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Theworld's largestmined rare-earth element deposits are associatedwith alkalinemagmatism,making it impor-
tant to understand themechanisms leading tomagmatic and hydrothermal element enrichment.We present re-
sults from late-differentiation-stage hydrothermal veins of the Jbel Boho alkaline complex in the district of Bou
Azzer in the Anti-Atlas of Morocco, which show high light-REE enrichments. The REE mineralized veins occur
around a syenitic pluton at the centre of the complex and consist of quartz-jasper and quartz veinswhich contain
at least two silica generations. Only the secondquartz generation is associatedwith LREEmineralization. The pre-
dominant REE-host mineral is the Ca-LREE-fluorcarbonate synchysite-(Ce), mainly present as anhedral crystals
up to 200 μm. Somevery small anhedral rhabdophane-(Ce) grainswere also found in a synchysite-bearing quartz
vein. Thermometric studies on mainly liquid-vapour-solid fluid inclusions in quartz crystals in the synchysite-
bearing veins suggest very high salinity (32 to 37 wt% NaCl equiv.) of the mineralizing fluid. Homogenization
temperatures from 150° to 250 °C provide the minimum temperature conditions in which the quartz veins
were formed.
Based on recent experimental data, we propose a model for the formation of hydrothermal REE-Ca-F carbonate
deposits in the veins, involving the transport of REE as chloride complexes at lowpHconditions in the presence of
fluoride ions. The deposition of synchysite is proposed to result from neutralization of this fluid by mixing of hy-
drothermal ore fluids with carbonate-rich meteoric water or by interaction with already existing carbonates in
the vein, As well as raising the pH, this interaction also provides the Ca+ and CO3

2– ions needed for REE precipi-
tation as Ca-F carbonates.
The barren veins show two types of mineralogy and REE patterns: quartz-carbonate veins with enrichment of
LREE over HREE and iron-rich jasper-bearing veins with quite flat REE pattern and high HREE. The LREE/HREE
fractionation in these veins seems to be controlled by an interplay of two factors: 1) a low activity of ligands
like Cl, which favours LREE transport and (2) the mineralogical control, by which HREE having similar ionic
radii to Fe2+ will be preferred over LREE.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Alkaline magmas, with their inherently high contents of mantle-in-
compatible elements, are good potential source rocks for rare-earth
elements. For example the world's largest mined REE deposit, the
Bayan Obo Fe-Nb-REE deposits in Inner Mongolia, China is related to
hydrothermal activity in an alkaline igneous complex (Wu et al.,
.

1996) and the Mountain Pass deposit in the USA is associated with
carbonatite magmatism (Long et al., 2010). This provided evidence
that these elementsmaybe transported bymagmatic andhydrothermal
fluids and form valuable ore deposits (Smith et al., 2014, 2000; Smith
and Henderson, 2000).

The increasing need for REE for the electronics industry and the
present production from only a few localities worldwide (e.g., China
with about 97% of the world REE production, Humphries (2013)) has
led to an increase in prospection for alternative REE deposits.

Morocco possesses several alkaline complexes, of which the
Tamazert complex (syenite-carbonatite) in the Central High Atlas is
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known for its association with REE minerals such as monazite, parisite
and synchysite (Woolley, 2001). The Government's “Office National
desHydrocarbures et desMines” (ONHYM)has additionally recently re-
ported the occurrence of REE deposits with very high REE concentration
(up to 3 wt%) linkedwith carbonatite rocks in the Ouled Dlim nappes of
the Moroccan Mauritanides (ONHYM, 2015, 2013; Qalbi et al., 2011;
Zerdane et al., 2011) in southern Morocco (Fig. 1).

The Jbel Boho alkaline complex was the subject of some works
(Álvaro et al., 2006; Choubert, 1952; Ezzouhairi et al., 2008; Leblanc,
1981a), however no published study is available on the rare earth min-
eralization in this complex. Recently produced aeromagnetic studies on
the Jbel Boho area (unpublished data fromManagemmining company)
show two strongmagnetic anomalies, one related to the syenitic pluton
and another further south, in an area overlain by the dolomitic cover
(Fig. 2). The cause of the southern anomaly is unknown, although it
may be related to another pluton. These anomalies led to preliminary
mineral exploration work in this complex.

This study presents the first geochemical and petrological data on
Jbel Boho REE mineralization as part of an integrated study that aims
to identify the most REE-enriched rocks, the corresponding rare earth
minerals and the origin of the ore-forming fluid responsible for the
REE mineralization. This work reports for the first time the occurrence
of the Ca-LREE-fluor-carbonate mineral synchysite (REECa(CO3)2(F-
Fig. 1.A) Simplified geological map of Anti Atlas showing the location of the Bou Azzer inlier, m
location of Jbel Boho complex, modified after Leblanc (1981a). SAMF (South Atlas Major Fault)
OH) as the main LREE host mineral and the rare REE-P mineral
rhabdophane (REEPO4·nH2O) in late hydrothermal quartz veins of
Jbel Boho, Förster (2001) and Augé et al. (2014) reported in detail the
occurrence of synchysite in various rock types including magmatic
(e.g. syenitic pegmatite, granite and carbonatite), metamorphic (e.g.
metapelite and Apuan Alps metamorphic complex) and sedimentary
rocks (carboniferous graywackes and karstic bauxite). In nature
synchysite-(Ce) is the most abundant synchysite-group mineral, al-
though synchysite-(Y) and rare synchysite-(Nd) also occur (Augé et
al., 2014; Dawood et al., 2010; Förster, 2001; Maksimovic and Pantó,
1991). Some occurrences of synchysite were interpreted to be of prima-
ry origin (Smith et al., 2016; Uher et al., 2015; Zaitsev et al., 2014), how-
ever the generally accepted model for synchysite formation is by
derivation from hydrothermal origin (Broom-Fendley et al., 2016;
Doroshkevich et al., 2009; Förster, 2001, 2000; Förster et al., 2011;
Gieré, 1996, 1990; Guastoni et al., 2009; Nadeau et al., 2015;
Ngwenya, 1994; Ridolfi et al., 2006; Ruberti et al., 2008).

The work presented here shows clear evidences for synchysite
formation in hydrothermal conditions. Most hydrothermal synchysite
occurrences described in the literature indicate the formation of
synchysite as replacement of pre-existing minerals. Consequently,
synchysite mainly occurs associated with other REE-F carbonate min-
erals like bastnäsite and parisite. In Jbel Boho textural relationships
odified after Guasquet et al. (2005). B) Simplified geological map of Bou Azzer showing the
and AAMF (Anti-Atlas Major Fault).



Fig. 2. A)Magnetic anomaly map (Managem internal document) showing two strong anomalies around the syenitic intrusion and the dolostone. The approximate position lies between
Long:−6.789; Lat: 30.433 and Long:−6.821; Lat: 30.394. B) geological map of Jbel Boho modified after Leblanc (1981a).
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clearly shows isolated synchysites within quartz veins suggesting a
direct precipitation from the fluid.

2. Geological setting

The Bou Azzer inlier is a productivemining area, known in particular
for the cobalt-arsenide deposits in the Bou Azzer mine, the copper de-
posit at Bleida and gold-palladium deposits at Bleida Far West related
to the Bou Azzer ophiolite (Belkabir et al., 2008; El Ghorfi et al., 2008;
Ennaciri et al., 1995; Leblanc, 1981b, 1972; Oberthür et al., 2009).

The Jbel Boho alkaline complex consists of a lava series intruded by a
polyphase syenite complex and then finally by a dyke swarm. It is the
best-preserved igneous complex in the south-western part of the
Bou Azzer inlier in the Anti-Atlas (Fig. 1). All Jbel Boho rocks are cross
cut by quartz-carbonate veins with different forms and mineral assem-
blages (mainly quartz, jasper and carbonate). Themainmineralized hy-
drothermal veins crop out north of the syenite pluton along a fault zone,
with an orientation of roughly N50°E.

