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ARTICLE INFO ABSTRACT

Editorial handling by Prof. M. Kersten The trace element and oxygen isotope composition of Wegel Tena (Ethiopia) gem opals was measured to provide
evidence of the conditions of their genesis. Elemental measurements display several behaviors, especially for K,
Ca, Sr and Ba suggesting that—in agreement with previous assumptions—the silica-rich fluids that precipitate
into opal are fed by the weathering of ignimbrite at several degrees. The distribution of elements in the opals
indicates that the sources of silica in the ignimbrite are both glass and feldspar. Rare Earth Element (REE)
signatures are also consistent with a weathering process, but underline that a wide range of physical and che-
mical conditions prevail at the regional, local and even intra-sample scales. The Ce anomaly emphasizes the
variations in redox conditions during opal precipitation, whereas Eu anomaly indicates that feldspar dissolution
feeds some of the silica-rich fluids. This suggests that the fluid responsible for opal precipitation is not homo-
genous across the area with underground water circulation, but rather that each sample reflects formation
conditions specific to its very local environment. The oxygen isotope signatures of the opals (from 26.52 to
30.98%o0 vs SMOW) allow us to formulate several hypotheses concerning their temperature of formation and the
isotopic composition of the fluid. The hypothesis consistent with our other measurements is the pedogenic
formation of the opals at ambient temperature (18-21 °C) involving a slightly evaporated soil water fed by
meteoric water with an isotopic composition lower than at present, during an Oligocene period likely warmer
and wetter than today.
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1. Introduction

Opal, the hydrated amorphous variety of silica, commonly pre-
cipitates from silica-supersaturated fluids. Among opals, purely amor-
phous opal (opal-A) differs from poorly crystallized opal (opal-CT or -C)
based on its atomic structure (Jones and Segnit, 1971; Ostrooumov
et al., 1999; Smallwood et al., 1997). For both types of opal, three main
formation processes have been identified: biological precipitation, hy-
drothermal alteration, and continental weathering. The main producers
of biogenic silica are planktonic siliceous microorganisms (diatoms,
radiolarians and silicoflagellates) accumulating in oceanic or lacustrine
sediments at a rate that can be greater than 400 Mt per year (DeMaster,
2014; Iler, 1979; Tréguer et al., 1995). Also, phytoliths can accumulate
in soils (Meunier et al., 1999), although in much lower extent
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(Alexandre et al.,, 1997, 2011; Conley, 2002; Fraysse et al., 2009).
Therefore, biogenic opal is mostly constrained to oceanic and lacustrine
contexts. Hydrothermal alteration is involved in amorphous silica pre-
cipitation in hot springs (e.g. geysers) and hydrothermal vents (e.g
black smokers; Arnérsson, 1985; Herzig et al., 1988; Lalou, 1991; Jones
and Renaut, 2003; Goryniuk et al., 2004; Rodgers et al., 2004;
Channing and Butler, 2007; Barnes et al., 2009; Campbell et al., 2015).
Supergene, continental weathering of rocks also dissolves primary mi-
nerals and liberates silica available for the formation of secondary
minerals, including opal (e.g silcretes; Summerfield, 1979;
Summerfield, 1983; Thiry and Millot, 1987; Thiry and Milnes, 1991;
Thiry and Simon-Coingon, 1996; Ullyott et al., 2004; Thiry et al., 2006).

The distinction between biogenic, hydrothermal, and continental
weathering conditions may be ambiguous for opal samples in the field,
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because paleontological features are not always preserved in biogenic
opal, and because hydrothermal alteration and continental weathering
can generate rocks that appear similar in aspect, texture outline and
mineralogical composition. This is true on Earth, where silica is used to
develop a better understanding of past climate history (Knauth and
Epstein, 1976; Robert and Chaussidon, 2006), and even more striking
on Mars, where observations are much more indirect (Frydenvang
et al., 2017; Milliken et al., 2008; Mustard et al., 2008; Squyres et al.,
2008). Hence, several opal properties have been explored as possible
proxies of opal genesis conditions. Both opal-A and opal-CT form
through hydrothermal alteration and continental weathering (Botz and
Bohrmann, 1991; Goryniuk et al., 2004; Jones and Renaut, 2004;
Murata and Randall, 1975; Rice et al., 1995). Hence, the type of opal (A
or CT) is not of itself a useful criterion to infer its origin. Additionally,
diagenesis can superpose on the original formation processes, leading to
the transformation of opal-A into opal-CT, in particular for biogenic
opal (Hein et al., 1978; Herdianita et al., 2000; Lynne et al., 2005;
Lynne and Campbell, 2004; Rice et al., 1995; Rodgers et al., 2002).
Recently, several tools based on hydration features of opals and their
related infrared signatures (Chauviré et al., 2017a; Rice et al., 2013)
have been proposed to differentiate hydrothermal opals from con-
tinental weathering opals, regardless of their structure (-A or -CT),
From the economic point of view, a better understanding of precious
opal formation may provide significant tools for gem opal exploration.
A dozen deposits have been discovered in the Wegel Tena area,
Ethiopia, within the last few years using small-scale, opportunistic,
amateur exploration. Considering the extent of similar geologic for-
mations in a wide part of the region, both in Ethiopia and adjacent
countries (Fig. 1), one can assume a great potential for gem production.
Hence, understanding the origin of the opals would help to systemize
the identification of new deposits.

