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Abstract
Gold mineralization of the Upper Lom Basin in the eastern Cameroon goldfield is spatially associated with tourmaline. The 
goldfield belongs to the Adamawa-Yadé Domain of the Central African Fold Belt and is characterized by eluvial, alluvial 
and lode gold deposits of Pan-African age. This paper examines the chemistry and morphology of saprock gold and its 
link with tourmaline in the host rock. Tourmaline chemistry was obtained using the electron microprobe analysis (EMPA) 
technique while gold grains were examined for morphology and microchemistry using the EMPA equipped with scanning 
electron microscopy and energy dispersive spectrum instruments. The tourmaline compositional data plot in the dravite 
field, and belongs to the alkali group showing major element variations that are typical of tourmaline associated with 
granite-related orogenic gold deposits common along shear zones. Gold alloy composition (Ag, Cu) suggests multiple 
gold precipitation events due to episodic fluid influx, with a range of 572–1000 gold fineness. We infer that tourmaline 
development and gold deposition were coeval within the aureole around the pluton and involved reduced hydrother-
mal fluids with low salinity. The high δ11B in the tourmaline also points to fluid derivation from the Pan African granitic 
basement widely recognized to be fertile in gold in eastern Cameroon. Tourmaline textural-chemical features such as 
low Na content and gold microchemistry point to granite-related hydrothermal style of primary gold mineralization, 
and has implications for exploration as tourmaline-rich rocks in the vicinity of the felsic plutons in the Lom Basin would 
be optimal target areas for future exploration.
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• Tourmaline occurs as disseminations in quartz-tour-
maline veins and metasediments aureole around felsic 
plutons in the Upper Lom Series, eastern Cameroon.

• The textural features, dravite and alkali group compo-
sitional trend characterize hydrothermal tourmaline 
from granite-related and orogenic gold deposits
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• Gold microchemical features tie with the interpretation 
of hydrothermal-orogenic style of primary lode miner-
alization.

1 Introduction

Tourmaline is a complex borosilicate mineral and the main 
host of boron in crustal rocks [1, 2]. Although it is common 
in (meta) psammitic-pelitic rocks with B-retention miner-
als, it is also found in felsic plutons and their metamorphic 
aureoles especially in zones of continental collision where 
B flux is high [3]. Tourmaline is an ideal monitor of the local 
boron flux in metamorphic environments and can serve as 
a sink or source of boron [1, 4–7]. It is stable over a broad 
pressure and temperature range making it an important 
petrogenetic indicator mineral. In orogenic gold systems, 
tourmaline is a prominent accessory mineral that typically 
grows concurrently with gold mineralization. The study of 
tourmaline may yield useful information on the geology of 
a region and, by extension, on the processes that govern 
its growth and, ultimately, the precipitation of ore miner-
als like gold. Tourmaline has a wide spectrum of chemical 
components it can integrate because of its intricate crys-
tal structure. This makes tourmaline a good geochemical 
tracer, able to show the metallogenesis of hydrothermal 
and metamorphism-related deposit. Consequently, it is 
a strong mineral indicator of orogenic gold deposits and 
magmatic-hydrothermal to metamorphic-metasomatic 
processes. Tourmaline chemical composition can provide 
exploitable information on the source and evolution of ore 
fluid [2, 7–9], including possible fingerprints on the ori-
gin of associated gold mineralization [10]. The elemental 
composition of tourmaline, including boron isotopic data, 
have been widely employed in studies aimed at unrave-
ling: (1) The source of the boron, (2) Fluid-rock interaction 
processes and transport, (3) The evolution of the magmatic 
fluid, (4) Temperature of the fluids related to B-metaso-
matism, and (5) The influence of magmatic-hydrothermal 
process on formation of orogenic gold deposits and the 
timing of magmatic, metamorphic and hydrothermal pro-
cesses [1, 5, 6, 11–14]. The relative abundance of δ11B in 
nature [~ 60%; 5] makes the boron isotope system a valu-
able tracer of boron source in magmatic-hydrothermal and 
metamorphic systems [14]. There is a plexus of views on 
the source of fluid and metals in hydrothermal and oro-
genic gold deposits based on the interpretation of δ11B 
isotopic data and the geologic setting of such gold depos-
its in the world [15]. A metamorphic source of fluid associ-
ated with boron metasomatism is now widely considered 

