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ABsrRAcr

The hydrated calcirrm silicate tobermorite has been found in continental alkaline basalts ofTertiary age at Puyuhuapi, in
Chilean Patagonia. Tobermorite occupies the core of amygdules, accompanied by small amounts of tacharanite, a silicate similar'
in composition to tobermorite. Other secondary minerals identified are phiJlipsite (Ba-rich variety?), which commonly occurs as
a rim mineral associated with tobermorite in the same amygdule, analcime, and various Ca-Na-K zeolites. The tobermorite
belongs to the 11 A variety and is akin to the "anomalous" type, as indicated by )RD and chemical data (EPMA, SEM-EDX,
ICP). Conditions of formation imply hydrothermal activity at temperatues cd. 150t, involving solutions with Na" Al and a low
Ca./Si value. These conditions are similar to those favoring the occurrence of tacharanite. This is the fint mention of tobermorite
and tacharanite in an Andean environment.

Keyvords: tobermorite, tacharanite, zeolites, alkalins lasalts, Tertiary, Patagonian Andes, Chile.

Sovn,tenr

Nous avons d6couvert la tobermorite, silicate hydrat6 de calcium, dans des basaltes alcalins d'affinit6 continentale d'dge
tertiairc d Puluhuapi, en Patagonie, au Chili. La tobermorite occupe le coeur d'amygdules; elle y est associ6e d la tacharanite
arcessoire, silicate semblable en composition I la tobermorite. Nous avons aussi identifi6 les min6raux secondaires suivants:
philtipsite (vari6t6 riche en Ba?), r6pandu en bordure des cavit6s, analcime, et plusieurs zdolites de Ca-Na-K. I-a tobermorite est
la vari6t6 dite de I I A, etressemble i la vari6t6 "anomale", selon le specfe de diffraction X et les donn6es chimiques (microsonde

6lectronique, microscopie dlectronique tr balayage, analyse par plasma d couplage inductif). Les conditions de formation
impliquent une phase hydrothermale contenant Na, Al et un faible rapport de Ca A Si, et une temp6ratue voisine de 150'C. Ces
conditions ressemblent i celles qui favorisent la formation de la tacharanite. n s'agit du premier exemple connu de tobermorite
et de tacharanite dans un milieu and6en.

(Traduit par la R6daction)

Mots-cl4s: tobermorite, tacharanite, z6olites, basalte alcalin, ige tertiaire, Andes patagoniennes, Chili.
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Inrnooucnox

Tobermoriteo a rare hydrated calcium silicate,
CaeSil2Qs(OH)6.4H2O, is known from only a few
Iocalities in the world, most of them in the British Isles
(Claringbull &Hey 1952, McConnell 1954, Mitsuda &
Taylor 1978). Tobermorite is also present in Tertiary
basalts of Tasm4nia, where it forms dense, snow-white
fillings and botryoidal encnrstations in cavities. It coex-
ists with tacharanite, a metastable member of the
toberrnorite family (Sutherland I 965).

We describe here the fust occurrence of tobermorite
in an Andean environment, where it fills amygdules in
Neogene olivine basalts from the Chilean Patagonian
Andes at the approximate latitude of 44'30'5. X-ray
diffraction QRD), sg4nning electron microscopy with
energy-dispersion analysis (SEM-EDX), elecrron-
microprobe analysis (ElvIPA) and inductively coupled
plasma (ICP-AES) analyses have been performed with
the objective to characteize this rare mineral.

Pernocna*rv, Pernolocy AND GEocrmtvilsrRy
OF TTD HOST ROCKS

Rocks containing tobermorite are amygdaloidal,
partly brecciated olivine basalts ofprobable Terti ary age
composed of phenocrysts of plagioclase (An75Ab2aOr1
- An72Ab27Or1) and fresh olivine (Fqrsa) in a hyalo-
pilitic groundmass including abundant amygdules with
an average size of 3 to 5 mm and a maximum size of
20 mm, filled with various zeolites and smectite-group
minerals. Outcrops of these rocks occur along the road

linking Puyuhuapi with the village of La Tapera in Chil-
ean Patagonia, approximately 48 km south of Las Juntas
(Frg. 1). The basalts have an alkaline chemical affinity
(Demant et al. 1994, Aguirre et al. 1997); other refer-
ences to these lavas are found in Aguirre et al. (1994).

Secondary mineralogy

The main secondary minerals accompanying the
tobermorite are zeolites, among which four composi-
tional groups can be distinguished (Fig. 2): (a) Na-
zeolites, (b) Na_Ca zeolites devoid of or poor in potas-
sium, (c) K{a-Na zeolites with predominant K, and
(d) Ca-K-Na zeolites with Ca as the main cation. In
Figure 3, samples from group (a) plot as analcime,
whereas those from group (b) define two compositional
fields, one located in a position intermediate befween
the natrolite and mesolite end-members and character-
ized by a Si/Al value of 1 .4 to 1.5, and the other located
in the compositional space of the analcime - phillipsite
solid-solutions, with a Si/Al value befween 1.8 and 2.1.
Zeolites from groups (c) and (d) correspond to chemi-
cal variations within the phillipsite series.

