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RODINGITES OF THE LOS AZULES OPHIOLITIC SEQUENCE
IN THE WESTERN CORDILLERA
OF THE COLOMBIAN ANDES

BY

Armando ESPINOSA !

INTRODUCTION

The Los Azules massif is situated in the south-west Colombian Andes at 2° N
77° W. It is an elongated body, 25 by 9 km, orientated approximately NNE. It
consists of a partly eroded ophiolitic sequence which is thought to have been formed
at a Pacific mid-ocean ridge and which has been incorporated into the South American
continental margin probably during the Lower Cretaceous. The sequence, from bot-
tom to top consists of ultrabasic cumulates (clinopyroxene bearing dunite, wehrlites,
and plagioclase peridotites), basic cumulates, and pillow lavas with associated rocks.

The tectonic history of the massif has been described by Espinosa (1978). Two
phases of movement, post-dating the emplacement of the ophiolitic sequence on
the western flank of the central Cordillera, have been recognised (see Fig. 1): the
first termed the Mosquerillo, is of Pre-tertiary age, and was followed by a period
of intense erosion and deposition of Tertiary sediments; the second mainly affected
the Tertiary sediments.

A serpentinized band, about 100 m wide, is found within the dunites, parallel
to and in contact with the Mosquerillo fault. The degree of serpentinization in this
band decreases towards the east and also downwards, passing into increasingly
fresh dunites (see Fig. 2).

In the serpentinized zone, small greyish-white lenticular masses are observed,
deformed and sometimes boudinaged. These are old gabbro dykes which have been
typically rodingitized. Transitions between fresh and completely rodingitized dykes
are sometimes seen. In some strongly rodingitized and boudinaged dykes, rounded
forms similar to ophispherites (Vuagnat 1953) can be observed.

A number of rare rodingite blocks of another type, which appear to be tectonic
inclusions are found next to some of the rodingitized gabbro dykes. These, however,

1 Department of Mineralogy, University of Geneva, Rue des Maraichers 13, CH-1211 Geneva 4,
Switzerland.
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Modelo de emplaozamiento del Macizo de Los Azules
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Tectonic evolution of Los Azules massif (from Espinosa, 1978). The gabbros illustrated here are
non-rodingitized cumulates. The serpentinized band is not visible on this scale.
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are not described in this study. A similar rock has been observed elsewhere in south-
west Colombia in the serpentinite of El Tambo (Dept. of Nariiio) near the Quebrada
Arrayan.

The Los Azules rodingites are particularly abundant in a zone several hundred
meters wide in the serpentinite band, to the north of the El Bordo-Bolivar road,
about 3 km east of Guayabillas. They can be observed in the Quebrada Seca stream,
a feeder of the Colerin.

The gabbro dykes were emplaced in the dunite at a time when the latter was
probably still hot, as indicated by the absence of chilled margins.

Their original mineralogical composition is similar to those of the gabbroic
cumulates in the ophiolitic sequence with plagioclase, clinopyroxene and brown
hornblende as essential minerals. They have a coarse-grained intergranular texture.

W
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Schematic diagram illustrating the serpentinized band, between phases 5 and 6 (see Fig. 1). The
degree of serpentinization and rodingitization diminishes downwards and towards the east

DESCRIPTIONS OF SAMPLES

Several rodingites are described in this section in order of increasing rodingitiz-
ation and starting with a fresh gabbro dyke.

Sample No. 217 : Fresh Gabbro

This is a weakly-altered, fine to medium grained, dark rock. Plagioclases can
be easily distinguished by eye from the ferromagnesian minerals because of their
white colour and their powdery aspect caused by alteration. The rock shows no
trace of deformation.
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Under the microscope it has a coarse-grained intersertal texture. Clinopyroxene
and brown-green hornblende are developed within a mesh of plagioclase laths which
are often altered. The hornblende, a result of the reaction of pyroxene with the
residual magma, is poikilitic in places, enclosing crystals of plagioclase and relics
of pyroxene. The plagioclase sections are only rarely well preserved. Generally, the
interior of a section may be fresh in some places and altered elsewhere. When fresh
it has a relatively high relief, the composition being Ang, The pyroxenes often
occur as idiomorphic short prismatic crystals of medium size. Their composition
is that of a diopside-augite with n, = 1.686 + 0.001 and 2V = 51°.