Zircon U-Pb geochronological studies on a syenite (534 ± 10 Ma)
and a trachyte (from the locality Aghbar, 531 ± 5 Ma) from Jbel Boho
show the complex to be Early Cambrian in age (Ducrot and Lancelot,
1977; Gasquet et al., 2005). It was emplaced on the northern edge of
the West African Craton (WAC). It represents a late magmatic event in
the Pan-African evolution of the region, which was itself marked by
two tectonic regimes: a compressive regime, which resulted in the em-
placement of the ophiolite (ca 760–700 Ma) comprising much of the
core of the Bou Azzer inlier, and a later extensional regime represented
by calc-alkaline magmatism of the Ouarzazate Group (ca 545–580 Ma)
and the early Cambrian alkaline magmatism of the Jbel Boho complex
(Gasquet et al., 2008, 2005).

The lava flows associated with Jbel Boho magmatism are intercalat-
ed with dolostones (from the lower Adoudounian formation) and over-
lapped by the upper Adoudounian dolostone and lie-de-vin series.
According to several authors (Algouti et al., 2001; Álvaro et al., 2006;
Piqué et al., 1999; Soulaimani et al., 2003) normal faulting accompanied
by an extensional tectonic regime related to rifting led to the alkaline
magmatism of Jbel Boho and simultaneously to the deposition of the
Adoudounian carbonate. Although no pillow-lavas are seen, the associ-
ationwith dolostones suggests submarine volcanic activity in sub-aerial
to shallow water conditions.

The Jbel Boho complex was produced from at least three genera-
tions of magma (Benaouda, 2015): an initial magmatic event generat-
ed alkaline lava flows showing a strong enrichment of the LREE
relative to the HREE and strong negative Eu anomalies; a subsequent
magma batch produced the polyphase syenitic intrusion (Fig. 1)
consisting of olivine syenite and quartz syenite which display REE
patterns and trace element anomalies different to those of the lavas;
the third magmatic event produced microsyenitic and subalkaline
rhyolitic dykes with different high field-strength element HFSE signa-
tures to the other rocks.

3. Samples and methodology

Samples of quartz-carbonate veins were collected systematically
along a broad northeast-southwest transect across the complex
(Fig. 3). After macroscopic and microscopic examination, 21 samples
were selected for chemical analysis. Whole rock analyses of major-
and trace elementswere performed at the ACMEAnalytical Laboratories
Ltd., Vancouver (Canada) usingX-rayfluorescence (XRF) and laser abla-
tion inductively coupled plasma mass spectrometer (LA-ICP-MS) tech-
niques. Major element detection limits range from 0.01 to 0.1 wt% and
trace element detection limits range from 0.01 to 1 ppm, except the
values of gold (Au), which are given in ppb with detection limit of
0.5 ppb. The compositions of minerals were determined using a JEOL
JXA 8900R electron microprobe at the Institute of Geosciences, Univer-
sity of Kiel, Germany. The composition of fluid inclusions was deter-
mined using a Linkam THM 600 heating/cooling stage attached to an
Olympus microscope. This allows microthermometry to be performed
on the fluid inclusions over the temperature range 600 °C to −196 °C.
Temperature calibration was carried out using a set of synthetic inclu-
sions distributed by Fluid Inc., USA, in the temperature range of
−56.6 °C to 0.0 °C. The precision of the temperature measurements
was about ±0.2 °C in a temperature range of −60 to +100 °C, within
±0.5–2 °C in the range of −60 to −120 °C, within ±3 °C
from −120 °C to −140 °C and about ±2 °C for temperatures above
100 °C.

4. Petrography and geochemistry of the late hydrothermal veins

4.1. Petrography

Variously orientated hydrothermal quartz-carbonate veins occur in
all rock types of the Jbel Boho alkaline complex (Fig. 4 and Fig. 5),
displaying thicknesses between 20 cm and 2 m. They crop out over a
distance of a fewmetres to several tens ofmetres on the surface. The hy-
drothermal veins are mainly quartz dominated with variable contents
of dolomites and calcites as well as jasper, an opaque, Fe-rich variety
of jasper-chalcedony. Jasper occurs only around the quartz syenite.

We subdivided the veins based on the presence of synchysite into
two categories, namely the REE mineralized veins (group 1, G1) and



Fig. 3. A) Geological map of Jbel Boho complex modified after Leblanc (1981a), showing the sampling locations. B) N-E cross-section showing the locations of the REE mineralized zones
north of the quartz syenite.
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barren veins. As the barren veins show two distinct REE-patterns (steep
and flat patterns) they are subdivided into two groups (G2 with steep
REE-patterns and G3 with flat REE-patterns; see Section 4.2).
4.1.1. The REE mineralized veins
Themain REEmineralized veins (Fig. 3A–B; Table 1 G1) consist of a

quartz vein (sample B46-3; Fig. 5A) and quartz-jasper vein (B47, Fig.
5B, C and D) that are oriented N50°E along a subvertical fault zone
and show thicknesses up to ~1.5 m. The other veins of the G1 group
have low synchysite contents, which are optically very difficult to
identify.

The presence of slickensides on the footwall of the quartz-jasper
vein indicates that the fault continued to move after the formation of
the vein (Fig. 5E). The fault plane and the direction of the slickenlines,
which indicate a slip vector of 25° to the SW relative to the fault strike
(N50°E), indicates an oblique dextral strike-slip fault.

The quartz-jasper vein is composed of jasper (dense and opaque
microcrystalline quartz that is of red-brownish colour due to Fe- and
Mn-Fe oxides), which is itself cut by later quartz veins (Fig. 5B) that
contain small synchysites (up to 100 μm). Synchysites occur both as
inclusions in quartz crystals and in equilibrium with them (Fig. 6A).
Rhombs of dolomite occur between the synchysite-bearing quartz
and the jasper (Fig. 6B). The dolomites show leached zones in the
rhombs resulting from the replacement of carbonate with Mn- and
Fe-oxides. Synchysite is the only REE-host mineral in the LREE-
enriched quartz-jasper vein.
The REE mineralized quartz vein (B46-3) is composed of zoned and
coarse-grained quartz crystals (1mm to 3 mm in size) cross-cut by fine
grained quartzes (up to 250 μm) that contain synchysite minerals with
very similar petrographic relationships to those seen in the quartz-jas-
per vein. The mineralized quartz vein contains two REE-host minerals,
synchysite (the main REE-host mineral) and occasionally tiny
rhabdophane crystals.

Under the polarizing microscope the synchysite crystals in both
types of REE mineralized veins appear colourless to slightly yellow
with high relief. They form subhedral to euhedral crystals (Fig. 6A and
C), which display sometimes very good idiomorphic form as illustrated
in a thick section micrograph (Fig. 6D).
4.1.2. The barren veins
The barren veins (G2, G3; Tables 2, 3) occur in all Jbel Boho rock

types. They consist of quartz-carbonate (dolomite and calcite) veins
with dominance of quartz in most veins.

The lower dolostones are also cut by small quartz veins, in which
euhedral dolomite rhombs (generally from 10 to 400 μm in size),
anhedral calcite and occasionally chabazite (Ca(Al2Si2O12)·6H20) crys-
tals occur (Fig. 7A). The carbonate rhombs show strong dissolution of
the core and part of the rim or vice versa.

The quartz crystals in the hydrothermal veins within the magmatic
rocks are anhedral to subhedral with varying grain sizes from 0.1 to
3mm (Fig. 7B). The dolomite rhombohedrons occur within quartz as iso-
lated euhedral crystals or subhedral aggregates with sizes mostly in the



Fig. 4. Examples of hydrothermal ore-barren veins with low REE contents: A) quartz vein cutting trachyte, B) quartz vein cutting phonotephrite, C) quartz-jasper vein in trachyte near
syenite, D) carbonate-dominated vein in trachyte.
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range from 0.1mm to 0.7 mm. Zonation within individual dolomite crys-
tals is reflected by either clear core or cloudy rims or vice versa. Micro-
probe examination shows that the dark and light zones in the dolomite
rhombs correspond to Mg rich- and Ca-rich carbonate zones respectively
(Fig. 7C). Muscovite occurs occasionally as small colourless inclusions in
some quartz veins with grain sizes up to 0.1 mm (Fig. 7D). Some quartz
veins near to the syenite show quartz crystals with euhedral zoning.
The zonation can be easily observed under a polarization microscope
(Fig. 7E) especially for quartz crystalswith sizes over 1mm.Withdecreas-
ing crystal sizes, the growth zones become less evident.

