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Geochemical and petrological characterization of gem opals from Wegel
Tena, Wollo, Ethiopia: opal formation in an Oligocene soil
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ABSTRACT: Gem opals from Wegel Tena, Wollo Province, Ethiopia, occur in Oli-
gocene rhyolitic ignimbrites. They display a unique geochemistry, with some samples
yielding the highest Ba concentrations ever recorded. They are generally much richer
in chemical impurities than opals from other localities. For example, the sum Al+Fe
or the sum Na+Mg+Ca+K+Ba are often higher. These geochemical features make
them easy to distinguish from other opals worldwide. We observed strong geochemi-
cal variations and some good positive correlations in our samples, such as Al+Fe
vs. Na+Mg+Ca+K+Ba, Al vs Ca, or Ba vs Ca. This shows that the crystallogra-
phy of opal has controlled, at least in part, the incorporation of chemical impurities,
although opal is not well-crystallized. In addition, the multimodal distributions of
several chemical impurities (e.g. U vs St, Al vs Ca, Ba vs Ca, etc.) suggest at least two
origins of silica: weathering of feldspars and weathering of volcanic glass. In addition,
opals from Wegel Tena contain numerous well-preserved microscopic plant fossils.
Moreover, their host rock exhibits features typical of pedogenesis (abundant clays,
desiccation cracks, and grain size sorting). We propose that the opals at Wegel Tena
formed during the Oligocene period when volcanic emissions stopped for a time
long enough to allow weathering of ingimbrites and therefore liberation of silica. This
accompanied the formation of soil and development of plant life, and some plants
were trapped in opal.

SUPPLEMENTARY MATERIAL: The totality of the chemical analyses is available
at http://www.geolsoc.org.uk/SUP18519.
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A new deposit of play-of-colour opal was discovered in 2008
in the Wollo province of Ethiopia (Mazzero ef al. 2009; Ron-
deau e al. 2009; Rondeau ez al. 2010a). The percentage of gem
quality material is surprisingly high in this deposit. Many sam-
ples are of outstanding beauty and value, and this material is
very resistant to breaking unlike most opals in the market today
(Rondeau e a/. 20104). Hence, this opal deposit has a potential
of becoming a major commercial source of opal in the near
future.

The deposit occurs in an Oligocene volcano-sedimentary
sequence of alternating basalt and rhyolitic ignimbrite layers.
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The opal deposit forms a single, thin layer (. 1 m thick) within
and concordant with an ignimbrite layer in the volcanic
sequence. The deposit extends laterally for several hundreds of
metres. Like most opals found in volcanic environments, such
as in Mexico, Kazakhstan or in the Shewa province of Ethiopia
(Gaillou e al. 20084), the opals studied are opal-CT (cristo-
balite-tridymite) (Rondeau e7 a/. 20104, b).

In this work, we describe the textural and microscopic fea-
tures of opals from Wegel Tena, and the petrography of their
host rock. We investigate in detail their chemical composi-
tions, focusing on chemical differences between samples and
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Fig. 1. Photograph of the 13 samples of Wegel Tena opals studied for geochemistry. From left to right, top row: samples 1073, 1076, 1078, 1103,
1111; middle row: samples 5, 6, 7, 8, 9; bottom row: samples 10, 11, 12. Photo by B. Rondeau.

zoning within individual opal specimens in order to assess
their geological conditions of formation. Understanding these
conditions of formation may help in developing guidelines for
opal exploration in this area. Indeed, its mode of formation
appears to differ somewhat from the few models proposed so
far for the formation of gem opal deposits. In addition, geo-
chemical characteristics are commonly used in gemology as an
indicator of gem’s geographical provenance (c.g. Abduriyim
et al. 2006; Peucat et al. 2007; Rossman 2009). The samples
studied in this article have been acquired in the gem market but
were initially collected from the Wegel Tena area. We could
not collect them in the field for security reasons (i.e. only the
miners are authorized to access the opal-beating area).