By accessing the source of elements and the processes involved in
their transfer, geochemistry of trace elements and stable isotopes has
proved to be a useful tool in understanding the formation of minerals as
various as corundum (Giuliani et al., 2017; Harris et al., 2017;
Sutherland et al., 2009), quartz (Gotze et al., 2017; Monecke et al.,
2002) and opal (Brown et al., 2004; Gaillou et al., 2008; Thomas et al.,
2006). The geochemistry of opal has primarily been investigated on
Australian opals, and showed that silica originates from the weathering
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of sedimentary and volcano-sedimentary rocks (Brown et al., 2004;
Dutkiewicz et al., 2015; Gallacher, 2001; Liesgang and Milke, 2014;
McOrist et al., 1994; McOrist and Smallwood, 1997; Rey, 2013; Thomas
et al., 2006). Additionally, geochemical signatures of opals have been
studied to discriminate different geographic and geological origins
(Dutkiewicz et al., 2015; Gaillou et al., 2008). Gaillou et al. (2008)
showed that opal follows a “pseudo-crystallochemistry” rule, despite its
amorphous structure using a comprehensive sampling of opal with
various origins and structures. They inferred that the isomorphous
substitution of silicon (Si*™) by trivalent aluminum (AP) in the tet-
rahedral site is compensated by the contribution of divalent and
monovalent ions (e.g. Na*, K*, Mg>*, Ca®*, Ba?*; Webb and
Finlayson, 1987; Bartoli et al., 1990).

The oxygen isotope composition (8'%0, expressed hereinafter in %o
vs VSMOW) of silica has also been used to trace the 80 of the forming
fluid and/or the formation temperature. Silica precipitated from hot-
spring or volcanic fluids is characterized by §'®0 values ranging from 3
to 23%o0 (Henderson et al., 1971; Jackson, 1977; Mizota et al., 1987;
Vysotskiy et al., 2013) whereas authigenic silica precipitated from low-
temperature fluid have 8'%0 values ranging from 25 to 32%o
(Henderson et al., 1971; Murata et al., 1977; Pisciotto, 1981). A limited
set of studies have investigated the §'80 of gem opals. Opals produced
by continental weathering have §'0 values higher than 30%o, whereas
hydrothermal opals show §'20 close to 13%o (Martin and Gaillou, 2018;
Rondeau et al., 2004; Vysotskiy et al., 2013).

Opals from Wegel Tena (Wollo province, Ethiopia) have been sug-
gested to be of pedogenetic origin, hence related to continental
weathering (Chauviré et al., 2017b; Mazzero et al., 2010; Rondeau
et al.,, 2010, 2012). In this article, we document complementary evi-
dence on the conditions of formation of these opals. Minor and trace
elements will be compared with other precious opal deposits to char-
acterize trends in the incorporation of elements during opal precipita-
tion. The analysis of Rare Earth Elements (REE) will be used to trace the
processes of elemental fractionation leading to the observed anomaly
(especially Ce and Eu). The oxygen isotope composition of opals will
provide constraints on their context of formation, especially the tem-
perature of precipitation and the isotopic composition of the host fluid.
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Fig. 1. Geographical origin of the analyzed samples. Left: Cenozoic volcanic provinces in Ethiopia with the location the Wegel Tena plateau as a part of the Ethiopian
traps. Right: opal mines along the Wegel Tena plateau where samples were collected (GPS positions are available in Table 1).
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2. Site description

The precious opal deposits are located within a few specific layers of
the Wegel Tena volcanic sequence, about 3000 m above sea level
(Chauviré et al., 2017b; Rondeau et al., 2012). This sequence forms a
plateau, with a surface area of 1600 km?, part of a larger Oligocene
volcanic province, i.e. the Ethiopian traps (6.10° km? Baker et al.,
1996; Hofmann et al., 1997; Rochette et al., 1998; Ayalew et al., 2002;
Ukstins et al., 2002; Ayalew and Yirgu, 2003; Coulié et al., 2003).
Geochronological and magnetostratigraphic data have determined that
the emplacement of the whole volcanic sequence occurred between
30.6 + 0.79 and 29.4 + 0.1 million years ago (Ayalew et al., 2002;
Ayalew and Yirgu, 2003; Coulié et al., 2003; Hofmann et al., 1997;
Rochette et al., 1998; Ukstins et al., 2002). Like other parts of the
Ethiopian traps, the Wegel Tena sequence is composed of rhyolitic ig-
nimbrites and pyroclastic deposits (up to 1000 m thick) superimposed
on a series dominated by basalts (Ayalew et al., 2002; Baker et al.,
1996; Mohr, 1983; Pik et al., 1998). The acidic sequence is made of
individual strata 3-15m thick. The petrographic and geochemical
characteristics of the Wegel Tena ignimbrites have been previously
detailed (Ayalew et al., 2002; Ayalew and Yirgu, 2003). They have a
porphyric texture with a vitreous to microlitic matrix. Alkali feldspars,
quartz, clinopyroxene and amphibole are the common phenocrysts
found in a potassic matrix. Bulk rock analysis revealed a rhyolitic, and
more rarely trachytic, composition.

Wegel Tena opal (also referred to as Wollo opal) is found in few
specific, remarkably weathered rhyolitic ignimbrite layers, a few meters
thick and hundreds of meters wide, embedded between un-weathered
layers. These opal-bearing horizons occur several hundreds of meters
below the actual plateau surface (Chauviré et al., 2017b; Rondeau et al.,
2012). No traces of fluid circulation or subsequent weathering are ob-
served in the un-weathered, thick, welded layers above the opal-
bearing layers, constraining opal formation to the period after its host-
rock deposition and before the overlying volcanic strata, and hence
between 30.6 and 29.4 Ma (Oligocene period).