Some jasper-bearing barren veins are mainly found adjacent to the
quartz syenite. They are the least abundant of all veins and have a pre-
ferred orientation from N20°E to N50°E similar to the orientation of
the REE mineralized veins, but with thickness generally b30 cm. In
thin section, the microcrystalline quartz in the jasper is fibrous and so
is classified as chalcedony (Fig. 7F).

4.2. Geochemistry

The REE patterns of all vein samples plotted relative to C1-chondrite
(McDonough and Sun, 1995) are shown in Fig. 8. All veins show nega-
tive Eu anomalies (Fig. 8A, B and C). A sample (B51-1) from the lower
dolostones, which are intercalated with the volcanic rocks, is added to
Fig. 8D for comparison. It shows higher LREE contents than either
groups G2 or G3 and also a slight enrichment of the LREE relative to
the HREE, but without any Eu anomaly. The REE pattern of the lower
dolostone is very similar to that of the basic volcanic rocks (dashed
line, Fig. 8D).
The group G1 veins (see also Table 1) shows strong LREE enrichment
relative to the HREE. They have all very similar LREE patternswith some-
what more variable HREE, and ΣREE contents between 1505 and
292 ppm. It is important to note that the veins of the group G1 all
occur directly adjacent to the syenite and show similar NE-SWdirections
and that some veins even cut the syenitic pluton, whereas the veins of
the groups G2 and G3 occur elsewhere within the volcanic rocks.

The group G2 (Table 2) has similar HREE patterns to G1 but with
much lower LREE concentrations. The ΣREE content ranges from 154
to 18 ppm, with no specific REE minerals identifiable.

The group G3 (Table 3) shows, unlike the two other groups, very flat
REE patterns with a peak in the middle REE (Gd, Tb and Dy) and ΣREE
contents ranging between 87 and 223 ppm. They show the highest
HREE contents of all vein types. The G3 group consists of carbonate-
dominated veins, which show generally higher iron contents than the
other veins, with Fe2O3 ranging from 3.5 to 7.8 wt%.

5. Composition of the observed accessory rare earth minerals

The REE-host minerals responsible for the high LREE enrichment in
the G1 veins were subject to microprobe chemical analysis. The results
of the chemical analysis for these minerals are summarized in Table 4
and Table 5 and described below.

5.1. Synchysite-(Ce)

Synchysite is a member of the REE-fluorcarbonate mineral group,
whose principal mineral bastnäsite is the main REE ore mineral in



Fig. 5. Examples of synchysite-bearing veins with high REE contents: A) synchysite- and
rhabdophane-bearing quartz vein (B46) in trachyte, B) large synchysite-bearing quartz-
jasper vein next to syenite (B47) cutting the neighbouring volcanics, C) and D) the same
vein (B47) showing quartz veins within jasper, E) structural characteristic of the fault
hosting LREE enriched quartz-jasper vein, which occurs in the footwall of the fault. The
orientation of the slickenlines indicates an oblique dextral strike-slip movement.

Table 1
Major (wt%) and trace elements (ppm) contents of Jbel Boho hydrothermal veins (G1
group).

G1 veins

B46–3 B47–7 B46–2 B17–1 B13–2 B5–1 B86

SiO2 97.30 97.80 98.40 91.50 78.70 95.60 98.40
TiO2 0.15 0.08 0.06 b0.01 b0.01 b0.01 0.01
Al2O3 1.04 0.22 0.73 0.58 0.70 0.32 0.20
Fe2O3 0.29 0.42 0.28 1.90 0.75 0.42 0.59
MnO 0.02 0.05 0.03 0.07 0.10 0.05 b0.01
MgO 0.08 b0.01 0.06 0.05 3.62 0.05 0.01
CaO 0.15 0.05 0.15 2.84 5.83 1.37 0.05
Na2O 0.03 0.05 0.07 b0.01 0.01 b0.01 0.07
K2O 0.32 0.07 0.23 0.09 0.10 0.03 0.06
P2O5 0.06 b0.01 0.02 0.03 0.05 0.02 b0.01
Cr2O3 b0.001 b0.001 b0.001 b0.001 b0.001 b0.001 b0.001
LOI 0.53 0.37 0.47 2.74 9.02 1.35 0.42
Total 99.97 99.11 100.50 99.80 98.88 99.21 99.81
Ba 33.00 37.00 21.00 116.00 77.00 17.00 28.00
Rb 8.20 2.80 5.50 2.70 4.10 0.90 2.60
Sr 16.9 13.0 8.7 21.3 95.7 17.2 21.3
Zr 29.8 45.7 9.50 11.2 6.90 1.50 4.90
Nb 7.30 6.40 2.20 1.10 1.00 0.80 2.70
Ni 0.50 0.80 0.30 1.40 0.20 0.80 0.50
Co 0.80 2.90 0.20 2.10 0.60 0.90 0.70
Zn 5.00 5.00 2.00 18.0 2.00 2.00 6.00
La 336 224 122 88.1 120 76.1 66.6
Ce 712 423 263 201 174 170 150
Pr 74.19 47.59 28.77 23.94 16.44 20.39 13.65
Nd 287 169 107 90.0 51.6 74.0 44.9
Sm 41.77 25.24 15.23 16.39 7.41 13.58 6.68
Eu 5.44 3.05 1.96 2.68 0.98 1.97 0.85
Gd 25.72 17.35 8.40 10.47 4.57 8.20 4.18
Tb 1.96 1.46 0.67 0.94 0.53 0.59 0.31
Dy 5.02 5.03 1.99 3.09 2.04 1.53 0.99
Y 14.6 19.5 4.80 8.40 6.70 2.80 3.10
Ho 0.28 0.53 0.09 0.34 0.27 0.09 0.07
Er 0.51 0.91 0.05 0.74 0.56 0.14 0.12
Tm 0.06 0.15 0.04 0.10 0.06 0.02 0.02
Yb 0.64 1.03 0.26 0.71 0.41 0.17 0.06
Lu 0.07 0.11 0.02 0.10 0.05 0.02 0.02
ΣREE 1504.96 937.15 553.58 447.20 385.42 369.80 291.65
Ta 0.40 0.50 0.20 b0.10 b0.10 0.10 b0.10
Hf 1.00 1.00 0.30 b0.10 b0.10 b0.10 0.10
As b0.50 3.10 0.80 31.70 b0.50 1.60 b0.50
Ag b0.10 b0.10 b0.10 b0.10 b0.10 b0.10 b0.10
Au 1.50 b0.50 1.80 b0.50 0.90 0.70 14.80
Ga 2.90 1.00 2.30 1.70 1.60 0.70 b0.50
Mo 1.20 2.40 0.40 7.00 0.40 1.00 0.90
Cu 30.3 9.90 23.1 66.4 11.7 40.9 605
Pb 1.40 2.00 0.60 4.50 0.50 1.10 2.50
Th 2.60 8.70 2.40 0.70 0.20 b0.2 0.30
U 0.50 0.50 0.10 0.10 0.10 b0.10 0.20
Cs 0.20 0.10 0.10 0.10 0.20 b0.10 0.40
V 15.00 b8.00 12.00 b8.00 b8.00 b8.00 b8.00
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the world. The atomic arrangement of synchysite was described by
Ni et al. (1993) and Wang et al. (1994) who, based on 3D X-ray-dif-
fraction data, suggested a layered structure, with bastnäsite (CeF)
and (Ca) layers separated by layers of carbonate groups (CO3

2−). Con-
sidering the ratios of (CeF):(CO3):(CaCO3) layers, the synchysite can
be cast as 1:1:1 whereas bastnäsite is 1:1:0. Unlike the hexagonal
symmetry of bastnäsite, these authors show that the true symmetry
of synchysite is monoclinic, which confirms the predictions of
Donnay and Donnay (1953). The OH\\ content in synchysite was,
however, not reported in these works. Guastoni et al. (2009) deter-
mined the OH content in synchysite experimentally, concluding
that it well matched to the amount F which appeared to be messing
in the calculated chemical formula (F0.643) of Wang et al. (1994).
These authors concluded that synchysite contained 0.643 atoms
per formula unit (pfu) although the stoichiometry would imply
that 1 atom of F pfu should be present. The quantity of 0.357 OH
pfu in synchysite determined by Guastoni et al. (2009) apparently
substitute for F.