MATERIALS AND METHODS

Chemical analyses on 13 samples were performed with
LA-ICP-MS. Some of the samples were previously investi-
gated by Rondeau ¢ a/. (20104, b). They represent the range of
colour and transparency (from colourless to dark brown, and
from transparent to opaque) and play-of-colour of opals in the
Wegel Tena deposit (Fig. 1). Samples 7, 11, 12, 1073, and 1076
are white translucent with play-of-colour. Samples 8 and 1078
are dark brown with strong play-of-colour; in addition, sample
8 shows columnar structures that we called digit patterns
(Rondeau ¢7 al. 2010a). Sample 1103 is orange transparent with
play-of-colour. Sample 6 has a black, nearly opaque body col-
our with little play-of-colour. The other samples are zoned.
Samples 9 and 10 exhibit two distinct zones: one white trans-
lucent and the other orange transparent, both with play-of-
colour. One zone in sample 1111 is orange-yellow and
translucent with no play-of-colour, the other zone is white
translucent with play-of-colour. In samples 10 and 1111, the
contact between the two zones is sharp (even under the micro-
scope), whereas it is blurry in sample 9. Sample 5 shows a light
brown core without play-of-colour and a white, translucent
rim with slight play-of-colout.

The samples of opal were prepared as thin sections and pol-
ished for the electron microprobe and LA-ICP-MS analyses.
LA-ICP-MS element composition data were obtained at the

Institute for Geological Sciences in Bern. The system consists
of a pulsed 193 nm ArF Excimer laser (Lambda Physik,
Germany) with an energy-homogenized (Microlas, Germany)
beam profile coupled with an ELAN DRCe quadrupole mass
spectrometer (QMS; Perkin Elmer, Canada). Laser parameters
were set to 16 J/cm? energy density with a 15 ns pulse duration
and 10 Hz repetition rate. Pit sizes used were 60 and 90 pum.
Laser-ablation acrosol was carried to the ICP-QMS by a mixed
He-H,-Ar carrier gas. Nebulizer, auxiliary, and cool gas flows
wete set to 0.80, 0.70, and 16.0 I/min Ar, respectively. RF
power was 1500 kV. The analytical set-up was tuned for opti-
mum performance across the entire mass range. Daily optimi-
zation of the analytical conditions was done to satisfy a ThO
production rate below 0.2% (i.e. Th/ThO intensity ratio is
<0.002) and to achieve robust plasma conditions monitored by
a Th/U sensitivity ratio of 1 as determined using a SRM610
glass standard. Further details on the setup and optimization
strategies are given in Pettke (2008). Analyses were performed
in sequence, and each ablation was stored individually as a
transient (i.c. time resolved) signal acquired in peak-hopping
mode. Data acquisition parameters were one sweep per read-
ing, with 200-300 readings per replicate. Dwell time per iso-
tope was 10 ms. The certified glass standard SRM 610 was
used as an external standard to calibrate analyte sensitivities,
and bracketing standardization provided a linear drift correc-
tion. Data reduction was performed with the program SILLS
(Guillong ez al. 2008). LA-ICP-MS measurements have been
internally normalized to their true SiO, (range: 83-95 wt%).
These were determined on each individual domains and sam-
ples with a JEOL JXA 8200 electron probe at the University of
Bern, operating at 15 kV accelerating voltage and 15 nA beam
current, using orthoclase as an external standard.

In order to examine its typical host rock and its relationship
to the opal, we acquired a chemical map of the most abundant
elements (Si, Al, K, Na) across a rock/opal boundaty. We used
a JEOL 5800 LV Scanning Electron Microscope (SEM) at the
Institut des Matériaux Jean Rouxel, University of Nantes. This
SEM is equipped with a PGT (Princeton Gamma Tech) energy
dispersion (EDS) IMIX-PTS detector. The SEM was operated
at a beam accelerating potential of 20 kV, a 0.3 nA current,
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with a 37° take-off angle of the detector. Additional samples
were studied under the microscope for their inclusions.