Particularly relevant among the secondary minerals
is the presence of tobermorite, which apperus as a
milkish white mineral occupying the core in most of the
amygdules and commonly surrounded by a nanow rim
ofphillipsite rosettes and by scattered flakes ofnatrolite
(Fig. 4). SEM images (JSM-820 scanning electron
microscope, University of C6diz) highlight the textural
coDtrasts between the core and the rim in these
amygdules (Fig. 5a). The core is composed of spongy

A R G E N T I N A

PUYUH UAPI
BASATIS

Flc. 1. Geological sketch of the Chilean Patagonian region, showing the location of the tobermorite site.
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Frc. 2. CaO-KzO-Na2O diagram showing the compositional distribution of the secondary
milerals at Puyuhuapi. Open circles: tobermorite, open squares: zeolites.

10.(slo/Alro3)
C Na-zeolites
J N*Cazeolites
OKCa-Nazeolites
lCa-K-Na zeolites
i\Tobermorite (EPMA)
lTohermorite (ICP)

(Cao+MgO) (Na.O+lGO)

Fro. 3. (Nazo + Kzo) - 10*(Sioz/Alzog) - (Cao + Mgo) diagram used for the chemical

classification of zeolites. Composition of zeolite end-members taken from Gottardi &

Galli (1985). Mesolite, natrolite and phillipsite are indicated by an asterisk; the

compositional range of analcime is given by a black bar.
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Flc.-4. Microphotograph showing the distribution of tobermorite (tb) and phillipsite @h) in ttre interior of an amygdule (magni-
fication = 100X).

tobermorire (Fig. 5b), lacking a defined morphology
(Fig. 5c), whereas the rim is fonned by idiomorphic,
prismatic, crystals of phillipsite (Fre. 5d).

Dera oN TosERMonrE

X-ray dffiaction

Mineral separation was carried out to obrzin concen-
trates of the zeolites and tobennorite in the rim and the
core of the amygdules. X-ray power-diffraction data
were then obtained from three different laboratories:
University of Stockholrn (Sweden), University of C6diz
(Spain) and University of Chile (Chile).

The main diffraction peaks of the core mineral are
shown in Table 1. The principal lines of tobermorite
(PDF 45-1480) correspond ro d values ar 11.3, 3.08,
2.972 and 2.806 A, all of them clearly identified in the
three diffractograms, along with the weaker lines of
tobermorite. A pecutar, recurrent, peak of a d value
between 12.6|.8 and 12.772 Ainthe diffraction pafterns
(Table 1), coinci{es with the most intense peak of
tacharanite (12.7 Ain the PDF 294281/). Other strons
peaks of tacharanite (3.048, 2.775, 1.82i nd2.a3a A\
also have been recorded in all the diffractoerams of the
core mineral.

The XRD patterns of the rim zeolite contain most of
the lines characterizing phillipsite.

Chemical composition

The ideal composition of natural tobermorite is
CaeSil2O3e(OH)6.4H2O. Small amounts of Na and K
may replace Ca, and Al may substitute for Si to a minor
extent. According to Taylor (1992),pattal replacement
of Si by Al is balanced by an increase in interlayer Ca,
introduction of alkali cations, or both. Thus, all known
naturally occurring cases of "anomalous" tobermorite
ft'.e., having interlayer links and characterized by the fact
that loss of molecules of water is accompanied by
unidimensional shrinkage in the c-direction, according
to Mitsuda & Taylor (1978)l have compositions neru
Caa(Si5.5AI6.5O17H2)Caa.2Na6. p4H2O. Factors favoring
the formation of "anomalouso' tobermorite include a
relatively low CalSi value and the presence of both Na
and Al @l-Hemaly et al. 1977).Tlreedistinct hydrates
with a similar composition seem to exist, with a molar
ratio H2O:SiO2 approximately equal to 2.5, l.O and 0.5,
the three being present as natural products. The names
plombidrite, tobermorite and riversideite have been
applied to these hydrates, respectively (Hey L9621.
McConnell  (1954) used the name tobermorite to
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Frc. 5. SEM image of an amygdule filled by tobermorite and phillipsite. (a) General view showing the boundary zone between rim

and core.Width of field of view: 0.65 mm. (b) Amygdule core composed of spongy tobermorite. Width of field of view:

40 p,m. (c) Tobermorite as in O), detail. Width of field of view: 19 pm. (d) Detail of the prismatic phillipsite at the rim of

amygdules. Width of field of view: I mm.

describe material characterized by a 002 spacing of
11.3 A and by a molar ratio HzO:SiO2 close to 1.0.

Synthetic tobennorite has been made free of alkalis
or aluminum and with a Ca:Si value in the range 2:3 to
about 3:2 (Hey 1962).

