower solubility of Fe>*. The resultant Fe-de-
pleted-Mn-rich solution may precipitate at the surface close to the exhalative
Zone.

This hypothesis agrees with the geologic frame of the district (see Fig. 1), where
important subvertical tabular magnetite orebodies (Ménard 1988) occur along a
north-south-trending fault zone close to the stratiform ore deposits.

b) after deposition, segregation by diagenetic processes could take place by se-
lective mobilization and concentration of manganese by low Eh pore-space waters
(Strakhov 1966; Krauskopf 1957). Thus, first Mn** and Mn?*, and then Fe3*
are reduced. Under these condition iron will be the last element to be reduced
(and rendered mobile) and the first one to be oxidized (and rendered immobile).
Manganese tends to move ahead all the time. It remains in solution and precipi-
tates later. Thus, a progressive segregation of the two elements takes place. Per-
haps this process is responsible of the formation of hematite layers from Mn-Fe
rich sediments.

<
<«

Fig. 4. Microplates of the La Negra-Coquimbana district. a) Andradite garnet cemented by fine grains
of hematite, cross-cut by a quartz-hematite (hm) veinlet (P-7, Porvenir mine, reflected light, parallel
Nic.); b) a-vredenburgite (vre) and pyrolusite (pyro)-manjiroite (man)-rich nodules surrounded by a
rim of silicates (P-2, la Negra mine, reflected light, parallel Nic.); ¢) a-vredenburgite (vre), hausman-
nite (haus) and tephroite (tph) microbands (P-1, La Coquimbana mine, reflected light, parallel NIC);
d) microbands of braunite (brau) and manjiroite (man) (P-5, La Negra mine, reflected light, parallel
Nic.); e) euhedral crystals of braunite (brau) partially replaced by pyrolusite in a matrix of carbonates
(P-3, La Negra mine, reflected light, parallel Nic.); f) detail of an euhedral crystal of braunite (P-3,
La Negra mine, reflected light, parallel Nic.)
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Table 5. Paragenetic position of the mineral assemblages

Deposition Diagenesis Metamorphism Sup. Alt.

Hematite I < cocereeeerecens

Hematite II

Goethite = = cerecerereaniaas

Chert

Hausmannite

Tephroite

a-vredenburgite

Pyrolusite ...................................
Cryptomelane ...................................
ManJiroite ~  reecrereerrrera i
Franklinite

Braunite

Birnessite = = ccccerceretesancitiniiaittiiioann
Coronadite = creccererrerirevittitiasatttiiaaaan
Andradite

Spessartin

Calcite i teteiieeaes

Braunite, a-vredenburgite, and hausmannite probably are formed because of
post-depositional reactions, as a result of lower-medium contact metamorphism
affecting the host sequence of the mantos. The metamorphism was produced by
intrusion of Lower Cretaceous tonalitic rocks of the magmatic-arc in the volcano-
sedimentary cover.

The occurrence of pyrolusite, cryptomelane, manjiroite, and birnessite replac-
ing trivalent or divalent manganese-oxides, is related to supergene alteration pro-
cesses (Table 5).

7 Conclusions

A genetic model considering exhalative and diagenetic processes is postulated for
the formation of the La Negra-Coquimbana district. The model can be summa-
rized as follows:

1. Discharge of hydrothermal solutions through the sea floor may provide silica
and amorphous Mn and Fe hydroxide phases, which precipitate as hydrated
colloids to form Mn-Fe-rich sediments.

2. Fractionation at several geologic environments of iron and manganese due to
the lower solubility of iron compounds led to Fe-rich and Mn-rich bodies.

3. Metamorphism related to Lower Cretaceous intrusions caused recrystallization
and formation of braunite-hausmannite-a-vredenburgite-tephroite-franklinite-
spessartin assemblages.

4. Supergene alteration processes after the decreasing temperature of the system
provided conditions for partial replacement of hausmannite and braunite by
pyrolusite, manjiroite, cryptomelane, and birnessite.
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The metal-bearing hydrothermal solutions were probably related to contempo-
raneous volcanic activity, perhaps producing mobilization of metals from tuffs
and andesitic lava flows by circulation of sub-sea floor hydrothermal convection
systems close to the exhalative centers, in a way similar to that proposed among
others by Bonatti et al. (1976) and Rona (1978) in modern deposits from oceanic
spreading zones.
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