The weathered layers show a granular microstructure with coatings
of illuvial clays in the pores. Opal acts as a cement for these typical
pedogenic features, suggesting opal precipitation concomitant with or
posterior to pedogenesis. Opal also fills the remaining porosity or large,
up to decimetric, cavities (see further details in Chauviré et al., 2017b).
Therefore, opal formation is closely related to pedogenesis (Chauviré
et al., 2017b; Rondeau et al., 2012). Plant fossils observed in Wegel
Tena opals have been suggested as evidence that opal precipitates
during pedogenesis (Rondeau et al., 2012). However, the type of silica
composing the plant fossils and their well-preserved structure suggest
that silicification of the plant occurred during the deposition of the
ignimbrite, prior to the pedogenesis (Chauviré et al., 2017b). Chauviré
et al. (2017b) modified the model proposed by Rondeau et al. (2012) by
suggesting that opal may precipitate after the emplacement of ignim-
brite above the soil, but the mineralogical and petrological evidence
confirmed the pedogenetic source of silica-enriched fluids. Oxygen
isotopes were measured on 3 samples of Wollo opal, giving 8'®0 from
+26 to +28%o, suggesting a relatively low temperature of formation
(Vysotskiy et al., 2013). The superimposition of weathered and un-
weathered layers of rhyolitic ignimbrite suggests that the precipitation
of opal could have been repeated over time during the emplacement of
the Wegel Tena plateau around 30 My ago, during several periods be-
tween volcanic ash emissions (Chauviré et al., 2017b). Moreover, some
unweathered layers superposed on the opal-bearing layer are highly
welded, preventing later percolation of fluids. Based on these ob-
servations, the genetic model proposed by Chauviré et al. (2017b)
suggests that opal precipitated shortly after the emplacement of the
ignimbrite above the opal-bearing layer. No direct method exists for
dating opal formation. The most recent indirect attempt is based on
paleomagnetic methods applied to ironstone concretions hosting opal
(Schmidt and Dickson, 2017), providing an age with a 7 My accuracy.

129

Applied Geochemistry 101 (2019) 127-139

At Wegel Tena, the plentiful dating information given by the acidic
rocks, which constrain the emplacement of the whole volcanic sequence
within less than 2 My (Ayalew et al., 2002; Baker et al., 1996), and the
demonstrable observation that opal precipitated during this time lapse
(Chauviré et al., 2017b), provide a unique context in which dated opal
formation can be studied.

Today, the climate of the Ethiopian highlands is monsoonal with a
mean annual precipitation of 1250-1300 mm per year and a mean
annual atmospheric temperature close to 16 °C (Kebede and Travi,
2012; Viste et al., 2013). This is drier and cooler than the reconstructed
Oligocene climate (Garcia Massini et al., 2011; Jacobs et al., 2005). The
vegetation is mainly constituted of woodland and grassland. The mean
annual 8'%0 value of modern meteoric water (8'®0eteoric water) 1S
0.04%o at Dessie, the closest collecting station, about 70 km from Wegel
Tena, at an altitude of 2400 m (IAEA/WMO, 2017).

3. Materials and methods
3.1. Opal samples

Twenty-nine opal samples, translucent to transparent, colorless to
orange, were analyzed. The sample characteristics and origin are de-
tailed in Table 1. Fourteen samples were collected in 2013 from seven
mines located a few kilometers from Wegel Tena town (11°35‘20.3” N;
39°1316.5” E; Fig. 1). Each mine consists of several tunnels dug hor-
izontally over a few meters to a few tens of meters (for details, see
Chauviré et al., 2017b). Fifteen other samples were acquired from a
merchant. They were confidently traced to the Wegel Tena mines, but
no exact location was available. Among these 29 samples, 24 were used
for elemental analyses (minor and trace) and 8 for oxygen isotope
measurements (samples WT92, WT134 and WT149 were analyzed for
both elemental and isotopic measurements).

3.2. Element measurements

Element concentrations were measured using Laser Ablation —
Induced Coupled Plasma- Mass spectroscopy (LA-ICP-MS), on 4 areas of
the polished surface of 24 samples (9 samples directly collected in the
mines, and 15 samples acquired). In order to check for possible internal
variations, the analysis of each area was composed of 5 lines (each
65 um wide and about 300 um long). Analyses were carried out on a
quadrupole Varian 820MS (line 68) with an Analyte G2 Excimer Laser
Ablation System at 193nm (Photon Machines, Cellule HelEx) at the
Laboratoire de Planétologie et Géodynamique (UMR-6112, University
of Nantes). Spot size was 65 pm in diameter, the energy of the beam was
6.35J/cm?, and the laser pulse frequency was 10 Hz on polished sec-
tions. We used synthetic glass (NIST-612) as reference material to
correct for instrument drift. Three measurements of the NIST standard
were performed before and after each measurement run, and for every
4 lines of opal measurement. The instrumental drift was corrected with
linear interpolation using the Glitter software.

Element concentrations were calculated with the Glitter software,
using reference materials and Si concentration as internal standard. For
the 9 samples collected directly in the mines, the Si content was mea-
sured using an electron probe micro-analysis Cameca SX100 at
IFREMER, Brest, France. This instrumental reading was performed with
a LaBg-filament at 15.5kV. In addition, we measured the content of K,
Na, Al and Ca in order to check for potential analytical correction. U, Th
and Pb have been measured only on these 9 samples. The Si content of
the remaining samples was measured using an Energy Dispersive X-ray
Spectroscopy SAMx instrument, coupled to a SEM JEOL 5800LV at the
Institut des Matériaux Jean Rouxel, Nantes, France. Analyses were
performed with an accelerating voltage of 20 kV and a beam current of
0.5nA.
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Table 1
Characteristics and origin of the samples used in this study.
Samples  Color Mine Host-rocks
Latitude;Longitude
WT86 Yellow transparent Koke Woha Highly weathered unwelded rocks, porphyric texture, quartz and feldspar xenocrysts, no remaining glass
WT87 Colorless transparent 11°35‘45.5“N;39°14‘12.7“E  shards, totally transformed into smectite. Granular microstructure with illuvial clay coating and
WT92 White translucent cementing by opal.
WT103 White translucent Gelbate
WT107 White translucent 11°34°9.6“N;39°1313.4“E
WT109 Transparent colorless to
orange
WT134 White translucent Minch Well-sorted round grains (feldspar, quartz, amphibole and pyroxene crystals) cemented by amorphous
WT149 Colorless transparent 11°33°44.4“N;39°13°47.9“E  silica, no glass shards remaining.
WT150 Brown to white
WT159 Colorless with brown zonation ~ Alwat No details, rocks not accessible.
11°37°0.4“N;39°1310.8“E
WT171 White translucent Timkete Bahir Highly weathered unwelded rocks, prophyric texture, quartz and feldspar xenocrysts. Glass shards
WT176 Colorless transparent 11°39‘15.7N;39°16°2.7“E totally transformed into smectite. Granular microstructure with illuvial clay coating, and cementing by
WT205a  White translucent Tirtrya opal.
11°36°29.7“N;39°13°51.2“E
WT208 White translucent Nech Gedel Rounded ferruginous nodules, in a fine-grained tuff with slightly weathered glass shards, some quartz
11°33‘32.9“N;39°11‘13.9“E  and feldspar xenocrysts. Opal found in cavities.
SCB_50 Light yellow transparent Wegel Tena area Weathered volcanoclastic rocks
SCB_51 Light orange transparent
SCB_55 Light yellow transparent
SCB_56 Yellow transparent
SCB_57 Yellow transparent
SCB_59 Yellow transparent
SCB_62 Yellow transparent
SCB_64 Yellow transparent
SCB_66 Transparent from colorless to
orange
SCB_70 Yellow transparent
SCB_72 Yellow to white translucent
SCB_75 Orange transparent
SCB_77 Translucent from light yellow
to white
SCB_78 Yellow, translucent to
transparent
SCB_79 Translucent, orange to white.