The replacement of pyroxene by hornblende occurs preferentially along cleavages
(110). This mineral, almost as abundant as pyroxene, never occurs in idiomorphic
crystals, its edges often being irregular. Other minerals noted in small quantities
are magnesian chlorite, actinolite, epidote, sphene, apatite and ilmenite.

Sample No 606 : Gabbro weakly rodingitized

This sample comes from the centre of a dyke about 40 cm thick. It is a medium-
grained greyish-white rock in which the grey pyroxenes, surrounded by a light-
coloured groundmass, can be easily recognised. There are several veinlets present
but no trace of deformation.

Microscopically, clinopyroxene, more or less fresh, constitutes about 50% of
the rock. Between these crystals are dark brown pseudomorphs of a rodingitized
mineral which appears to have been poikilitic and which was probably originally
a brown hornblende.

The edges of the clinopyroxenes are ragged and irregular as a result of the
rodingitization. The numerous clots of hydrogarnet must correspond to clots of
amphibole inside the pyroxenes in fresh gabbros. Alteration is so advanced in some
pyroxenes that only a few relics remain.

The material surrounding the pyroxene is a product of the alteration of plagio-
clase, brown hornblende and some pyroxene and consists of hibschite, vesuvianite
and chlorite. It often occurs as a fine groundmass, blackish-brown in colour, con-
taining some chlorite and frequent aggregates of hibschite and vesuvianite.

Hibschite, isotropic and with high relief, occurs as square or hexagonal sections,
surrounded by chlorite; and when broken in several sections is weakly birefringent.
Vesuvianite appears as small prisms with a high relief, low birefringence, anomalous
purplish or brown polarisation colours and straight extinction. It is found either
surrounding hibschite or in monomineralic veinlets. The chlorite is of a magnesian
variety, colourless with grey polarisation colours, straight extinction, and is length
fast. Some second generation diopside is seen in veinlets, sometimes accompanying
primary clinopyroxene. Small amounts of actinolite are developed between crystals
of the latter.
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Sample No. 608 : Partly rodingitized gabbro

This sample is from a boudinaged dyke about 20 cm thick and the two contacts
with the serpentinized dunite can be seen. Two whitish bands, 1-2 cm thick are
developed parallel to and about 4 cm from each edge. They are composed mainly
of pyroxene and hornblende. On either side of these bands the granular texture of
an original medium-grained gabbro can be recognised.

In thin section, the relics of clinopyroxene are surrounded by a brownish,
isotropic groundmass. The advanced state of rodingitization in comparison with
the previous sample means that there are few individual crystals which are rather
widely serparated and of small size.

The pyroxenes are generally surrounded by hibschite and a magnesian chlorite.
Often, all that is left is an elongated form filled with chlorite and with a few pyroxene
relics. The rodingitized mass surrounding the pyroxene consists of hibschite, vesuvia-
nite and chlorite. It frequently occurs as a fine groundmass where hibschite and
vesuvianite are intimately mixed together with small masses of chlorite flakes.
However, hibschite and vesuvianite do occur locally in small aggregates of idio-
morphic crystals with a little chlorite. Vesuvianite also occurs in little veins on its
own or with a small amount of chlorite. In the parallel bands near the edges, noted
above, primary structures can sometimes be distinguished. These are large crystals
of pyroxene or hornblende surrounded by a fine-grained rodingitized groundmass.
These two bands must be pegmatitic in origin. Finally, calcite which occurs in small
grains in the rodingitized groundmass is relatively abundant.

The contact of the rodingite with the surrounding rocks consists of a very thin
chloritic border which is practically non-existant in places.