RESULTS & DISCUSSION
Texture and microscopic features
Plant fossils

Numerous samples of opal show inclusions, which are consist-
ent with fossil plants such as stems, twigs, and roots (Figs 2, 3).
These are replaced by silica in the form of opal, but still they
often contain some carbon. The disposition of the plant fossils
inside the opal indicates that the opal formed when the plants
were still living organisms, or just after their death. They appear
‘frozen’ in a silica matrix.

Pedogenic featnres

The opals are associated with ignimbrite weathered into abun-
dant clays. Fig. 4 shows a sample of opal in contact with its
weathered (and argillized) ignimbrite host rock. Several plate-
lets and lenses of clay are embedded in the opal. A chemical
map of an opal in contact with its host rock shows that the
main phenocrysts in the ignimbrite are represented by alkali
feldspars, which are weathered to various degrees (Fig. 5).
Some quartz and very few plagioclase phenocrysts are
observed. There is a graduation of the mineral grain size in the
rhyolitic ignimbrite host-rock, with decreasing grain size of

Fig. 2. Plant fossil in opal sample #1100 (picture width is 4 mm,
diameter of the stem is <. 1 mm). Photo by B. Rondeau.

Fig. 3. Plant fossil in opal sample #1332 (picture width is 3 cm, diam-
eter of stems is «. 1 mm). Photo by F. Mazzero.

Fig. 4. Typical irregular contact of opal with its host-rock (weathered
ignimbrite of rhyolitic composition). Sample #1124, . 10 X 6 X 3 cm.
Photo by B. Rondeau.

feldspar phenoctysts as opal abundance increases. Observations
of weathered ignimbrite under the microscope reveal numer-
ous cracks and contraction features in clays, which are filled-in
with opal, suggesting desiccation of clays after swelling. These
features are typical of pedogenesis, which resulted in the devel-
opment of soil at the surface of the ignimbrite. These observa-
tions strongly indicate that the opals were associated with the
pedogenesis of the rhyolitic ignimbrite host rock.

Element geochemistry of the Wegel Tena opals

All results of chemical analysis are given in the Supplementary
Material. We observed multiple differences in the properties
(chemistry, colour, transparency, play-of-colour vs common
opal) and sometimes zoning in the individual samples, which
deliver information on the petrogenetic formation of opal. The
presence and concentration of chemical impurities in opals
reflects primarily the host-rock composition, as silica in opal
comes from its alteration (as shown in Gaillou ¢# a/. 20080). In
addition, some of the differences in properties might arise
from fractionation during opal precipitation, as proposed by
Brown ez al. (2004) and Thomas ¢f al. (2006). However, the
incorporation of chemical impurities in the opal silica network
must respect the electroneutrality of the mineral; that is,
although opal is poorly crystallized, its network is dominated
by Si-O bonds in the three dimensions.
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Fig. 5. Chemical maps obtained by SEM analysis for Si, Al, K and Na in a single matrix sample. The horizontal band at the top is opal, the bottom
part is the weathered ignimbrite. Note that some feldspars remain unweathered while others are strongly weathered. One remaining quartz crystal
is present at the bottom left corner (Qtz). Grain sizes in the ignimbrite decrease toward opal.

Chemical impurities and optical properties

The concentration of chemical impurities is highly variable
between and within the studied samples. Aluminum, the most
abundant impurity in the studied opals, varies from 2 700
ppm (which is few for opal) to 4% (which is a lot) (cf. Gaillou
et al. 2008p). Calcium is also abundant (480 ppm to 1%).
Potassium ranges from 1 600-11 000 ppm. Iron is highly var-
iable (from 2—-13 500 ppm) with a tendency to be higher in
coloured samples. The higher Fe values in the orange samples
are not surprising because Fe is the colouring agent of fire
opal (Fritsch e al. 2002; Gaillou e al. 20085). Sodium ranges
from 430-2 000 ppm. Magnesium ranges from 54 to 1 500
ppm. Manganese is generally low (<100 ppm), except in the
orange domain of sample 10 and in sample 6. Strontium is
generally low (from 4-162 ppm), although white and brown-
ish samples typically contain 100-160 ppm Sr. Zirconium
ranges from 13 to 584 ppm. Barium ranges from 6—756 ppm.
The darkest samples (vivid orange and chocolate brown) are
depleted in Ba (<100 ppm). Translucent brownish samples

and white samples have generally high Ba contents (up to
756 ppm), suggesting that Ba might form precipitates (such as
BaSO,) that scatter light. Sample 12 is an exception; it is
a white creamy sample and shows the lowest Ba content
(<10 ppm). Sample 6, which is homogeneously black, shows
the lowest concentrations of Al, Ca, K, Na, and Mg, but the
highest of Mn. Hence, the black colour is likely due to the
presence of some black Mn oxides.