3.3. Oxygen isotope analyses

The oxygen isotope composition was measured at CEREGE (UMR
7330, Aix-en-Provence, France), on 8 samples directly collected from
the mines. The selected samples were transparent to translucent and
white or colorless, to avoid the presence of iron oxy-hydroxide inclu-
sions that give a yellow to red coloration to the opals (Fritsch et al.,
2002, 1999; Gaillou et al., 2008). Each sample was crushed in an agate
mortar and subsequently sieved at 50 and 150 um. The powder was
devoid of any mortar chalcedony contamination as checked on an ali-
quot using polarizing light microscopy. Pieces of opal with small in-
clusions were removed from the powder. The mortar was washed with
Fontainebleau sand, water, and ethanol before crushing. One to two
aliquots of the 50-100 um fraction were analyzed per sample.

Because opal is hydrated (up to 11 wt % water; Bayliss and Males,
1965; Segnit et al., 1965; Buerger and Shoemaker, 1972; Langer and
Florke, 1974; Thomas et al., 2010), it contains exchangeable oxygen
that needs to be removed prior to analysis (Alexandre et al., 2006;
Juillet-Leclerc and Labeyrie, 1987; Knauth and Epstein, 1982;
Menicucci et al., 2017). Here, the samples were subjected to inert gas
flow dehydration (Chapligin et al., 2010) to remove the exchangeable
oxygen without fractionation: 1.6 mg samples were dehydrated by
ramp degassing (2h heating to 1020 °C, 1.5h held constant at 1020 °C,
2h cooling down to 400 °C) under a continuous N5 flow. Oxygen ex-
traction was then performed using the IR laser-heating fluorination
technique (Alexandre et al., 2006). The oxygen gas samples were sent to
and analyzed by a dual-inlet mass spectrometer Thermoquest Finnigan
Delta Plus’. Measured §'20 values were corrected on a daily basis using
a quartz laboratory standard (Boulangé 50-100pm) calibrated on
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NBS28 (Alexandre et al., 2006; Crespin et al., 2008). During the ana-
lysis session, 8'®Opoylangés0-100 um Was 16.28 + 0.28%o (1SD, n = 4)
and one analysis of NBS28 gave a 8'80nps2s Of 9.72%0. The amorphous
silica working standard MSG60 previously used for biogenic silica iso-
tope analyses inter-laboratory comparison (MSG60: 37.0 * 0.8;
Chapligin et al., 2011) gave a 8'80 value of 36.51 = 0.44%o. The
standard deviation on the opal 880 (81800pa1) measurements replicates
was better than 0.5%o (from 0.03 to 0.46%o).

4. Results
4.1. Minor and trace elements

The elemental measurements of the 24 samples are presented in
Table 1S (Supplementary Material). Aluminum is the most abundant
minor element (from 0.22 to 2.22wt %), and other cations are also
relatively abundant (721 < Ca < 8781 ppm, 1573 < K < 9185 ppm,
396 < Na < 8497 ppm). Barium content is highly variable from one
sample to another (from 33.52 to 2183 ppm), as well as zirconium
(from 17.97 to 4103 ppm), iron (from 22.1 to 1413 ppm) and titanium
(from 2.02 to 1842 ppm). Samples WT92 and WT109 are remarkably
rich in barium and calcium compared to the other samples (e.g. they
contain 1721 and 2182 ppm of barium respectively, compared to a
range of 33.5-179.7 ppm for the other samples).

The most common trace elements measured in the opals are stron-
tium (from 14.17 to 579.2 ppm), manganese (up to 415.4 ppm), nio-
bium (up to 169.4 ppm), rubidium (up to 67.86 ppm), and germanium
(up to 26.68 ppm). Again, samples WT92 and WT109 display the
highest trace element concentrations (e.g. 490 and 579.2ppm of
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strontium respectively, compared to a range of 14.2-134.5 ppm for the
other samples).

In order to estimate inter-sample variations of trace element con-
centrations, we calculated the mean concentration of each element, the
standard deviation (SD, 1 sigma) of this mean composition and ex-
pressed this SD in percent. Intra-sample variations were calculated as
the mean of the SDs of each measured concentration, previously ex-
pressed in percent in order to make the calculation consistent. The
inter-sample variation (x axis on Fig. 2) is rather high, from 25 to 350%,
which reveals a high chemical variability from one sample to another.
By contrast, the intra-sample variation (y axis on Fig. 2) is much lower,
from 1 to 33%, which denotes a good internal homogeneity in impurity
content for each sample. This trend is observed for all elements,
whatever their mean concentration. Both variations are lower for the
elements with concentrations above 1000 ppm (Al, Ca, K, Na, high-
lighted with larger, dark spots on Fig. 2).

Our data also show some clear relationships between some minor
and/or trace elements (Fig. 3). The high trace element concentrations
observed in samples WT92 and WT109 compared to the other samples,
are clearly visible for Ba and Sr, even compared to samples from the
literature (shown in white on Fig. 3). Setting aside these two samples as
exceptions, Ba is clearly correlated to Sr (R% = 91%), and to a lesser
extent to K (R* = 39%) and Ca (R* = 35%).