Table 4 summarizes the synchysite compositions in the LREE
enriched quartz veins (this study) and the rhyolitic dyke B35
(Benaouda, 2015). The CO2 values in wt% are calculated to arrive at
analytical total of 100 wt%. All analysed minerals in this study
have Ce as the dominant cation and may therefore be termed
synchysite-(Ce). All synchysites are enriched in the LREE, especially
La, Ce and Nd. The La2O3 values range from 11.65 to 14.46 wt%,
Ce2O3 from 19.78 to 22.48 wt% and Nd2O3 from 9.25 to 10.85 wt%.
Thorium is very low in synchysite-(Ce), generally b0.04 wt%. The
calculated formula (ΣREE + Th: 0.98, Ca: 1.04, F: 0.74, C: 2.14) is



Fig. 6. Photomicrographs showing the occurrence of synchysite and carbonate in the REE mineralized veins: A) association of synchysite with quartz crystals in the quartz-jasper vein
(B47), B) altered dolomitic rhombs between quartz and jasper, C) synchysite grains within quartz in the quartz vein (B46-3), D) idiomorphic synchysite in a thick section from (B46-
3), E) and F) show synchysite occurrences within a rhyolitic dyke.

34 R. Benaouda et al. / Journal of Geochemical Exploration 177 (2017) 28–44
consistent with the synchysite composition with an F pfu deficit of
~0.26 due to OH substitution (Guastoni et al., 2009) as discussed
above.

The C1-chondrite normalized REE of synchysite-(Ce) minerals
from the two quartz veins B47 and B46-3 and rhyolitic dyke B35
are presented in Fig. 9A–C. The synchysites are strongly enriched in
LREE. The grey field represents the REE distribution patterns of
both analysed REE minerals (synchysite and rhabdophane). Their
REE patterns decline from La to Gd with slight to strong negative
Eu anomalies. The HREE contents are, with the exception of Y, gener-
ally below the detection limits.

5.2. Rhabdophane-(Ce)

The REE-P mineral rhabdophane is a hydrated phosphate of REE
with mineral chemistry similar to monazite XPO4.nH2O [X: REE, Ca,
Th, U and n: number of water molecules]. Unlike monazite, which is
monoclinic, the crystal structure of rhabdophane is hexagonal
(Mooney, 1950) with a postulated H2O content (n) between 0.5 and
1.5. Thermal reactions of rhabdophane led to the water corresponding
to nH2O being considered as zeolitic water (Hikichi et al., 1996, 1988,
1978). This water is incorporated as non-stoichiometric molecules in
large channels along the c-axes in the hexagonal structure of
rhabdophane (Kijkowska et al., 2003).

Rhabdophane is found only in the LREE-rich quartz vein B46-3 as
small isolated grains with sizes up to 20 μm. The analysed
rhabdophane minerals contain abundant LREE, notably Ce, La and
Ndwhile the proportion of the HREE is very low. The results are sum-
marized in Table 5 and show Ce2O3 content ranging between 23.7
and 31.3 wt%, La2O3 content between 14 and 16 wt% and Nd2O3 be-
tween 11.5 and 13.5 wt%. The Pr2O3 content is about 3.3 wt% and
Sm2O3 is about 1.8 wt%. Of the HREE, only two elements were detect-
ed in minor amounts (Gd2O3 ~ 1 wt% and Y2O3 ~ 0.2 wt%). All other
REE are under the detection limit for EPMA. Like synchysite-(Ce),
rhabdophane shows a predominance of Ce over all other REE, classi-
fying this REE mineral as rhabdophane-(Ce). Unlike monazite, the
CaO content is significant with an average of 2.7 wt% and the ThO2

content is very low with an average of 0.05 wt%.



Table 2
Major (wt%) and trace elements (ppm) contents of Jbel Boho hydrothermal veins (G2
group).

G2 veins

B40–4 B87 B46–1 B37 B40–1 B28–1 B38

SiO2 95.40 97.40 97.20 96.10 98.20 82.40 98.70
TiO2 0.06 b0.01 0.14 b0.01 b0.01 0.09 b0.01
Al2O3 1.30 0.23 1.00 0.86 0.45 6.48 0.24
Fe2O3 0.33 0.82 0.36 0.22 0.16 1.37 0.04
MnO 0.03 b0.01 0.02 0.02 0.03 0.04 b0.01
MgO 0.08 b0.01 0.08 0.22 0.02 0.27 b0.01
CaO 0.29 0.05 0.05 0.50 0.23 1.84 0.16
Na2O 0.02 0.07 0.09 b0.01 0.04 0.05 b0.01
K2O 0.35 0.05 0.51 0.20 0.11 3.27 0.02
P2O5 0.02 b0.01 0.01 b0.01 b0.01 0.04 b0.01
Cr2O3 b0.001 b0.001 b0.001 b0.001 b0.001 0.00 b0.001
LOI 0.77 0.81 0.49 0.99 0.55 2.52 0.31
Total 98.65 99.43 99.95 99.11 99.79 98.37 99.47
Ba 159 27 52 50 56 2760 8
Rb 10.1 2.0 11.7 7.30 1.70 86.7 0.60
Sr 42.6 27.1 17.0 14.2 8.10 67.2 9.10
Zr 41.7 5.1 36.3 7.80 7.00 60.9 1.30
Nb 8.20 2.00 5.50 1.20 1.30 3.30 0.40
Ni 1.40 0.80 0.50 0.50 0.40 0.80 0.10
Co 0.90 1.00 0.40 0.40 0.40 0.60 0.60
Zn 3.00 8.00 7.00 3.00 2.00 2.00 b1
La 36.1 17.3 12.8 14.2 7.10 3.50 3.60
Ce 63.2 35.0 26.3 21.1 13.2 6.60 8.50
Pr 7.26 3.68 3.08 2.11 1.67 0.93 0.96
Nd 27.7 12.0 11.4 7.80 8.00 3.70 3.50
Sm 4.82 1.84 1.82 1.27 1.29 1.07 0.51
Eu 0.65 0.26 0.26 0.29 0.22 0.30 0.09
Gd 3.20 1.18 1.53 2.08 0.98 1.37 0.38
Tb 0.39 0.12 0.16 0.36 0.11 0.21 0.03
Dy 1.70 0.60 0.62 1.99 0.44 1.27 0.09
Y 7.50 2.00 3.30 8.60 1.80 8.00 0.40
Ho 0.26 0.05 0.13 0.27 0.08 0.31 0.02
Er 0.59 0.13 0.37 0.55 0.10 0.89 0.04
Tm 0.09 0.02 0.05 0.06 0.03 0.13 0.01
Yb 0.71 0.05 0.46 0.32 0.14 0.89 0.05
Lu 0.07 0.01 0.04 0.04 0.03 0.13 0.01
ΣREE 154.24 74.24 62.32 61.04 35.19 29.30 18.19
Ta 0.50 0.10 0.30 b0.10 b0.10 0.30 b0.10
Hf 1.00 0.20 0.80 0.20 0.10 1.60 b0.10
As 4.30 b0.50 1.00 0.60 1.30 b0.50 b0.50
Ag b0.10 b0.10 b0.10 b0.10 b0.10 b0.10 b0.10
Au b0.50 b0.50 b0.50 2.20 1.40 b0.50 b0.50
Ga 3.50 b0.50 2.60 1.70 3.10 6.00 2.10
Mo 0.60 b0.10 0.70 0.30 0.20 0.50 b0.10
Cu 7.50 4933 6.80 19.60 25.10 1.10 14.70
Pb 1.00 2.30 1.40 1.00 1.20 1.10 1.30
Th 1.50 0.20 1.10 0.20 0.20 2.70 b0.2
U 0.50 b0.10 0.40 0.10 0.10 0.60 b0.10
Cs 0.20 0.50 0.30 0.30 b0.10 1.70 0.10
V 25.00 b8.00 16.00 b8.00 b8.00 13.00 b8.00

Table 3
Major (wt%) and trace elements (ppm) contents of Jbel Boho hydrothermal veins (G3
group).