Geochemical variations within Zoned samples

Samples 1111 and 10 are remarkably zoned. This zonation
affects the chemical concentrations of some elements, but sur-
prisingly, not all. In particular, Fe, Ti, Mn, Nd, V, Y, Nb, Pb,
Th, and U are significantly higher in the orange part of these
samples than in the white part (see Fig. 6 and Supplementary
Material). In contrast, Na, K, Ba, As, Rb, St, Zr, Mo, and Cd
show no variation with the zonation. The other elements show
no systematic variation. A similar behaviour has previously
been observed by Brown ¢z a/. (2004) and Thomas ez al. (2006)
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in banded opals, and has been attributed by these authors to
fractionation phenomenon.

Rare-earth element geochemistry

The REE abundances, which are normalized to the CI chon-
drite abundances given by McDonough & Sun (1995), are
shown in Fig. 7. They range between 0.01 and 100, which is
the classical range for opal (Gaillou ez /. 20085). Most samples
show a nearly flat pattern with a more or less pronounced
enrichment in LREE compared to HREE (Fig. 7a). In gen-
eral, no anomalies are observed. Within a single sample, we
usually observe a very homogeneous composition (e.g. in
samples 7, 8, 11, 1073, 1076, and 1078). However, some sam-
ples show noticeable variation in composition (e.g. samples 5
and 1111-orange). Some samples (Fig. 7c) show a neatly flat
pattern with very low REE concentrations and variable com-
position.

Rarely, a negative Ce anomaly is observed (e.g. samples
10-white and 11; Fig. 7b). Gaillou ¢f al. (20085) proposed that
such Ce anomaly is likely due to the transformation of Ce’*
into Ce** under oxidizing conditions. However, the Ce anom-
aly was not present in the opal host rock, indicating that it
developed during weathering. Interestingly, a very weak or
absent Eu anomaly is observed in the host rock. This may be
explained by the lack of plagioclase in the mother-rock.

Source of silica

Several sources of silica for the formation of opal have been
proposed in the literature, and two are considered relevant
here: (1) weathering of alkali feldspar into clays is a mineral-
ogical reaction that frees silica; and (2) ignimbritic ashes of rhy-
olitic composition consist of minute silica-rich particles rich in
glass, and water percolation in such ashes easily dissolves silica
due to the very large contact surface. These two phenomena
may operate together, or one can dominate locally, reflecting
the local petrological heterogeneity (i.e. some micro-domains
are rich in ashes, some others are richer in feldspar). The ‘com-
petition’ between these two sources of silica may explain in
part the geochemical variations observed in our set of samples.

Source of Ba

The Wollo opals exhibit considerable variations in Ba, from
almost the lowest (6 ppm) to the highest ever recorded for an
opal (756 ppm). Alkali feldspars are known to incorporate Ba
in various amounts under the form of celsian or hyalophane
(Gay & Roy 1968). Strongly localized variations in the degree
of weathering of feldspars into clays in our samples may
explain why Ba reached such high concentrations in some of
the samples but is present in low concentrations in others. In
addition, the variations in Ba concentration may be explained
by the competition between the two considered possible
sources of silica (i.e. feldspar weathering and ash leaching).
Gaillou ez al. (20085) explained the distinction between sedi-
mentary (strong alteration, high Ba contents of >110 ppm) and
volcanic (less alteration, low Ba contents of <110 ppm) envi-
ronments based on the degree of weathering of alkali feldspars.
However, this criteria does not apply here because of the com-
petition of different processes of silica production.