Sample No. 865 : Strongly rodingitized gabbro

This sample, 20 cm in diameter, was collected from a strongly boudinaged dyke,
and has a rounded form, similar to the rodingites described by Vuagnat (1953) as
ophispherites. The dark exterior skin is formed by serpentinized dunite while inside,
the rodingite is fine-grained and whitish. There is no chloritic border.

Under the microscope, the rock is heavily rodingitized, all the primary minerals
and structures having been altered. Only a brownish groundmass of high relief and
composed of hibschite and vesuvianite, remains. This contains abundant chlorite
and is cut by chlorite veins containing idiomorphic hibschite and vesuvianite crystals.
The chlorite within the rodingitized mass is a length-slow Fe-chlorite with anomalous
blue polarisation colours, whereas that in the veinlets is a greyish-brown Mg-Fe
chlorite which is length fast. The vesuvianite in the veinlets occurs as small length
fast prisms with high relief, anomalous brown or grey polarisation colours and
straight extinction. Hibschite occurs as small grains with square or hexagonal
sections, isotropic and with high relief. Calcite is quite abundant as medium sized
crystals or as small scattered grains.
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CHEMICAL COMPOSITION

Eight samples were analysed by XRF and for three of these, both the margin
and the centre of the dyke were analyzed (see Table 1).

In general, these rocks are high in CaO (17-27%) and H,O (3-6%) and low
in SiO, (37-42%), Na,O (<0.25%) and K,O (<0.1%).

TABLE 1.

Chemical composition of rodingites and associated rocks.
606, 865, 608B = rodingitized dykes (centre) ; 6084 = rodingitized dyke (edge) ;
217, 604, 226 = fresh gabbros; 45 = serpentinized dunite ; 559 = fresh dunite.

| | | ‘
606 | 8658 | 60BA | 08B | 217 | 604 | 226 ‘ s | s 1
\ ‘ .

Si0, | 42.80 | 33.30 40.55 491 | 5035 4793 | 46.34 l 39.69 36.90

Al,O, 1 1457 | 1006 = 9.61 | 993 1377 826 973 | 098 | 211
TiO, | 057 189 | 051 | 080 @ 1.34 101 | 084 006 | 011
FeO | 1.56 289 105 | 133 460 657 | 58 | 216 | 291 |
Fe,0, | 486 1230 = 482 | 363 | 256 252 | 299 572 | 1093 |
CaO 20.72 | 2041 | 23.99 | 27.65 @ 1321 | 1554 | 1547 024 | 26l
| Mgo | 11.50 | 11.69 l 13.38 | 1031 | 730 | 13.06 | 12.57 | 3877 | 33.95
C Na,0 | 001 o021 038 | 001 | 272 1.57 | 179 | 001 | 0.09
K,O | 001 00l | 00l 00l | 08 044 | 089 = 002 | 003
MnO 011 021 | 020 017 | 012 0.16 | 016 | 010 | 0.19
P,0; 012 025 = 004 016 | 011 | 013 | 0.06 003 003
HO | 295 651 534 | 287 | 167 | 080 | 063 1250 | 10.27 |
co, | 070 00l 059 | 18 | 107 220 | 231 | 00l 00l

Total | 10046 99.94 10046 | 99.59 | 99.67 99.41 | 10027  100.13 |

In order to compare the chemistry of the rodingites with that of the original
gabbros, five fresh gabbros were analyzed. A plot of SiO, v. H,O (Fig. 3) shows a
strong enrichment in H,O and loss of SiO, by comparison with fresh gabbros con-
taining less than 3% H,O and 43-52% SiO,. The plots of CaO v. Na,O and CaO
v. K,O (Fig. 4) show the increase of CaO and loss of alkalis in the rodingites: CaO
rises from around 15% in gabbros to more than 20% in the rodingites whereas
the alkalis decrease from 1.5% to less than 0.1%.