G3 veins

B29 B89 B59–1 B-60 B43 B85–4 B51–1

SiO2 4.20 88.90 89.60 17.10 14.30 94.00 51.00
TiO2 0.04 0.03 0.03 b0.01 0.10 b0.01 0.41
Al2O3 0.28 0.39 0.40 0.11 0.88 0.22 11.87
Fe2O3 3.49 6.63 5.82 4.33 7.78 3.69 4.87
MnO 0.78 1.10 0.91 0.82 1.20 0.43 0.32
MgO 1.22 0.07 0.10 11.50 0.64 0.03 0.51
CaO 49.39 0.25 0.18 30.30 40.95 0.14 13.70
Na2O b0.01 b0.01 b0.01 b0.01 0.03 b0.01 6.22
K2O 0.02 0.10 0.12 0.01 0.11 0.05 0.68
P2O5 0.01 0.03 0.02 b0.01 0.02 0.01 0.11
Cr2O3 0.00 b0.001 b0.001 b0.001 0.00 b0.001 b0.001
LOI 40.34 2.42 2.35 34.59 33.99 1.65 9.55
Total 99.77 99.92 99.53 98.76 100.00 100.22 99.24
Ba 909 1224 1332 551 13 229 115
Rb 3.00 3.70 4.40 0.50 7.20 1.00 18.0
Sr 76.2 27.3 18.3 39.2 129 21.9 142
Zr 4.50 11.7 11.3 1.60 7.10 3.90 398
Nb 1.20 2.10 1.90 0.40 1.70 0.80 75.50
Ni b0.10 3.80 3.40 2.30 b0.10 0.40 0.70
Co 1.50 4.30 4.10 2.50 4.10 0.90 2.30
Zn 3.00 32.0 47.0 2.00 4.00 3.00 18.0
La 9.40 23.3 5.60 4.30 9.20 13.8 50.6
Ce 25.8 44.4 10.5 12.7 18.1 18.0 107
Pr 4.09 6.11 2.12 2.00 2.27 3.25 13.26
Nd 22.4 25.0 11.4 9.70 10.5 14.6 53.5
Sm 9.53 8.02 4.63 4.94 3.23 3.47 10.90
Eu 2.43 1.74 1.08 0.99 0.78 0.77 3.13
Gd 16.25 11.74 8.51 8.39 5.07 4.80 9.85
Tb 3.51 2.26 2.04 2.22 1.12 0.92 1.39
Dy 19.4 11.1 12.4 13.5 6.45 4.86 8.20
Y 90.9 36.4 55.9 50.6 26.0 18.5 40.4
Ho 3.35 1.67 2.04 2.16 0.99 0.74 1.42
Er 7.80 3.49 4.88 5.40 1.93 1.66 4.03
Tm 1.05 0.40 0.63 0.75 0.29 0.20 0.63
Yb 6.62 2.24 3.58 4.43 1.73 0.99 4.02
Lu 0.91 0.25 0.44 0.62 0.21 0.12 0.57
ΣREE 223.42 178.09 125.73 122.68 87.87 86.68 309.30
Ta 0.10 0.20 0.20 b0.10 0.10 b0.10 4.90
Hf 0.10 0.40 0.50 b0.10 0.20 0.20 10.00
As 1.90 37.60 133.90 5.10 7.80 7.00 1.50
Ag b0.10 b0.10 b0.10 b0.10 b0.10 b0.10 b0.10
Au 0.90 1.30 2.10 0.60 2.30 1.00 b0.50
Ga 1.80 1.80 1.80 0.80 2.90 0.60 8.90
Mo 1.30 63.10 18.70 0.20 14.60 8.00 0.60
Cu 0.40 78.30 173.20 3.20 80.20 202.40 1.00
Pb 0.50 1.60 2.00 0.50 1.20 0.50 3.00
Th b0.2 0.40 0.40 0.40 0.30 b0.2 10.40
U 1.00 1.50 1.30 0.20 1.20 0.70 3.20
Cs 0.10 b0.10 0.10 b0.10 0.30 b0.10 0.40
V 17.00 91.00 72.00 8.00 38.00 8.00 15.00
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The C1-chondrite normalized REE of rhabdophane-(Ce) from B46-3
(Fig. 9D) also show strong enrichment in LREE similar to those of
synchysite-(Ce).
6. Fluid inclusions

6.1. Petrography

Fluid inclusion analyses were restricted to the two G1 veins in
which the rare-earth-bearing minerals occur (see Section 4.1). In the
quartz-jasper vein (sample labelled B47) the fluid inclusions
occur in quartz together with synchysite, whereas in the quartz vein
(B46-3) they occur mainly in the coarse-grained zoned quartz and
occasionally in the fine-grained synchysite-bearing quartz. It is
important to note that the rare-earth minerals themselves contain
no fluid inclusions.

Thick sections from the quartz samples were prepared at the
Institute of Mineralogy in Kiel (Germany) with a thickness about
150 μm.

On the basis of their appearances at room temperature, most fluid
inclusions are 3-phase liquid-vapour-solid inclusions (LVS inclusions).
Although 2-phase inclusions also occur, they were too small to be
analysed. The LVS inclusions may even contain two solids and can be
considered as complex salt solutions.

The fluid inclusions in both samples show similar characteristics.
They are relatively small (generally in the range of 3 to 10 μm, although
some can reach 30 μm). The volumes of the phases present in the inclu-
sions were estimated visually. All fluid inclusions are fluid-rich with a
liquid phase of about 80 vol%.



Fig. 7. Sample micrographs: A) dolomite- and chabazite-bearing quartz veins in the lower dolostone. B) Example of idiomorphic carbonate crystals in the quartz veins. C) Back-scattered
image of a dolomite rhomb (B) showing zones of Ca and Ca-Mg enrichments. D) Example of muscovite in a quartz vein. E) Zonations of quartz crystals in some quartz veins (B46). F)
Crystallization of quartz in the chalcedony form in jasper of quartz-jasper veins (B47).
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In the quartz-jasper sample most fluid inclusions occur spatially
isolated or in small clusters within the core of the host quartz grains
(Fig. 10A, B) suggesting primary formation. Some inclusions in the
core have irregular shapes. Fluid inclusions up to 10 μm in size are
often subhedral (Fig. 10 C), but some euhedral morphologies are also
present (Fig. 10D). Larger elongated and rounded inclusions with sizes
up to 30 μm also occasionally occur (Fig. 10E).

Some fluid inclusions show tail-like emanations while still contain-
ing fluids and a gas bubble (Fig. 10F) suggesting partial decrepitation.

6.2. Microthermometry

In the REE mineralized quartz-jasper vein most liquid-vapour inclu-
sions homogenize during heating to the liquid phase at temperatures
(Th) between 119° and 256 °C (Fig. 11) with a single exceptions of
high homogenization temperatures over 380 °C. In the REEmineralized
quartz vein the temperatures of homogenization to liquid phase are be-
tween 94° and 260 °C with some exceptions of Th over 300 °C.

The homogenization temperatures over 300 °Cweremeasured after
the measurement of the dissolution temperatures (Tdis) for the solid
phases. The solid phases in the LVS inclusions in both veins dissolve be-
tween 212 °C and 276 °C. These dissolution temperatures would be suf-
ficient to cause decrepitation of fluid inclusions and thus increase the Th
values. That is why all Th values obtained after the heating up to 276 °C
during the measurement of Tdis are considered to be unrepresentative
homogenization temperatures.