Geochemzical correlations

We checked for possible relations between elements. Fig. 8
shows that Al and Ca are correlated in most of the studied
samples (except in the orange domains of sample 10 with Al
contents >30 000 ppm). The Al-Ca correlation becomes less
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Fig. 7. Patterns of REEs in the studied opals from Wegel Tena.
Lower case letters identifying each graph refer to the points of analy-
sis per sample given in Fig. 6 and the Supplementary Material.

obvious as concentrations increase. Similatly, Ba and Ca
(Fig. 9) roughly correlate in the studied samples (except in both
domains of sample 10, with Ba >650 ppm). A similar correla-
tion can be observed for Ca vs Str, Ba vs Rb, and Ba vs St,
although less clear than the Ba-Ca correlation.

Fig. 10 shows that the sum of trivalent ions (AI**, Fe’*) cor-
relates well with the sum of the main divalent and monovalent
ions (Na*, Ca**, K, Ba**, Mg?") in the Wegel Tena opals. This
shows that the incorporation of cations in opal follows the
rules of electroneutrality. As detailed in Gaillou ez a/. (20080),
the replacement of Si*" by AP** or Fe** in the silica network
induces a charge imbalance, which must be compensated by
the contribution of divalent or monovalent cations, at a ratio
of 1 monovalent ion to 1 trivalence, and 1 divalent ion to 2
trivalence. However, we observe that the highest values of
Al+Fe (>30 000 ppm) do not follow this general trend. They
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Fig. 8. Plots of concentrations of Al vs Ca in the Wegel Tena opals.
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Fig. 10. Plots of the sum of concentrations of the main trivalentimpu-
rities (Al + Fe) vs. the sum of concentrations of the main mono- and
trivalent impurities (Na+Mg+Ca+K+Ba) in opals from Wegel Tena.
The dotted rectangle represents the field of values given in Gaillou
et al. (20085) for other opals worldwide.

correspond to sample 10-orange, which is either enriched in
Al+Fe or depleted in Na+Ca+Mg+Ba+K.

Figs 8, 9, and 10 show, in addition to the general positive
cotrelations, that the plots are distributed in at least two main
ranges. Such a bimodal or multimodal distribution is observed
occasionally for many other pairs of elements, with different
trends for each range. This is the case of Si vs. Al, K or Ca.
Figure 11 shows that samples depleted in U are generally rich
in variable amounts of Sr, and vice-versa. This strongly sup-
ports the hypothesis of at least two sources of silica gel for the
precipitation of opals. One source may be dominated by the
weathering of feldspars (rich in K, Ba, St), because feldspars
are enriched in St compared to volcanic glasses (Ren 2004).
The other source may be dominated by the weathering of vol-
canic glass, because U is concentrated in volcanic glasses rather
than in feldspars (Gray ez a/. 2011). Because the studied opals
do not show homogeneous composition, we propose that the
silica-bearing fluids did not experience intense circulation that
would have homogenized the different sources.

Mode of formation

Fossilized plants along with carbonaceous matter in opal have
been documented in several other deposits, such as in Virgin
Valley in Nevada, USA (Zielinski 1982), silicified bones in

Fig. 9. Plots of concentrations of Ba vs Ca in the Wegel Tena opals.
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Fig. 11. Plots of concentrations of Sr vsU in the Wegel Tena opals.

Australia (Pewkliang e al. 2008) or silicified wood from
Slovakia (Papp ez a/. 1998) and other localities. In such depos-
its, opal fills-in voids of wood cells or makes up wood cast.
These silicification phenomena are diagenetic processes that
occur after sediment burial. In contrast, plant fossils in our
samples are embedded in opal, suggesting that opal formed in
a silica-rich water where plants developed; hence, in a soil at
the surface of the parent rock (i.e. rhyolitic ignimbrite).