The sum of most abundant trivalent cations (AI°* and Fe*) cor-
relates well with the sum of most abundant divalent and monovalent
cations (Na*, Ba*, K*, Ca®", Mg?™; Fig. 4). As suggested by Gaillou
et al. (2008), the replacement of Si*t by lower valence cations (AI3T,
Fe®*) induces a charge imbalance compensated for by the incorpora-
tion of monovalent and divalent cations between the tetrahedra in
order to maintain electroneutrality. By comparison to opals from other
deposits worldwide taken from the literature (Fig. 5), Wegel Tena opals
are much richer in minor and trace elements that those from other
deposits.

4.2. REE pattern

Rare Earth Elements concentrations were measured on 6 samples
(Table 2). Contents were normalized to chondritic composition ac-
cording to McDonough and Sun (1995). As shown in Fig. 6, three
samples (WT109, WT92, WT134) display a REE pattern enriched in
light REE (LREE) compared to heavy REE (HREE). The remaining 3
samples (WT159, WT86 and WT103) display the opposite behavior. A
negative Ce anomaly is observed in WT103 and WT86, and a positive
Eu anomaly in WT134.

4.3. Oxygen isotope composition

Table 3 presents the oxygen isotope composition of the 8 selected
opal samples from Wegel Tena. We chose samples from 5 different
mines (Koke Woha, Gelbate, Minch, Timkete Bahir, Nech Gedel) in
order to check for variations within the whole study area. The §'%0
values range from 26.52 to 30.98%o, with a mean value of
28.40 = 1.55%o. We also checked for variations within a single mine,
by analyzing 3 samples from the Minch mine. The mean value for those
3 samples is 28.53 * 1.14%o. Hence, the variability between §'80
values of samples from a single mine is similar to that between samples
from the whole study area.

5. Discussion
5.1. Minor and trace elements

5.1.1. Electroneutrality in opal

Gaillou et al. (2008) demonstrated a “pseudo-crystallochemistry” of
opals by highlighting the linear correlation between the sum of triva-
lent cations substituting for the Si atoms (A" and Fe®*™) and the sum
of divalent and monovalent cations (Na™, Ba™, K*, Ca®*, Mg2™"). The
replacement of Si** by cations of a lower valance induces a charge
imbalance compensated for by the incorporation of other cations be-
tween tetrahedra in order to maintain electroneutrality. Previous geo-
chemical measurements on Ethiopian opals from Mezezo (Gaillou et al.,
2008) and Wegel Tena (Rondeau et al., 2012) revealed that most
samples roughly follow this trend. Our data confirm the correlation
between trivalent and divalent plus monovalent cations (Fig. 4), and
hence this principle of electroneutrality. Our data also confirm that
Wegel Tena opals are often much richer in trace elements than precious
opals from any other deposits worldwide (Gaillou et al., 2008; Rondeau
et al., 2012). We also note that the correlation coefficient between
(Al + Fe) and (Na + Ba + K + Ca + Mg) established at 0.75 by
Gaillou et al. (2008) does not perfectly fit with our data, which are
closer to a 1:1 trend (Fig. 4). Impurity-rich samples WT92 and WT109
also obey the electroneutrality principle, although they show atypical
behaviors compared to the other samples (Figs. 3-5). When considering
the comparison of the geochemical signature of all types of opal (opal-A
and opal-CT, precious or common opal) from various geological con-
texts (volcanic or sedimentary host-rocks), we find that most opals
follow this fairly good correlation (Fig. 5; data from Gaillou et al., 2008;
Gallacher, 2001; McOrist and Smallwood, 1997; Rondeau et al., 2012).
This may indicate that, whatever the geological context of opal
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Fig. 3. Binary plots (red squares: this study) of a) Ba-Ca, b) Ba-Sr, ¢) K-Ba and d) K-Sr. All these show fairly good linear correlations, and fit well with data from
Rondeau et al. (2012) (white squares), except for samples WT92 and WT109 that show anomalously high Ba and Sr concentrations. Bulk rock composed of original,
unweathered ignimbrite (grey circles, from Ayalew et al., 2002; Ayalew and Yirgu, 2003) show similar behaviors. Grey circles do not appear on some graphs because
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version of this article.)

formation and opal type, similar processes control trace element in- 5.1.2. Elemental correlation and silica sources

corporation during opal precipitation. This suggests a chemical control, In our samples, the good correlation between Ba, Sr, Ca and K
unexpected for an amorphous material, and thus merits further in- (Fig. 3) indicates that these four elements may originate from a
vestigation in the future. common source. Volcanic glass and alkali feldspar, the two main con-

stituents of the host-rock, are likely the two primary sources for opal
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Fig. 4. Plots of the sum of trivalent cations content (AI>*, Fe>") versus the sum of mono-to divalent cations (Na+, Ca®>*, Ba>*, K*, Mg ") in the Ethiopian opals. The
correlation is fairly good and close to a slope of 1:1.
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formation, consistent with the weathering sequence of ignimbrite
(Gislason et al., 1996; White and Buss, 2013). In order to explain the
large variability in the relative and absolute impurity concentrations
among Wegel Tena opals, we can put forward several hypotheses. As
proposed by Rondeau et al. (2012), silica released through weathering
of the two above-mentioned sources barely mix in the geological
system: each cavity where opal precipitates may record the geochem-
ical signature of the local material that was weathered. Alternately,
geochemical variations may be explained by different degrees of host-
rock weathering: during weathering of silicate rocks, glass dissolves
preferentially (Gislason et al., 1996; White and Buss, 2013), releasing
abundant Si and Al. Later, feldspar weathering releases silica, alu-
minum and alkali oxides (Al,03, KoO and NaO) and their typical sub-
stituting elements (Eu, Ba and Sr, Icenhower and London, 1996; Morse
and Allaz, 2013). Therefore, we suggest that opals with a higher Ba, Eu
and Sr content may originate from more intense weathering, and sub-
sequently from more intense feldspar dissolution, than the other sam-
ples. These two processes may occur concomitantly. Alternately and/or
additionally, opal composition may be affected by the presence of nano-
inclusions enriched in other impurities (Ba, Sr, Eu ...).