The eutectic temperatures (Te) are generally between −50° and
−54 °C. However during the heating obvious changes in appearance
of some fluid inclusions were detected twice at very low temperatures
(about −71 °C). These phase transitions at very low temperatures
could be a phenomenon of re-crystallization or they could be the result
of metastable eutectic temperatures. Solid state transitions are docu-
mented for glass in aqueous systems (Angell, 2002). Furthermore final
melting temperatures (Tm) of ice in the fluid inclusions of these veins
range from 19 °C to 23 °C.

7. Discussion

The main REE mineralized quartz carbonate veins (B46 and B47,
Fig 3) only occur north of the syenite pluton, although barren quartz



Table 4
Chemical analysis of synchysite-(Ce) in the REE-rich quartz veins (B47 and B46-3). The average 731 values of synchysite in the rhyolitic dyke B35 are from Benaouda (2015).

Synchysite B46 Synchysite B47 B35

1 2 3 4 5 6 7 8 9 10 11 12 Average Average

F 4.36 3.97 4.36 4.52 3.82 4.13 4.20 4.32 4.25 4.36 4.51 4.40 4.27 4.94
CaO 15.56 18.11 18.30 15.74 18.13 18.31 17.79 18.38 18.19 18.07 18.02 18.45 17.75 18.58
La2O3 14.46 12.50 12.53 13.23 11.65 12.03 13.16 12.10 12.78 13.21 12.83 13.06 12.79 12.53
Ce2O3 22.48 20.70 20.53 21.60 19.85 20.61 21.04 20.06 20.25 19.99 20.68 19.78 20.63 20.35
Pr2O3 2.75 2.73 2.31 3.02 2.80 2.66 2.38 2.61 2.70 2.63 2.80 2.48 2.66 2.82
Nd2O3 10.17 10.23 10.20 10.91 10.85 10.58 9.40 9.62 9.37 9.25 9.75 9.58 9.99 10.60
Sm2O3 1.37 1.41 1.30 1.27 1.61 1.56 1.33 1.54 1.21 1.31 1.47 1.13 1.37 1.42
Eu2O3 0.11 0.08 0.10 0.10 0.16 0.17 0.00 0.17 0.24 0.18 0.13 0.17 0.13 0.09
Gd2O3 0.94 1.04 1.13 1.26 1.40 0.99 0.97 0.99 1.13 0.94 0.94 0.86 1.05 1.03
Dy2O3 0.08 0.00 0.00 0.12 0.00 0.00 0.04 0.05 0.04 0.06 0.00 0.07 0.04 0.01
Y2O3 0.67 0.43 0.54 0.46 0.35 0.38 0.54 0.74 0.63 0.62 0.54 0.71 0.55 0.39
Er2O3 0.00 0.01 0.00 0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02
Yb2O3 0.00 0.00 0.00 0.03 0.00 0.02 0.00 0.07 0.00 0.05 0.03 0.12 0.03 0.01
ThO2 0.04 0.01 0.01 0.02 0.00 0.00 0.04 0.00 0.00 0.00 0.06 0.02 0.01 0.16
⁎CO2 27.02 28.79 28.70 27.71 29.37 28.58 29.36 29.20 29.33 28.25 29.17 28.72 28.72 27.04
SUM 100 100 100 100 100 100 100 100 100 100 100 100 100 100
O ≡ F 1.84 1.67 1.83 1.90 1.61 1.74 1.77 1.82 1.79 1.84 1.90 1.85 1.80 2.08
Total 98.16 98.33 98.17 98.10 98.39 98.26 98.23 98.18 98.21 98.16 98.10 98.15 98.20 97.92

Number of ions based on 7 O
F 0.77 0.68 0.75 0.78 0.66 0.71 0.72 0.75 0.74 0.76 0.77 0.75 0.74 0.86
Ca 0.93 1.05 1.06 0.92 1.06 1.07 1.04 1.08 1.08 1.06 1.04 1.07 1.04 1.10
La 0.30 0.25 0.25 0.27 0.23 0.24 0.26 0.25 0.26 0.27 0.26 0.26 0.26 0.25
Ce 0.46 0.41 0.41 0.43 0.40 0.41 0.42 0.40 0.41 0.40 0.41 0.39 0.41 0.41
Pr 0.06 0.05 0.05 0.06 0.06 0.05 0.05 0.05 0.05 0.05 0.06 0.05 0.05 0.06
Nd 0.20 0.20 0.20 0.21 0.21 0.21 0.18 0.19 0.19 0.18 0.19 0.18 0.19 0.21
Sm 0.03 0.03 0.02 0.02 0.03 0.03 0.02 0.03 0.02 0.02 0.03 0.02 0.03 0.03
Eu 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Gd 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Dy 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Y 0.02 0.01 0.02 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01
Er 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Yb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Th 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
*C 2.05 2.12 2.13 2.07 2.19 2.14 2.16 2.20 2.21 2.20 2.08 2.15 2.14 1.99

⁎ Calculated ΣREE + Th: 0.98; Ca: 1.04; F: 0.74; C: 2.14.

Fig. 8. Chondrite-normalized REE patterns (McDonough and Sun, 1995) of the three vein groups. A) REE spider plot of the REEmineralized veins (G1), B) REE spider plot of the ore-barren
veins (G2), C) REE spider plot of the ore-barren veins with flat REE patterns and D) spider plot by group-fields of the three vein groups (G1, G2 and G3). The lower dolostone (B51-1) and
the average of the Jbel Boho basic rocks after Benaouda (2015) are added for comparison.
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Table 5
Chemical analysis of rhabdophane-(Ce) in the REE-rich quartz vein (B46-3).

Rhabdophane (B46–3)

1 2 3 4 5 6 7 8 9 Average

La2O3 14.41 14.37 14.49 13.25 15.99 15.25 12.96 15.41 15.27 14.60
Ce2O3 31.42 30.17 31.28 25.50 27.70 29.89 26.32 30.88 29.46 29.18
Pr2O3 3.35 3.28 3.47 2.71 3.63 3.04 2.79 3.26 3.15 3.19
Nd2O3 12.34 12.31 12.29 10.11 13.49 11.67 10.61 11.77 11.44 11.78
Sm2O3 1.93 1.87 1.76 1.49 2.06 1.87 1.70 1.63 1.75 1.78
Eu2O3 0.19 0.21 0.13 0.00 0.26 0.23 0.05 0.04 0.22 0.15
Gd2O3 0.99 1.13 0.86 0.80 1.10 1.09 1.04 0.94 1.17 1.01
Y2O3 0.14 0.22 0.14 0.18 0.34 0.31 0.20 0.19 0.34 0.23
ThO2 0.01 0.05 0.02 0.01 0.01 0.00 0.00 0.00 0.00 0.01
UO2 0.01 0.05 0.02 0.17 0.00 0.01 0.08 0.02 0.00 0.04
CaO 2.46 2.61 2.28 1.76 2.76 2.94 2.36 2.92 3.71 2.64
P2O5 27.61 27.89 27.73 22.58 28.85 27.74 22.63 27.09 27.12 26.58
SiO2 1.18 1.46 1.70 11.70 0.35 1.11 11.42 0.31 0.31 3.28
Total 96.03 95.61 96.16 90.26 96.54 95.15 92.16 94.45 93.94 94.48

Number of ions based on 4 O
La 0.21 0.21 0.21 0.17 0.24 0.23 0.16 0.24 0.23 0.21
Ce 0.46 0.44 0.45 0.32 0.41 0.44 0.33 0.47 0.45 0.42
Pr 0.05 0.05 0.05 0.03 0.05 0.04 0.03 0.05 0.05 0.05
Nd 0.18 0.17 0.17 0.12 0.19 0.17 0.13 0.17 0.17 0.16
Sm 0.03 0.03 0.02 0.02 0.03 0.03 0.02 0.02 0.02 0.02
Eu 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Gd 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01
Y 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.00
Ca 0.11 0.11 0.10 0.06 0.12 0.13 0.09 0.13 0.16 0.11
Th 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
U 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
P 0.93 0.94 0.93 0.66 0.98 0.94 0.66 0.95 0.95 0.88
Si 0.05 0.06 0.07 0.40 0.01 0.04 0.39 0.01 0.01 0.12
Total 2.036 2.02 2.01 1.80 2.05 2.04 1.83 2.06 2.08 1.99