From this it may be concluded that rodingitization causes a strong enrichment
in CaO and H,O together with a loss of SiO, and alkalis. MgO and Al,O; show a
small increase and small decrease respectively.

These transformations have occured in all rodingites observed so far. The
processes responsible for this transformation were first explained by Hess and
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Plot of SiO, vs H,0O for rodingites and fresh gabbros from the Los Azules massif.
o = Rodingites; + = Gabbros

Otalora (1964). Noting that all rodingites are found in strongly serpentinized zones,
they proposed that metasomatism took place between the rodingite and the sur-
rounding rocks during serpentinization. In particular, calcium enrichment could be
explained by its mobility after serpentinization of pyroxenes in the surrounding
rocks. This hypothesis seems to be accepted by most authors.

In the light of such an hypothesis, it seems pertinent to compare the chemical
composition of the centre and borders of rodingitized dykes with that of fresh
gabbros and of the surrounding ultramafic rocks. This is shown in Fig. 5 and 6,
and the behaviour of calcium is particularly interesting. It can be seen that the Ca-
enrichment in rodingite compared to gabbro corresponds to a Ca-loss from the
peridotite during serpentinization. It seems that calcium has migrated from the
ultramafics into the gabbro.

There is also an increase of MgO and H,O in the rodingites. This is, no doubt,
also linked with serpentinization; the serpentinite is definitely richer in these two

ARCHIVES DES SCIENCES, Vol. 33, fasc, 2-3, 1980. 23
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components than the original dunite. Some MgO and H,O must also have penetrated
into the gabbro during rodingitization.

Al,O; decreases in the rodingite whereas it increases in the serpentinite compared
to dunite, indicating that the serpentinite may be enriched in this element at the
expense of the gabbro.

The alkalis show a net loss in the rodingite but stay constant in the ultramafic

rock. A small increase in Na,O at the edge of the dykes remains unexplained at the
moment.
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Chemical variations within the serpentinite-rodingite association in Los Azules.
1. Fresh gabbro; 2. Center of rodingitized dyke (Sample 865); 3. Edge of rodingitized dyke (Sample
865); 4. Serpentinite; 5. Dunite. Semilogarithmic scale, in weight %.



IN THE WESTERN CORDILLERA OF THE COLOMBIAN ANDES 347

CONDITIONS OF FORMATION

The constant association of rodingites with strongly serpentinized zones indicates
that rodingitization is a by-product of serpentinization and therefore the two
phenomena must have taken place under the same physical and chemical conditions.
There seems to be no doubt about the relationship between rodingitization and
serpentinization in the Los Azules massif, the weakly rodingitized dykes being as-
sociated with weakly serpentinized zones and dykes with high Ca-enrichment being
formed in zones where the ultramafics have been almost completely serpentinized.

Several authors believe that chrysotile and lizardite are not stable above 350° C
while antigorite may have a larger stability field up to 550° C (Barnes and O’Neil,
1969 ; Faust and Fahey, 1961 ; lishi and Saito, 1973; Yoder, 1967). In the Los Azules
massif serpentinites in contact with the rodingite are mostly composed of chrysotile
and lizardite, with a few flakes of antigorite. Thus the temperature of rodingitization
must have been near the limit between the two fields, e.g. 300-400° C.

It is possible in certain cases to estimate the conditions of rodingitization, par-
ticularly the temperature, by other methods. The work of Flint et al. (1941) has
shown that Ca,Al, (SiO,) (grossular) and CajAl, (OH),, are the end members of
a series of solid solutions known as hydrogrossular. The relation between degree
of hydration and temperature of formation for this series was established by Yoder
(1950) and Carlson (1956). Pistorius and Kennedy (1960) established the same kind
of relationship for temperatures above 500° C.