The relative enrichment in minor and trace elements of many
Ethiopian opals compared to opals from other deposits may be ex-
plained by the relative proximity of their silica source, likely glass (and
to a lesser extent feldspar) in ignimbrites. By contrast, in the case of the

(McOrist & Smallwood, 1997)

Australian deposits, the source of silica is several dozen (or hundreds)
of meters above the opal-rich layer (Rey, 2013). When groundwater
percolates through substantial depths, secondary minerals, such as iron
oxy-hydroxides, can crystallize and incorporate elements other than Si,
decreasing the impurity concentration in the opal. Mexican opals are
also hosted within rhyolitic ignimbrites, but they formed from the hy-
drothermal alteration of the host-ignimbrite, and at higher temperature
(Spencer et al., 1992) than the Ethiopian opals. Mexican opals are often
associated with hematite and iron oxy-hydroxides that may also in-
corporate trace elements (Giibelin, 1986; Spencer et al., 1992), and
subsequently explain lower concentrations of trace elements when
compared to Ethiopian opals.

5.2. Rare earth elements patterns

Although REE are extensively used to trace geological processes (e.g.
hydrothermal alteration and weathering; Bau, 1991; Compton et al.,
2003; Laveuf and Cornu, 2009; Ma et al., 2011; Nesbitt, 1979), REE
abundances in opals have rarely been measured. Wegel Tena opals
analyzed in this study, as well as those analyzed by Rondeau et al.
(2012), show REE abundances normalized to chondrite in the range
identified by Gaillou et al. (2008), from 0.01 to 100. Rondeau et al.
(2012) observed nearly flat normalized REE patterns, with occasional
Ce and Eu negative anomalies. Gaillou et al. (2008) observed similar

Table 2
Concentration of Rare Earth Elements (REE) in Wegel Tena opals (n.d. = not detected).
Element (ppm) WT86 WT92 WT103 WT109 WT134 WT159
Mean 1o Mean 1o Mean lo Mean lo Mean lo Mean 1o

Sc 0.51 0.17 8.58 1.35 0.51 0.19 4.68 1.22 0.61 0.22 13.38 1.37
Y 0.09 0.01 9.27 0.59 2.74 0.10 20.46 1.19 0.30 0.02 14.29 0.88
La 0.01 0.0028 8.31 0.51 0.16 0.011 23.03 1.31 0.17 0.011 0.32 0.05
Ce 0.01 0.0037 21.20 1.16 0.09 0.009 48.62 2.56 0.44 0.022 0.98 0.10
Pr 0.01 0.0021 2.34 0.16 0.03 0.004 5.21 0.32 0.05 0.006 0.13 0.03
Nd n.d. 8.58 0.71 0.15 0.033 22.06 1.46 0.19 0.042 0.32 0.11
Sm 0.03 0.018 1.94 0.30 0.06 0.021 5.43 0.54 0.06 0.024 0.20 0.09
Eu n.d. 0.47 0.08 0.02 0.007 1.48 0.15 0.04 0.010 0.09 0.03
Gd 0.02 0.013 1.57 0.25 0.14 0.028 4.31 0.45 0.06 0.021 0.26 0.11
Tb 0.00 0.002 0.28 0.04 0.03 0.005 0.77 0.08 0.01 0.004 0.11 0.03
Dy 0.02 0.015 1.72 0.22 0.26 0.032 5.16 0.43 0.06 0.018 0.81 0.15
Ho 0.00 0.002 0.32 0.05 0.07 0.008 0.98 0.09 0.01 0.004 0.25 0.04
Er 0.02 0.010 0.90 0.13 0.23 0.029 2.76 0.25 0.04 0.014 1.30 0.17
Tm 0.01 0.003 0.14 0.03 0.04 0.005 0.38 0.05 0.01 0.003 0.40 0.05
Yb 0.03 0.016 1.03 0.17 0.28 0.042 2.50 0.28 0.05 0.018 5.22 0.49
Lu 0.01 0.003 0.16 0.03 0.04 0.006 0.30 0.04 0.01 0.003 1.16 0.11
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Fig. 6. REE patterns of the studied opals. The grey field is the range of REE patterns for fresh whole-rocks (Ayalew et al., 2002; Ayalew and Yirgu, 2003). The REE
distribution of opals may be divided into 2 groups: one group with a HREE content higher than LREE, and one group showing the opposite behavior. We observe Eu

and Ce anomalies for some of the samples.

Table 3
Oxygen isotope compositions of the opal samples from Wegel Tena area.

Samples Mine Number of 880 (%o vs VSMOW)Mean and
analyses standard deviation

WT92 Koke Woha 1 28.13

WT107 Gelbate 2 30.98 + 0.03

WT134 Minch 1 28.1

WT149 1 27.68

WT150 2 29.83 = 0.18

WT171 Timkete Bahir 2 26.65 = 0.43

WT176 1 26.52

WT208 Nech Gedel 2 29.33 + 0.46

Boulangé Standards 4 16.28 + 0.28
2008

NBS28 1 9.72

MGS60 2 36.51 = 0.44

normalized REE patterns in opals and their host rocks. By contrast,
normalized REE patterns of opals analyzed here display strong varia-
tions, and only two samples (WT92 and WT109) out of six show a
pattern similar to that of the host rock (grey area on Fig. 6; Ayalew
et al., 2002). The relationships between the REE signatures of the host-
rocks and opals at Wegel Tena are not as clear as in other deposits
(Gaillou et al., 2008). This is consistent with the hypothesis advanced in
the previous section (elemental correlations and silica sources): the fluids
likely did not percolate to great depth through the weathering rock, and
hence fluids with different silica sources did not have time or space to
mix. Thus, each opal reflects the composition and degree of weathering

134

of the source rock in its immediate vicinity.