Calculated formula REE+Ca 0.99
P+Si 1.00
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carbonate veins are present elsewhere in the Jbel Bohomagmatic rocks.
The significance of REE transport and deposition in hydrothermal sys-
tems depends on several factors e.g. temperature, pressure, pH and
the relative concentration of complexing ligands (e.g. F−, CI−, OH−,
S042− and C032−). To understand, why some hydrothermal veins are
mineralized while others within the same magmatic complex are not,
we discuss in the following sections the hydrothermal conditions for
REE transport and precipitation in both the mineralized and the barren
veins.
7.1. The REE mineralized veins

Synchysite mineralization occurs in thick hydrothermal veins along
a N50°E faulting zone. The fault plane presumably acted as a major
fluid pathway, leading to high fluid/rock ratio in comparison to the
other veins. This is an important parameter that affects thewall-rock al-
teration and leads to either significant or negligible mineral deposits.

In the synchysite-bearing quartz-jasper vein (B47), jasper is well
consolidated and forms the main volume of the vein. The brown-red-
dish colour is attributed to Mn-Fe oxide impregnation. The formation
of siliceous hydrothermal veins (Jasper, chalcedony) was most likely
driven by hydrothermal activity that caused alteration of the host
rock. It is cut by a second, younger, generation of quartz veins, which
host synchysite mineralization. All minerals were probably deposited
from hydrothermal solutions, which also altered the host rock.

The coarse-grained quartz in the synchysite and rhabdophane bear-
ing quartz vein (B46-3) shows anhedral to subhedral crystal shapes and
concentric zoning, formed likely during crystal growth within fluid
filled cracks (Okamoto and Tsuchiya, 2009). In a manner similar to the
jasper-bearing veins, the early-formed, coarse-grained quartz is cut by
fine-grained quartz veins, which are associated with synchysite and oc-
casionally rhabdophane. Both REE mineralized veins (B46 and B47)
seem therefore to be formed by successive episodes of hydrothermal
fluids.

The restricted occurrence of rare rhabdophane-(Ce) in the quartz
vein (46-3) indicates limited presence of P in the REE bearing fluid.
The high content of Ca and the absence of radioactive elements such
as Th in rhabdophane suggests that apatite from the host rock possibly
contributed the P to rhabophane in the vein. As both synchysite and
rhabdophane have very similar REE composition and co-exist in the
same vein, they probably originated from the same hydrothermal fluid.

The dominant salt component in hydrothermal ore fluids is general-
ly the strong electrolyte NaCl, which ismost likely themain source of Cl¯.
Ourfluid inclusionwork suggests that the geothermalfluids at Jbel Boho
were highly saline. Dissolution temperatures between 210 °C and
280 °C correspond to salinities between 32.4 and 36.7 wt% in a pure
halite system (Bodnar, 2003; Bodnar and Vityk, 1994). However, the
very low Te ranging between −50° and −54 °C suggests that NaCl
(Te = 21.2 °C) was not the only salt component of the hydrothermal
fluid. Bodnar et al. (2014) and Steele-MacInnis et al. (2011) showexper-
imentally that fluid inclusions from active seafloor hydrothermal sys-
tems which show first melting in the vicinity of −50 °C have Ca2+ in
addition to NaCl.
7.2. Conditions of REE mineralization

Since the discovery of giant REE deposits of hydrothermal origin in
China (Bayan Obo), the study of the mobilization of REE in hydrother-
mal systems has been aimed at understanding why REE are highly mo-
bile in some geological environments.



Fig. 9. Chondrite-normalized REE patterns (McDonough and Sun, 1995) of synchysite and rhabdophane from the REEmineralized veins and the late rhyolitic dyke (B35) near the
Qz-syenite.
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The REE-mineralized and the barren quartz-carbonate veins are
hosted in all rock types. Their chemical and mineralogical variations
suggest they were formed under a range of conditions with possible
variations in: REE concentration in the fluids; temperature; pH; and
the availability of the ligands (e.g. Cl−, F−, CO3

2−, OH−) necessary for
REE transport and for mineral precipitation. Theoretical estimations
and extrapolations of thermodynamic data using Pearson's rules (Haas
et al., 1995;Wood, 1990a, 1990b) predicted that the strongest REE com-
plexes would form with F− and OH−, moderately weaker complexes
with ligands such as CO3

2−, SO4
2−, PO4

2− and HCO3−, and that REE com-
plexes with Cl− should be the weakest. REE complex stability constants
were predicted to increase with increasing temperature (from 25 to
300 °C) at a greater rate for fluoride and carbonate than for other li-
gands, leading to REE-fluoride complexes being considered as the
most favourable candidates for transporting significant REE concentra-
tions in solution and so having the highest ore-forming potential.
Based on these theoretical studies and the fact that the REE-F carbonate
bastnäsite is themain source of the REE in theworld, hydrothermal REE
deposits have generally been considered to have been formed by the
transport of REE as fluoride complexes (Ruberti et al., 2008; Salvi and
Williams-Jones, 1990; Smith and Henderson, 2000; Williams-Jones et
al., 2000; Wood and Ricketts, 2000) and high concentration of fluorine
in late-stage magmatic fluid were thought necessary to allow REE to
be transported in solution (Agangi et al., 2010).

Based on the relative stability of the REE-fluoride and REE-chloride
complexes Migdisov and Williams-Jones, (2007) have tested the hy-
pothesis that REE-chloride is unimportant for hydrothermal transport
of REE. They demonstrated that high concentrations of chloride com-
plexes can allow comparable transport of REE to that inferred for
fluoride complexes at temperatures up to 250 °C. However, this conclu-
sion did not take into account the physicochemical conditions of the
fluid or the solubility of the REE-bearing phases.

Recently experimental studies (Migdisov et al., 2009, 2008, 2006,
Migdisov and Williams-Jones, 2008, 2007) have shown that these
theoretical extrapolations significantly overestimate the stability of
REE-fluoride complexes and underestimate the stability of REE-chlo-
ride complexes. The cause of these contrasting results is the decrease
in the dielectric constant of water with increasing temperature
(Williams-Jones et al., 2012). Additionally, REE-fluorides are
extremely insoluble over a wide range of pH. Their solubility (and
hence the ability of fluoride complexes to transport REE) only in-
creases at relatively low temperature in fluids of intermediate pH
conditions which are not expected to occur inmost magmatic hydro-
thermal systems. This implies that, contrary to common assump-
tions, REE-fluoride species are probably insignificant agent of REE
transport in hydrothermal system (Migdisov and Williams-Jones,
2014; Williams-Jones et al., 2012), although F is essential in the pre-
cipitation environement to produce REE-F minerals. Instead, REE
chloride species dominate and are able to transport appreciable con-
centrations of REE under acidic conditions.