The presence of abundant clays clearly demonstrates that
the studied opals formed during an episode of weathering of
the host ignimbrite. Chemical impurities (Al, Ca, and K in par-
ticular) are much more abundant in opals from Wegel Tena
than in any other opal (cf. Gaillou ef a/. 20080). In addition, we
observed very strong variation in the concentration of many
clements, even at the millimetre scale. These last two obsetva-
tions suggest that the silica-rich water did not circulate enough
to homogenize the composition, nor to purify it from impuri-
ties. We suggest that during the Oligocene volcanic episode,
the emission of volcanic ashes stopped for a time long enough
to allow weathering of the ignimbrite, resulting in the forma-
tion of soil that supported plant life. Meteoric waters weath-
ered the ignimbrite, liberating silica through the transformation
of feldspars into clays, and through the weathering of volcanic
glass particles.

This mode of formation is remarkably different from par-
ticular models proposed so far for the formation of gem, play-
of-colour opal. One model states that fire opal from Mexico


http://geea.lyellcollection.org/

Downloaded from http://geea.lyellcollection.org/ by guest on June 4, 2012

Opal from Wegel Tena, Ethiopia 103

formed during late volcanic stages at relatively high tempera-
ture (Koivula ez /. 1983). Another model proposes that water
circulation in fractures and faults controlled the formation of
opal in Slovakian andesites (Rondeau ¢z a/. 2004). In contrast,
some Australian sedimentary opals formed during tectonic
events (Pecover 2007) possibly combined to some weathering
(Jones & Segnit 1966; Barnes & Townsend 1982). However,
pink common opals from Peru and Mexico developed in quiet
lake environments (Fritsch ez /. 2004), and common opal can
form in such environment (Rayot 1994).

Comparison with other deposits

It is essential to understand geological processes that control
the geochemical signatures of opals in order to use the geo-
chemical fingerprinting efficiently for the provenance deter-
mination. Most of the studied opals from Wegel Tena (i.c.
about the two thirds of our sample set) contain much more
impurities than opals from anywhere else (Fig. 10, dotted rec-
tangle after Gaillou ez a4/ 20080) (cf. McOrist e/ al. 1994;
McOrist & Smallwood 1995, 1997; Brown e a/. 2004; Thomas
et al. 2006; Pewkliang es al. 2008). For example, the sum
Al+Fe or the sum Na+Mg+Ca+K+Ba is higher in many of
the studied opals compared to other opals elsewhere. The
high concentrations of chemical impurities in opals from
Wegel Tena make them easy to differentiate from opals from
all other deposits, and hence can be used efficiently as a prov-
enance fingerprint. However, this criterion cannot be used
on a small number of opals from Wegel Tena that contain
low impurities content.

CONCLUSION

Opals from Wegel Tena, some of which yielded the highest Ba
concentrations ever recorded, show a unique geochemistry.
They generally contain much higher chemical impurities than
other opals worldwide. They have geochemical fingerprints
that clearly distinguish them from all opals mined in other
areas worldwide. However, they also exhibit strong geochemi-
cal variations. Some positive correlations in geochemical com-
positions (such as Al+Fe vs Na+Mg+Ca+K+Ba, Al vs Ca, or
Ba vs Ca) indicate that some of the chemical impurities
were controlled by the crystallochemistry of opal. That is,
although the Wegel Tena opals are pootly crystallized, they
consist mostly of tri-dimensional networks of Si-O bonds.
Concentrations of many elements in the studied opals follow
various trends. This indicates that the fluid responsible for the
mineralization was heterogeneous, and suggests that at least
two sources of silica were involved in opal formation: weather-
ing of feldspars into clays and weathering of volcanic glass.
Microscopic observations reveal the presence of many plant
fossils in the studied opals. In addition, the opals exhibit fea-
tures that are characteristic of pedogenesis, such as abundant
clays, desiccation features and grain size sorting. We propose
that opals at Wegel Tena formed during a pause in the emis-
sion of ignimbrite ashes, when a soil could develop at the sur-
face and support plant life. Further avenues of research of the
genesis of the Wegel Tena opals include linking the observed
chemical variations with spatial distribution, petrographic vari-
ations and variations of the degree of weathering. Such com-
parison and field observations may strongly strengthen the
model proposed here.
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