to be the major source of mineralizing fluids in orogenic 
gold deposit systems, derived from prograde to peak 
metamorphic devolatilization of metasedimentary base-
ment units [16, 17]. Some authors also invoke a magmatic 
origin for fluids and metals related to magmatic intrusions 
[18], although several studies on the source of fluid and 
base metals in orogenic gold deposits are suggestive of a 
mixed magmatic, metamorphic, and meteoric source [12, 
16, 18, 19]. Detailed petrographic and tourmaline compo-
sition studies are able to decipher between tourmaline 
that crystallized directly from felsic magmatic melt and 
those resulting from dehydrating fluids of the surround-
ing metasedimentary rocks and this has implications for 
metals exploration.

Cameroon is endowed with significant gold occur-
rences. Currently gold is mined from alluvial, eluvial and 
lode systems. Lode gold mineralization in the Lom Basin 
is largely considered to be either orogenic or granitoid-
related (both with aspects of hydrothermal overprint) 
and occurs within quartz veins hosted by Neoproterozoic 
metasedimentary rocks and as veins and disseminations 
within the margins of hydrothermally altered granitoid 
intrusions, all related to the Central Cameroon Shear Zone 
(CCSZ; Fig. 1a) north of the Congo Craton [20–26]. Grani-
toid rocks accompanying gold mineralization in eastern.

Cameroon are oxidized, I-type, sub-alkaline, high-K 
calc-alkaline to shoshonite in composition [20, 22–25, 
27]. This highlights the role the granitoids composition 
and redox conditions play in understanding the com-
position and characteristics of the exsolved ore-bearing 
aqueous fluids [28]. Sporadic gold deposits of low grade 
are also reported in quartz-tourmaline veins and quartz 
tourmaline microbreccia, and interpreted as the product 
of a boron-rich residual fluid ore concentration phase 
developed at the pneumatolytic stage of the evolution 
of the granitoids [29]. Gold exploration efforts worldwide 
increasingly rely on morphological studies of placer and 
residual gold grains, their chemical composition and min-
eral inclusion to fingerprint the primary source of gold and 
style of mineralization in most geologic settings e.g. [23, 
30–34]. The core composition of gold grains and mineral 
inclusions entombed in them may provide vital clues on 
the primary lode source and its mineralogical make up 
[31, 35]. Employing this technique of microchemistry of 
residual gold grains has yielded critical findings in the 

• Tourmaline-rich rocks in the vicinity of the felsic plu-
tons in the Lom Basin would preferably be target areas 
for future exploration.
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identification of primary mineralization [35, 36]. The iden-
tification of primary gold deposits in the eastern, south-
ern, and northern goldfields in Cameroon, on the basis of 
gold microchemistry, has yielded pertinent information 
concerning primary gold mineralization. Orogenic primary 
gold mineralization is suggested in the southern goldfield 
of Cameroon [21, 37–39], based on placer gold studies. 
Hydrothermal quartz vein style of mineralization is com-
mon in the eastern and northern gold terrane as the pos-
sible primary source of gold [21, 22, 34, 40]. In order to 
enhance the understanding of the style of primary gold 
mineralization in eastern Cameroon inferred from residual 
gold microchemistry, there is need to also evaluate wall-
rock mineralogy such as tourmaline in combination with 
associated gold composition. This is the focus of this study.

Establishing a link between tourmalinization and gold 
mineralization in the Lom Basin of eastern Cameroon 
(Fig. 1b) has remained challenging due to the absence of 
a direct petrographic link of tourmaline co-existing with 
gold. However, in situ weathered material derived from 
tourmaline-bearing rocks is widely mined for gold in the 
area. Recent mining activities in the Gankoumbol-Djou-
zami-Beka area (Fig. 2) which is the focus of this study and 
lies in the upper segment of the Lom Basin has exposed 
underlying rocks and a thick weathered saprock-saprolite 
blanket (Fig. 3a and b). The saprock-saprolite material is 

currently being worked for eluvial gold by artisanal miners 
and semi-mechanized gold mining companies (e.g., Andy 
Saal Mining Company) and this provides the best proxy 
for investigating more closely the nature of gold from the 
underlying rocks trapped in the saprock-saprolite and the 
composition of the tourmaline identified therein. Weather-
ing introduces gold and associated heavy minerals into the 
weathering cycle in tropical settings as in east Cameroon 
resulting in gold enriched haloes in the saprock and sap-
rolite horizons. Because the texture of the primary rock 
is often well preserved in the saprock, minerals derived 
from these soil layers indicate that they co-existed within 
the underlying rock as the weathering cover is developed 
in-situ.