At Jbel Boho the fluid inclusion studies show that the fluids were
highly saline. If these fluids also contained some fluorine in the form
of HF, the REE-Ca fluorcarbonate synchysites will precipitate from
these saline fluids in response to (a) an increase in pH and (b) a
decrease of temperature (Migdisov and Williams-Jones, 2014;
Williams-Jones and Migdisov, 2014), both of which reduce the
complexing ability of Cl-species. Thin-section observations (Figs. 6 &
7) show considerable quantities of dolomite in the REE mineralized



Fig. 10. Photomicrographs (room temperature) of fluid inclusions present in the synchysite-bearing quartz veins. A,B) Fluid inclusions as cluster within a zoned host quartz (B46). C,D)
Subhedral to euhedral fluid inclusions (B47). E) Large fluid inclusion surrounded by tiny inclusions (B47). F) Example of partially decrepitated fluid inclusions showing tail form at its end.
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veins, a mineral which will dissolve in low-pH environments. This sug-
gests that synchysite precipitationmay have occurred due to neutraliza-
tion of the fluids by either direct contact with carbonate or as the result
of mixing of the hot, acidic brines with cooler, high-pH meteoric water
thatwas saturated in carbonate through contactwith dolomite. Such in-
teractions will also take place in the presence of abundant Ca2+ and
HCO3– ions, components which are also necessary to form synchysite.
Ngwenya (1994) suggested that a predominance of synchysite over
parisite and bastnaesite in REE-mineral assemblages is the result of
high CaCO3 saturation.

The formation of synchysite would then occur according to the
reaction:

REECl2+ + HF + Ca2+ + 2HCO3
− = REECa(CO3)2F + 3H+ + Cl−

The presence of fluorine as HF in the saline fluids acts as a binding li-
gand that promotes REE mineral deposition. The generation of H+ by
this reaction will again decrease the pH, eventually inhibiting
synchysite precipitation, making a significant deposition of synchysite
only possible where continuous neutralization of the fluid acidity via
buffering by carbonate is possible.
e.g. CaMg(CO3)2 + 2H+ = Ca2+ + Mg2+ + 2HCO3
−

Textural and spatial relationships show no evidence of synchysite
crystallization at the expense of pre-existing REE minerals and thus
synchysite appears to be precipitated directly from the hydrothermal
fluids during neutralization.

Synchysite mineralization was also detected in a late rhyolitic dyke
north of the quartz syenite (Benaouda, 2015). Texturally, synchysite is
associated with quartz, chlorite and occasionally with Fe-oxides in this
dyke. In addition to neutralization of the fluids through interaction
with carbonate, hydrothermal alteration of pre-existing Fe-Mgminerals
such as hornblende to chlorite is another option to decrease the activity
of H+ and raise pH via the following simplified reaction.

e.g. Ca2(Mg, Fe, Al)6Si8O22(OH)2 + 2H+ + 2H2O
= (Mg, Fe, Al)6 Si4O10(OH)8 + 4SiO2 + 2Ca2+

The similarities of synchysites in both mineralized dyke and veins
and their location in the REE mineralized zone north of the quartz
syenite indicate that their hydrothermal fluids might have a similar
source.



Fig. 11. Histogram of homogenisation temperatures (to the liquid phase) for the studied fluid inclusions in the synchysite-bearing quartz veins (BA 46 and BA 47).
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As a source of REE, synchysite has several advantages relative to other
minerals. The very high REE contents in the synchysite of Jbel Boho (ca.
50% bymass of the synchysite consists of REE)make it a very concentrat-
ed source of REE. Additionally, unlike monazite and allanite, synchysite
(and rhabdophane) are very low in both Th and U, thereby reducing
Fig. 12. Proposed paragenetic sequence for t
complications related to radioactivity during metallurgical processing
and making themmore ecologically friendly REE-minerals.

The sequence of mineral paragenses for the mineralized veins (B46
and B47) is illustrated in fig. 12. Textural relationships in both mineral-
ized veins clearly show that LREE mineralization only occur in a second
he main mineralized veins in Jbel Boho.
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hydrothermal phase after either jasper in the vein 47 or the coarse
grained quartz in the vein B46 has been precipitated.

7.3. The ore-barren veins

The barren veins (G2, Table 2 andG3, Table 3) occur elsewhere in the
Jbel Boho complex and show both different orientations and generally
smaller thicknesses (up to 30 cm) than themineralized veins. Composi-
tionally, the G2 veins overlap with the G1 veins in terms of their HREE
contents but have markedly lower LREE enrichment (Fig. 8). The G3
veins overlap with the G2 veins in their LREE contents but have much
higher HREE contents, in some cases the HREE contents of the G3
veins are the highest found in the Jbel Boho area.

The REE-composition of the fluid which generated the veins is un-
known. However, by analogy with modern-day hydrothermal systems
(e.g. Douville et al. (1999) and Craddock et al. (2010)), it is likely to
have derived its REE from leaching of the country rock with some frac-
tionation depending on the water/rock alteration reactions occurring
and the activity of the available complexing ligands.

Fig. 8D shows the average REE-composition of the basic lavas found
at Jbel Boho. The general shape (but not absolute concentrations) of this
pattern provides the best information we have on the hydrothermal
fluid composition. We note several features:

1. Relative to the lavas, the mineralized G1 veins have steeper REE pat-
terns (Fig. 8A). In particular the very steep Gd-Dy slopes are notable,
and mirror well those seen in the individual analyses of synchysite
and rhabdophane crystals (cf. Fig. 9).

2. Both the G2 veins and the lower dolostone, which is found intercalat-
ed with the basic lava flows, show REE-patterns with very similar
slopes to the lavas. This signature in the dolostones is unlikely to be
a primary sedimentary feature: REE abundances in sea water range
from 10−6 to 10−4 ppm (Qing and Mountjoy, 1994) and carbonate
rocks precipitated from such waters should have very low REE con-
centrations, even though the partition coefficients of REE between
carbonates and saline fluids have been shown to be N100 with min-
imal fractionation between the REE (e.g. Terakado and Masuda,
(1988)). The Jbel Boho lower dolostone, however, also contains tiny
quartz-carbonate veins (Fig. 7A),which commonly contain dolomitic
rhombs and chabazite, the latter considered to result from alteration
of volcanic glass (Mees et al., 2005; Montagna et al., 2010;
Weisenberger and Spuergin, 2009). This mineralogy is similar to
that seen in the G2 veins, suggesting that the hydrothermal veins
dominate the REE signatures in both rock types. Within the veins, it
will be the dolomite rhombs, rather than the quartz, which host the
REE scavenged from the hydrothermal fluids. The difference in abso-
lute concentrations of REE betweenG2 and lower dolostones is prob-
ably then related to different proportions of vein carbonate in the
two rock types.

3. The jasper-bearing veins of group G3 show a different, flatter REE
slope associated with high carbonate and iron contents. If deposited
from the same fluid as G1, G2 and the lower dolomite veins, then
their shallower REE slopes imply that they preferentially either in-
corporated HREE or did not incorporate LREE from the fluid. The for-
mer explanation seems more likely, as HREE3+ have ionic radii
which are smaller than LREE3+ but similar to Fe2+ and Mg2+ and
are known to substitute preferentially for Fe in Fe-oxides. Therefore
“mineralogical control” (Bau and Möller, 1992; Morgan and
Wandless, 1980) would seem to account for the relative REE abun-
dances in G3 veins.

8. Conclusion

All rock types in the Jbel Boho alkaline igneous complex contain hy-
drothermal veins showing a distinct texture and mineralogy (usually
quartz, carbonate and jasper in variable proportion within the veins).
Several REE mineralized veins contain the REE-F-Ca mineral
synchysite and rare REE-P rhabdophane associated with late stage
quartzwithin quartz and jasper veins. Themineralized veins are charac-
terized by very high LREE enrichment and steep middle-REE patterns.
The barren veins show either generally low REE contents or high
HREE combinedwith low LREE, probably as result of either limited scav-
enging of REE from the hydrothermal solution or the presence of Fe-
mineral which preferentially scavenge HREE, respectively.

The mineralizing fluid had, based on fluid inclusions, high salinity
and probably lowpH - transport of REE in solutionwas as Cl-complexes.
Precipitation of REE-containing minerals occurred when this fluid
interactedwith carbonate (either in HCO3

− - rich groundwater or as do-
lomites previously present in the veins), raising its pH.

In contrast to other REE-containing minerals such as monazite or
allanite, synchysite does not contain appreciable quantities of radioac-
tive elements like U or Th. Together with its high total REE contents,
this makes it an interesting REE ore mineral. Late hydrothermal veins
associatedwith alkalic complexeswhose environment includes a source
of carbonate are good prospection candidates for REE mineralization.
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