The method of Carlson was used for seven rodingite samples. Hydrogrossular
unit cell constants were obtained by X-ray diffraction using the Gandolfi and Higg
cameras, and verified on an X-ray diffractometer. Several hydrogrossulars of different
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Relationship between unit cell size and temperature of formation for hydrogrossulars, after Carlson
(1956), with the result from the Los Azules rodingites.
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aspects were determined from each sample in order to be sure that there were no
appreciable variations inside a sample. The results (Fig. 7) indicate a temperature
of formation of about 340 to 420° C which is in agreement with the rodingite-
serpentinite association at Los Azules. Nevertheless, these temperatures are only an
estimate as there are many unknowns concerning the stability field of hydrogrossular.
As pointed out by Zabinski (1965), it is necessary to take into account the presence
of vesuvianite as well as of hydrogrossular. In addition, the known stability fields
of hydrogrossular are valid only for P,,, = P; whereas in many geological en-
vironments this condition may not have been obtained. Pistorius and Kennedy
(1960) have shown that whenever Py,, < P, the temperature of formation of hydro-
grossular is reduced.

The pressure conditions are difficult to estimate as the formation of hydro-
grossular is independent of pressure, although it may be more favourable at higher
pressure (Yoder 1950, Carlson 1956, Pistorius and Kennedy 1960). Coleman (1967) has
described rodingites associated with high-pressure facies. However, there are no in-
dications that rodingitization occurred under such conditions in the Los Azules massif.

Based on the high density of rodingites and their high content of water, Coleman
(1967) believes that Py,, must have been nearly the same as P, e.g. about 4 Kb.
Honnorez (1975) comes to the same conclusion with regard to rodingites from the
Mid-Atlantic ridge.

TECTONIC SITUATION

It has been noted earlier that the serpentinization of peridotites in the Los
Azules massif occurs on the Mosquerillo fault and therefore the degree of serpentiniz-
ation decreases away from the fault.

The only explanation of the decrease in serpentinization downwards, in agree-
ment with the tectonic evolution of the massif, requires the serpentinization to have
taken place during phase 3 (Fig. 1) at which time the sequence must have been on
the ocean floor. Thus serpentinization would only have been able to affect a vertical
band on the eastern side of the fault.

The age of the Mosquerillo fault, considered up to now as being pre-Tertiary
(Espinosa 1978), can now be estimated more precisely. It is known that during the
Upper Cretaceous, the Los Azules massif was not submerged as the important
sediments and submarine volcanics typical of most of Western Colombia (Grupo
Dagua, Hubach and Alvarado 1945; and Grupo Diabasico, Nelson 1962) are not
found above it, but several kilometers to the west. Instead, the Los Azules massif
is overlain by Tertiary sediments (Mosquera Formation, Grosse, 1935). The age
of the Mosquerillo fault must therefore lie between the emplacement of the sequence
and the Upper Cretaceous regression. If the emplacement is Lower Cretaceous in
age, the fault must be of mid-Cretaceous age.
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CONCLUSION

The rodingites of Los Azules have a character common to most other rodingites
described up to now, particularly in their association with a strongly serpentinized
zone; and a chemical composition showing CaO and H,O enrichment and loss of
Si0O, and alkalis. The chemical properties are probably a result of metasomatism
of gabbro and peridotite during serpentinization.

Important information concerning the history of the Los Azules massif has
also been obtained in this study. It has been shown that the serpentinization can be
associated with the Mosquerillo fault and that the physico-chemical conditions at
the time can be estimated from the rodingites. Finally, it has been possible to propose
an age for the serpentinization and therefore for the Mosquerillo fault associated
with it.
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PLATE Ila

a) Dyke of rodingitized gabbro. Quebrada Seca, Guayabilias.

PLATE 1b

b) Fresh gabbro (Sample 217), with plagioclase, clinopyroxene and poikilitic hornblende. X 12,
in plane polarized light.

PLATE Ic

¢) Weakly rodingitized gabbro (Sample 606) showing rodingitized poikilitic hornblende and
plagioclase, and fresh clinopyroxenes. x 8, in plane polarized light.

PLATE Id

d) Strongly rodingitized gabbro (Sample 865). All primary structures have been destroyed. X 8§,
in plane polarized light.
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