In this paper we use combined tourmaline composi-
tion and gold microchemistry to decipher gold metallog-
eny in the saprock at the contact zone of the metagrani-
toid and the metasediments (schist) of part of the Upper 
Lom Basin (the Gankoumbol-Djouzami-Beka area, Figs. 2 
and 3). This undisturbed weathered material is currently 
accessible as it is actively exploited by semi-mechanized 
mining. Here we present the textural and compositional 
characteristics of tourmaline crystals derived from this 
contact zone saprock as well as the gold grain micro-
chemistry to allow for the use of tourmaline chemistry 

Fig. 1  a Geologic map of Cameroon showing the main lithostruc-
tural domains of the Neoproterozoic Pan-African orogenic belt and 
location of the Lom Basin, [adapted from; 59]. CCSZ, Central Cam-
eroon shear zone; TBF, Tcholire Banyo Fault; SF, Sanaga Fault; NWC, 

North western Cameroon Domain (3); AYD, Adamawa-Yade Domain 
(2); YD, Yaoundé Domain (1). b Geologic map of the Lom pull-apart 
Basin with shear zones trending NE-SW, [adapted from 33]
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in lithogeochemical exploration in order to fingerprint 
potential primary gold host rocks in the area.

1.1  Tectonic setting and regional geology

The Pan African Fold Belt (PAFB) constitutes the south-
ernmost branch of the Pan-African-Braziliano domain [41, 
42], formed from the amalgamation of the Congo-São 
Francisco Craton, the West African Craton and the Sahara 

metacraton [41, 43], during the Gondwana assembly. 
This PAFB is a mobile belt known for gold and associated 
base metal and Ni-Co mineralization in Cameroon and 
neighboring countries [44]. Petrologic and isotopic data 
along the major shear zones in Cameroon have divided 
the Central African Fold Belt of Cameroon into the follow-
ing lithotectonic units: (1) the North Western Cameroon 
Domain (NWCD), (2) the Adamawa-Yadé Domain (AYD) or 
Central Domain to which the study area belongs, and (3) 
the Yaoundé Domain, separated by major faults [Fig. 1a; 
41–43, 45]. The Pan African Orogeny was accompanied 
by trusting to the southern edge of Cameroon and strike-
slip tectonics within the PAFB that led to the develop-
ment of moderate to steeply dipping strike-slip shear 
zones trending mostly NNE-SSW, NE-SW to ENE-WSW 
along the Central Cameroon Shear Zone (CCSZ) corridor 
(a NE extension of the Central African Shear Zone, CASZ). 
Several subsidiary NE-trending shear zones splay off the 
main shear zone (CASZ) such as: 1) the Tchollire Banyo 
shear zone (TBSZ) to the north, and an E-W Sanaga Shear 
Zone (SSZ) to the south with a  N30oE to  N70oE orientation 
[Fig. 1a; 43, 45–47]. The AYD is sandwiched between the 
SSZ to the south and the TBSZ to the north. The tectonic 
evolution of the PAFB involved polyphase deformation 
(D1-D4 phases), various degrees of metamorphism up to 
the granulite facies, and widespread crustal anatexis and 
magmatism [41]. This fold belt is associated with multiple 
faults and shear zones with a general NE-SW trend, with 
variable kinematics and representing a major lineament 
[43, 46, 48]. Sinistral and dextral sense of shearing charac-
terizes the CCSZ, and granitic plutons aligned parallel to 
the orientation of the shear zones [46]. Gold occurrences 
in the eastern part of Cameroon are structurally-controlled 
by CCSZ and its relay faults, and associated to pluton mar-
gins [25, 26, 47]. Three deformation phases (D1-D3) are 
recorded in the Bétaré Oya Gold District [49] commencing 
with an extensional phase, followed by a collisional com-
pressional deformation phase and terminating in a stress 
relaxation phase and the collapse of the orogen. These 

Fig. 2  Geologic map of the Gankoumbol-Djouzmi-Beka area (this 
study) with adaptations for the NE sector  [after 60]

Fig. 3  Artisanal and semi-
mechanized mining in the 
Upper Lom Series a Indigenes 
panning and recovering gold 
from the exposed saprolite 
down to the saprock horizon. 
b Excavator exposing the 
saprock layer containing gold 
for panning
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deformation events are recorded across the three litho-
structural domains of the CAFB transected by the CCSZ.