5.2.1. Ce anomaly

Samples WT103 and WT86 exhibit a negative Ce anomaly. The
origin of Ce anomalies have been intensely studied over recent decades,
because its behavior differs from neighboring REE (Bau et al., 1996;
Braun et al., 1990; Hein et al., 1997; Seto and Akagi, 2008; Tanaka
et al., 2010). Cerium may exist in two ionization states: Ce>* and Ce**.
Depletion in Ce is explained by a variation in redox conditions, either
due to the formation of CeO, (Braun et al., 1990; Hein et al., 1978), or
due to preferential desorption of trivalent REE compared to Ce** from
iron and manganese oxy-hydroxides (Bau, 1999; Leybourne et al., 2000;
Pédrot et al., 2015). Microbial mediation is also inferred to explain Ce
anomalies (Moffett, 1990; Tanaka et al., 2010). In the present case, the
wide range of observed Ce anomalies likely result from the wide range
of redox conditions experienced during the weathering/pedogenetic
processes leading to opal formation. Again, this underlines the con-
trasting local conditions of opal formation from one sample to another.

5.2.2. Eu anomaly

The positive Eu anomaly observed in opal WT134 (Fig. 6) could
originate from several sources and processes. Ce, and Eu anomalies may
also be related to Fe and Mn oxyhydroxides in specific redox conditions.
However, this requires strongly reducing conditions that are rarely
encountered (Laveuf and Cornu, 2009; Panahi et al., 2000). Positive Eu
anomalies are commonly related to calcic feldspars, where Ca®" is
substituted by Eu®" (Condie et al., 1995; Laveuf and Cornu, 2009;
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Nagasawa, 1971; Panahi et al., 2000). Fresh ignimbrites from Wegel
Tena exhibit a negative Eu anomaly, due to feldspar fractionation that
is well-known in magmatic differentiation (Ayalew and Yirgu, 2003;
Ayalew et al., 2002). The rare Eu-rich samples may reflect weathering
conditions near rare calcic feldspars, while other samples not enriched
in Eu reflect the composition of the mean host-rock. Eu-rich samples are
also rich in Sr, which supports the hypothesis of a composition derived
from feldspar weathering, as both calcic and alkali feldspars are com-
monly enriched in Sr (Heier, 1962; Nagasawa, 1971; Weill and Drake,
1973).

5.3. Oxygen isotope composition

The Wegel Tena 8'®0p. signatures (from 26.52 to 30.98%o;
Table 3) are consistent with the 8'%0 data previously obtained for opals
of the same provenance (from 26.17 to 27.36%o; Vysotskiy et al., 2013).
Such high §'80 values were previously interpreted as low-temperature
signatures (Henderson et al., 1971; Murata et al., 1977; Pisciotto,
1981). However, the 8'0 of a mineral depends on both the §'%0 of the
forming water (Slsoﬁ,rming water) and the formation temperature. Sev-
eral silica-water fractionation equations have been determined experi-
mentally (e.g. Dodd and Sharp, 2010; Sharp et al., 2016 and references
therein), leading to values of isotope fractionation factors that can
differ by several %o. Hereafter, the most recent silica-water fractiona-
tion equation calculated from the compilation of previous studies for
low and high temperatures will be used (Sharp et al., 2016). Con-
sidering the isotopic composition of the modern meteoric water (close
to 0%o; IAEA/WMO, 2017) and the current mean annual temperature,
an opal formed in isotopic equilibrium with modern meteoric water
would have a 80 = 39%o. The measured 81800pal values are thus
lower by 8-13%o. Two main parameters may explain this difference: a
8180f0rmmg water Value lower than the modern 880 ,eteoric water and/or a
temperature of formation higher than the current mean annual atmo-
spheric temperature. These two factors are assessed below.

5.3.1. 8"®0f,ming water lower than modern §"®Ormercoric water ?

Assuming that the Oligocene Wegel Tena opals formed from a
pedogenic phase implies that the formation water was an Oligocene soil
water. Soil water is largely fed by meteoric water and the §'®0ctecoric
water depends on the 880 composition of the oceanic source, the
transport pathway followed by the air masses, and the amount of pre-
cipitation (Dansgaard, 1964; Gat, 1996). A 8'80 value of the oceanic
source significantly lower than the modern one (i.e. by more than 1%o)
cannot be invoked for the Oligocene, a period of rapid expansion of
large continental ice sheets leading to values in the oceanic §'80 close
to the modern one (Galeotti et al., 2016; Zachos et al., 1996). On the
contrary, moisture sources different from the modern ones may have
played a role. Today, the source of moisture changes seasonally,
switching from the Atlantic/Congo area (*®0-enriched air mass) to the
Indian Ocean area (180—depleted air mass) over the year and decreasing
the 880 eteoric water Py 3-4%o (Kebede and Travi, 2012). In addition,
during the Oligocene, the climate was wetter and warmer than at
present, as attested to by the presence of tropical forest species recorded
by paleobotanical and paleoecological data from Chilga, 150 km east of
Wegel Tena (Currano et al., 2010; Garcia Massini et al., 2011; Jacobs
et al., 2005; Massini et al., 2010), which may have led to higher pre-
cipitation and lower 880 ctcoric water Values (due to a higher “amount
effect” from Dansgaard, 1964). Differences in moisture sources and in
the amount effect have previously been suggested to explain lower
8'®0meteoric water during the wet Pliocene period and wet phases of the
Holocene. Pliocene 8'%0 yereoric water Values as low as - 8%o have been
reconstructed from isotope analyses of mollusk shells, pedogenetic
carbonates, and fossil teeth from of the Ethiopian plateau (Hailemichael
et al., 2002; Levin et al., 2004). Low 8'®0petcoric water values in the
Holocene have been inferred to result from a groundwater §'0 on the
plateau which was lower than - 4.5%o0 (Kebede and Travi, 2012). The
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Oligocene period was tectonically active in East Africa, due to the Afar
uplift, and rifting (Ayalew and Yamagishi, 2004; Hofmann et al., 1997;
McDougall et al., 1975; Pik et al., 2003). However, the mean elevation
of the highlands was close to the modern one (Pik et al., 2003) and the
altitude effect (—0.1%0/100 m; Kebede and Travi, 2012) cannot be
invoked to explain 8'®0eteoric water loWer than the modern values.