The composition of the Ca-silicate found in the
basalts from Puyuhuapi, Patagonia, is given in Table 2,
columns I to 6. Analysis 1 was performed at the
Deparonent of Geology, University of Chile by the
inductively coupled plasma (CP) method on powder
obtained from the core of an amygdule in which
phillipsite formed a narrow rim. Analyses 2 to 6 were
carried out at the University of Montpellier, France,
using a CAMEBAX electron-probe micro-analyzer
(EPMA) operated at 15 kV, 0.017 mA and a beam
diameter of I p"m. The average composition obtained
from the six analyses is Ca3.91Si5.92AIs.56O17'Nao.rzlfu.q7.

Chemical compositions of tobermorite from
Tobermory and l,och Aynort (Skye), given in TableZ,
columns 7, 8 and 9, are calculated on the basis of 17
atoms of oxygen. The average composition derived from
the three analyses corresponds to Ca+.oSis.sAlo.asOrz
.Caq3aNap.1lft.12.

Compared with the ideal composition of naturally
occurring samples of tobermorite given above and with
that of the Scottish specimens, the Ca-silicate from
Patagonia is: (i) slightly deficient in Ca and devoid of
interlayered Ca, (ii) enriched in Si, (iii) slightly enriched
in Al, and (iv) similar in the content of interlayered cati-
ons witl the exception of Ca.

The H2O:SiO2 molar ratio (H2O calculated by dif-
ference in the analyses) in the Patagonian Ca-silicate
ranges from 0.73 to 1.56 (average 0.93), which is close
to 1.0, the value given as characteristic oftobermorite.
The Ca:Si value is within the limits indicated above for
synthetic tobermorite aa6 i5 5imilar to the values ob-
tained for the Scottish specimens (table 2).

The compositions in columns 10 and 1l of Table 2
correspond to tachalanite, which is higher in Si and
poorer in Ca compared to tobermorite.

DrscussloN

According to the approximate value of its layer
tlickness, the tobermorite from the Puyuhuapi area
corresponds to the fype known as 1l A tobermorite.
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US
d (A) r.t(e/o)

TABLE 1. MAINTLVALIJFS OF SECONDARYMINERALS
OCCORRING IN fiIE CORE OF AMYGDUIES,

P(MJI{UAPI, PATAC'ONIA CHILE

However, some differences exist between the mate-
rial from Puyuhuapi and "anomalous" tobermorite, in
particular its (Si + Al) content (Table 2, columns I to
6). The higher Si content is attributed to the presence of
small amounts of submicroscopically intergrown
tacharanite ia the tobermorite at Puyuhuapi (see refer-
ence compositions 10 and 11, Table 2) as indicated by
the strongest reflection of this phase in the XRD pattern
(Table 1). This occurrence oftacharanite in the samples
would also explain tle Ca values in the Puyuhuapi
tobermorite (columns I to 6,Table 2).

Data concerning stability conditions of natural
tobermorite are absent in the literature. We envisage
formation of tobermori[e in this Patagonian locality in a
subaqueous continental environment, in connection with
hydrothermal activity at volcanic centers located close
to the shoreline (Demant et al. 1994). This hypothesis
is supported by the nature of the accompanying zeolite
phases, which are indicative of low-temperature altera-
tion of rocks related to a volcanic environment. Leach-
ing of alkaline basalts by silica-rich hydrothermal fluids
produced solutions with low Cal(Na + K) ratio, which
invaded open spaces in the host rock (pores, vesicles,
veinlets, vugs, etc). Precipitation of phillipsite from
these solutions occurred first in small-size vesicles
which were totally filled by this zeolite. In the larger
cavities, a rim of phillipsite formed. A subsequent
change in composition of the hydrothermal solution
caused an enrichment ir Ca and a depletion in Si. These
changes led to the formation of tobermorite (and
intergrown tacharanite, optically indistinguishable) in
the core of cavities at temperatures ca. 150"C, accord-
ing to the conditions proposed by Mitsuda & Taylor
(r978).
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Moreover, these samples share various chemical and
morphological features with tobermorite known aso'anomalous", a name applied to toberrnorite in which
Ioss of molecular water is accompanied by unidi-
mensional lattice shrinkage in the c-direction (Mitsuda
& Taylor 1978). Among their chemical features, the
following are particularly relevant: (i) they have signifi-
cant amounts of both Al and alkalis, (ii) their cation
contents are particularly low, around 4.4, and (iii) the
ratio of)cations/(Si + Al) is below the theoretical value
of 0.83. Concerning their morphology, 1l A "anoma-
lous" tobermorite is less likely to grow easily, and
mostly forms submicroscopic crystals occurring as
dense, spongy, aggregates (Misuda & Taylor 1978).
These same authors have suggested that, in the light of
laboratory experiments, low Cal(Si + Al) ratio (<0.8),
temperatures around 150'C, presence of both Al and
alkalis tend to give "anomalous" tobermorite. This same
set of conditions can be envisaged for the formation of
tobermorite at Puyuhuapi.
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TABLE 2. CHEMICAL COMPOSffiON OF TOBERMORITB AND TACIIARAI.IITE
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