The AYD is characterized by strike-slip shear zones 
trending generally NE-SW to ENE-WSW, with Neoprote-
rozoic metasedimentary rocks intruded by syn- to post-
tectonic granitic batholiths [20, 45, 50; Fig. 1a]. The Paleo-
proterozoic basement units were reworked during the Pan 
African Orogeny [45, 51] at varying degrees of metamor-
phism from greenschist through amphibolite to granulite 
facies [41]. The rocks of the AYD have been characterized 
as biotite granite, k-feldspar granite, biotite metagranite, 
syeno-monzogranite, granodiorite, diorite and tonalite 
granites of high-K calc-alkaline to shoshonitic affinities [20, 
25, 47]. A number of shear zone-related lode gold min-
ing sites in the vicinity of Pan-African granitoid intrusions 
have been described in the eastern part of the AYD [20, 22, 
24–27, 47, 52, 53]. The ore-forming fluids are believed to 
have been generated during the Pan-African orogeny [41], 
and channeled along major lineaments into regional NE-
trending shear zones and were responsible for gold and 
base-metal mineralization along these structures through-
out the Pan-African mobile belt [54]. Previous works have 
attempted to constrain source of fluids and base metals in 
the eastern orogenic gold belt of Cameroon using stable 
isotopes (sulphur, oxygen, carbon, hydrogen) systematics 
[26, 52]. Their findings pointed to mix source (metamor-
phic and magmatic) of fluid [26, 52]. Tourmaline composi-
tion including boron isotopic data can provide valuable 
information on source and evolution of mineralizing fluids 
in orogenic gold systems, owing to the fact that tourma-
line is a very stable mineral after crystallization, and has 
the ability to record and retain information of its environ-
ment of formation.

1.2  Local geology of the Lom basin

The Lom Series (Fig. 1b) is a major pull-apart basin char-
acterized by transtensional movement [46, 48], oblique 
to the main shear zones (CCSZ, SFZ) and normal faults 
defining its eastern and western limits. It represents a 
sequence of metasedimentary and metavolcanic rocks 
of Pan-African age, including units of metatuff, volcano-
clastic and sedimentary-derived schist, actinolite-chlorite 
schist, staurolite-garnet-mica schist and quartzite with 
sporadic conglomerate horizons [41, 46, 48, 55]. Meta-
morphic zircons from the actinolite-chlorite schist of the 
Lom Belt gave ages between ca. 655 and 585 Ma, implying 
that the metavolcanic-metasedimentary rocks of the belt 
were deposited prior to 655 Ma, then metamorphosed and 
deformed between ca. 655 and 585 Ma [56]. This event 
equally resulted in the development of a low-pressure gar-
net-andalusite-staurolite regional metamorphic mineral 
assemblage (greenschist-facies) [46]. Zircon U–Pb age data 

revealed that granitoid intrusions were emplaced within 
an age bracket of ca. 670–620 Ma [20, 27, 57, 58], with an 
average mean age of ca. 635 Ma obtained on syn-tectonic 
granitoid in the Bétaré Oya gold district [27], south of the 
present study. The granitoids recorded a metamorphic-
hydrothermal overprint event between 600 and 550 Ma 
which could be related to the ore mineralizing fluids [58]. 
Geochemical and geochronological studies carried out on 
the granitoids in the Lom Series reveal a crustal origin with 
S-type [55] and I-type geochemical signatures [27, 48]. The 
orientation of structures and rocks in this area follow the 
general N50–N70 steeply dipping regional foliation (NE-
SW trend of the CCSZ) related to D1 and D2 deformation 
phases during the Pan-African orogeny [46, 48]. The schist 
units (metasedimentary units) hosting some of the gold-
bearing quartz veins [52] forms a NE-trending corridor, 
dipping steeply towards the NW and subparallel to the 
regional foliation. Structures within the metavolcanics and 
Pan-African granitoids trending NE-SW are prospective 
zones of economic mineralization in eastern Cameroon 
especially their contact zones with the metasediments 
[25, 44, 47].