After being fed by meteoric waters, soil water can be subject to
evaporation leading to '®0-enrichment of several %o in the first few
decimeters (e.g., Gaj et al., 2016; Liu et al., 2010). As Wegel Tena opals
occur several meters below the paleosurface, they probably precipitated
from soil water which was not significantly affected by evaporative
fractionation. The soil water may have been fed by precipitation whose
total amount and relative contribution of moisture sources were dif-
ferent from that of contemporary precipitation.

5.3.2. Forming temperature higher than the current mean annual
atmospheric temperature?

In the model proposed by Chauviré et al. (2017b), it was proposed
that opal precipitation may be triggered by the confinement of the
water-rich weathered layers due to the emplacement of new ignimbrite
layers above the soil. The surface temperature would rise due to the
deposition of hot ignimbrite layers and may heat the fluids circulating
in the underlying, weathered layers. Using the thermal diffusion coef-
ficient for rhyolite rocks, it is estimated that the temperature can reach
several hundreds of degrees up to tens of meters deep, for decades
(Manley, 1992). According to the Sharp et al. (2016) fractionation
equation, and given the 8'®0 signatures of the Wegel Tena opals, a
formation temperature of 100-200 °C would require a 8180f0rming water
ranging from 5.2 to 19.3%o (Hypothesis 1 on Fig. 7). Such high §'%0
values result from surface water evaporation: §'80 values as high as
8%o were measured in modern lakes subjected to high evaporation on
the Ethiopian plateau (Hailemichael et al., 2002). Thus, the Wegel Tena
opal isotopic composition could be explained by assuming a water
significantly enriched in 80 by surficial evaporation and subsequently
heated by ignimbrite deposition. However, opal-host rocks do not show
any petrological or mineralogical evidence of high-temperature al-
teration. On the contrary, Chauviré et al. (2017b) observed that opal-
bearing rocks still contain glass shards and mafic minerals (e.g clin-
opyroxene) that would have been altered during high temperature
weathering (Keith et al., 1978; Keith and Muffler, 1978; Matyskiela,
1997). Moreover, the consistency of the "0, signatures within the
entire studied area suggests no significant difference in the temperature
of formation, which is not in agreement with the large heterogeneity of
temperatures reconstructed by Ayalew et al. (2002) for the formation of
ignimbrites on the Wegel Tena plateau. Therefore, the hypothesis that
opal formed at 100-200 °C during overlying hot ignimbrite deposition
is not supported by the petrographic observations.

Assuming an Oligocene 8'®Oforming water Similar to the modern
880 peteoric water, the measured 818001,31 would imply an Oligocene soil
temperature higher than 46 °C (Hypothesis 2 on Fig. 7), which is un-
realistic. However, assuming an Oligocene temperature higher than at
present by only 2-5°C (i.e. 18-21 °C) would imply a Slsoforming water
ranging from —11.2 to —6.5%o0 (Hypothesis 3 on Fig. 7). This range
encompasses 880 peteoric water vValues reconstructed for past humid
periods, as discussed above. Hypothesis 3 is thus the most realistic: it is
consistent with precipitation of opals in soils under an Oligocene cli-
mate warmer and wetter than today, in agreement with previous pa-
leoclimate assumptions (Abbate et al., 2014; Currano et al., 2011;
Jacobs et al., 2005), and with precipitation fed by moisture sources
which differ from the present ones.

6. Conclusion
The elemental composition of Wegel Tena opals suggests that they

precipitated from silica-rich waters fed by the weathering of ignimbrite,
specifically the weathering of glass and feldspar. As opals in the Wegel
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Fig. 7. Calculated oxygen isotope composition of water (§180forming water) in equilibrium with the Wegel Tena opal (§180opal ranging from 26.52 to 30.98%o vs

VSMOW), as a function of temperature using the fractionation equation from Sharp et al. (2016): 1000lney, 25,8 =

180/16¢ _ 4.28(0.07)x 10°
2

3.5(0.2) X 1000

T . Three opal formation

hypotheses are presented. Hypothesis 1: temperature of formation of 100-200 °C due to the deposition of ignimbrite layers above the soil and §180forming water
ranging from 5 to 19%o; Hypothesis 2: Oligocene §180forming water similar to the modern §180meteoric water and soil temperature higher than 45 °C; Hypothesis
3: Oligocene soil temperature higher than the modern atmospheric one by 2-5 °C and §180forming water ranging from —11.2 to —6.5%o. We find that hypothesis 3

is the most reasonable (see text for details).

Tena area have been found in lenses throughout the weathered ig-
nimbritic layers, the assumption was made that similar weathering
conditions may have prevailed during their formation (Chauviré et al.,
2017b; Rondeau et al., 2012). The REE pattern and anomalies confirm
that the genesis of the Wegel Tena opals occurred during weathering
processes, however they also suggest that a wide range of physical and
chemical conditions prevailed, either at the regional (Wegel Tena pla-
teau), local (within the same mine) or intra-sample scales. We propose
that opal composition is strongly dependent on the very local en-
vironment, because of the strong confinement effect of the cavity where
opal precipitates. In addition, opal composition is also determined by
the degree of weathering and the composition of source materials. This
study highlights how trace elements (including REE) can give key in-
sights into the processes contributing to the formation of opal. The
oxygen isotope data allow us to propose several hypotheses for the
conditions of opal genesis at this site. The most robust hypothesis,
consistent with our observations is that the opals have a pedogenic
origin at ambient temperature (18-21 °C) involving a weakly evapo-
rated soil water fed by meteoric water with 8'%0 value lower than the
modern value, during an Oligocene period warmer and wetter than
today.
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