Quartz-tourmaline veins and quartz-tourmaline micro-
breccia bearing erratic gold concentrations have been 
reported in the Ngoura-Colomine Gold District [29]. 
Petrogenetic modeling from granitoids in the district sug-
gests a preferential partitioning of incompatible elements 
including gold and sulphur into a residual fluid during the 
late stage evolution of granitoids. It is from this fluid that 
aplites and the gold-tourmaline-bearing structures are 
believed to have formed. However, detailed studies on 
tourmaline linked to gold mineralization in the eastern 
Cameroon gold are heretofore non-existent.

The Gankoumbol-Djouzemi-Beka area (latitudes 
663274-700078N and longitudes 407772-444699E) inves-
tigated in this study is part of the Lom Basin (Fig. 2), with 
rock types including orthogneiss, metasediments (schist) 
mylonites intruded by variably deformed granitic plu-
tons. Second order shear zones are common in the area 
and filled by quartz and pegmatitic veins (Figs. 2 and 4a). 
Tourmaline is associated with these veins and occurs as 
large subhedral crystals (Fig. 4b). The mineral also occurs 
as anhedral-subhedral crystals with quartz inclusions, and 
as disseminations within the groundmass of the meta-
granitoids (Fig. 4c and d) especially around the contact 
with the metasediments extending into the latter. Where 
the deformation is strong the hinges of the microfolds in 
the metasediments are adorned with tourmaline crystals 
(Fig. 4e) and within the shear affected parts of the meta-
granitoids and metasediments, tourmaline crystals are 
zoned, and clusters define porphyroclasts (Fig. 4f and g). 
Tourmaline porphyroclasts in the metasediments show-
ing textural relationships similar to feldspar porphyroclasts 
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(Fig. 4g) suggest that tourmaline development began 
prior to regional metamorphism. However, the presence 
of micas, epidote and quartz embayed by tourmaline is 

indicative of syn- to post-metamorphic recrystallization 
processes of preexisting tourmaline in the schist during 
regional metamorphism. The tourmaline crystals in the 
schist, metagranitoids and veins are commonly zoned 
(Fig. 4f and h). 

2  Sampling and analytical methods

2.1  Sampling and sample preparation

Petrographic attempts to find co-existing tourmaline and 
gold in the bedrock within the Lom Basin have thus far 
been unsuccessful. In this study we examine undisturbed 
saprock developed in situ and overlying the metagrani-
toid-metasediment contact. This material contains recov-
erable gold grains and also tourmaline crystals, thereby 
serving as the most suitable proxy for studying gold-
tourmaline association in the area. This saprock has been 
exposed by the current mining operation that targets 
eluvial gold in the weathering cover (Fig. 3a and b). This 
contact zone was also selected because the tourmaline-
bearing underlying rock yielded 1.8 g/t Au and the mining 
operation thus far is focused on this contact and aureole 
around the granitoid. The saprock material was washed 
and panned to recover a heavy mineral concentrate 
from which gold grains were handpicked, packaged and 
shipped for analyses at University of California San Ber-
nardino. Undisturbed saprock material (to be examined 
for tourmaline) was impregnated with Canada balsam, cut 
and 10 polished thin sections prepared therefrom. These 
were studied under a petrographic microscope and their 
composition subsequently determined by electron micro-
probe analyses (EMPA).

2.2  Analytical methods

2.2.1  Tourmaline Electron microprobe analysis (EMPA) 
and data reduction

The composition of the tourmaline crystals was deter-
mined using a CAMECA SX100 electron microprobe at the 
Technical University of Clausthal with analytical parame-
ters of 25 kV accelerating voltage, 10 nA beam current, at 
10 μm beam diameter size and 20 ms dwell time per pixel. 
The following standards were used for calibration: hema-
tite for Fe, diopside for Ca, albite for Na, forsterite for Mg, 
quartz for Si, cordierite for Al, rhodochrosite for Mn, rutile 
for Ti, orthoclase for K, and fluorite for F. The tourmaline 
structural formulae were calculated from the EPMA data 
using an Excel spreadsheet based on the data reduction 
scheme in Henry et al. [61]. The tourmaline structural for-
mulae was normalized to 15 cations in T-, Z- and Y-sites, 

Fig. 4  Field photo and photomicrographs of tourmaline occur-
rences in the study area. a Tourmaline-bearing pegmatitic vein, 
field photo b Hand specimen sample of tourmaline needles in 
quartz-tourmlaine vein, c Tourmaline in cross polarized light, pleo-
chroic with colour range from green–brown-yellowish, associated 
with recrystallized quartz subgrains in the metagranitoid. d Tour-
maline associated with sericite in the metasediment. e Tourmaline 
crystals occupying the hinge region of the folded ultramylonite. 
Evidence that tourmalinzation was synchronous with ductile 
formation along the CCSZ (D2-D3). f Tourmaline showing patch 
zonation. g Tourmaline porphyroclast (augen structure) defining 
sinistral sense of shear with rims enveloped by opaque minerals. 
h Tourmaline on PPL associated with oxides or opaque minerals. 
Note that zoned tourmaline display colour variation from core to 
rim. Tur = Tourmaline, Qt = Quartz Kfs = K-feldspars, Amp = Amphi-
boles, Bt = Biotite, Opq = Opaque minerals, Ser = Sericite
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and assuming stoichiometric composition of three atoms 
for B and four atoms for OH + F, based on the general for-
mula  XY3Z6(T6O18)(BO3)3V3W, [61], where X =  Na+,  Ca2+, 
 K+, or vacancy site; Y =  Fe2+,  Mg2+,  Mn2+,  Al3+,  Li+, Fe3 + , 
or  Cr3+; Z =  Al3+,  Fe3+,  Ti4+,  Mg2+, or  Cr3+; T =  Si4+,  Al3+, or 
 B3+; V =  OH−,  O2− and W =  OH−,  F− or  O2−. The tourmaline 
nomenclature follows the classification proposed by [61] 
according to the different solid solution series, with the 
tourmaline chemical composition reported in weight per 
cent (wt%) and structural formulae are expressed in atoms 
per formula unit (apfu).

2.2.2  Gold grain morphology and microchemistry analyses

The gold grains recovered in the heavy mineral fraction 
were handpicked under a binocular microscope, embed-
ded in epoxy resin and polished down to a 0.3 µm using 
diamond abrasive sequential grits to expose grain interiors 
following the methods described in Melchiorre et al. [62]. 
The morphology of the gold concentrates was obtained 
using the Fisher-Phenom XL Scanning Electron Micro-
scope (SEM) to generate Secondary Electron (SE) and 
Backscatter Electron (BSE) images with an acceleration 
voltage of 15 kV. A qualitative chemical analysis of the gold 
concentrates was performed using an additional electron 
microprobe analyzer equipped with a Wavelength Dis-
persive Spectrometry (WDS). The WDS was calibrated to 
a set of purchased house standards of gold-silver-copper 
alloy metals prior to the concentrate analysis. Great care 
was taken to minimize artifacts during sample prepara-
tion, with associated errors for trace element analyses of 
less than ± 0.2 wt%. Au fineness was calculated using the 
formula [(Au*1000)/ (Ag + Au); 63].

3  Results

3.1  Tourmaline petrography and composition

The tourmaline from the material investigated in this study 
is described separately in the subsequent sections (Fig. 5a). 
Under plane polarized light, tourmaline is typically brown 
to orange with clear regular zoning and some crystals 
exhibiting a perfect hexagonal form (Fig. 5b–d). Poikilitic 
tourmaline porphyroclasts are equally common and con-
tain inclusions of quartz and opaque minerals and most 
tourmaline grains show growth zoning with gradational 
colour change from core to rims (Fig. 5b and f ). Some of 
the zoned tourmaline grains display greyish cores and 
thin brownish rims with few crystals having brown cores 
and gray to greenish rims (Fig. 5d). Cellular textures are 
observed in the finer tourmaline grains (Fig. 5b and f ).

The chemical composition of the cores and rims of 
various tourmaline crystals analyzed are presented in the 
Table as Electronic Supplementary Material 1 alongside 
the substitutions in the X, Y and Z sites of the tourmaline 
structure. The chemical variations noted are in the range of 
Si 7.3–9.0 apfu, Fe 1.0–1.9 apfu, Al 5.7–8.5 apfu, Mg 1.4–2.7 
apfu, and Na 0.2–0.9 apfu. Although variation in Na is rela-
tively high, the data show low Na compared to the X-site. 
The Ca contents are equally low and show relatively small 
variations in the range of 0.1–0.5 apfu. The Ti content is 
low and ranges from 0.01–0.18 apfu. The contents of Mn, 
K and F are very low (< 0.1 wt%). The tourmaline data show 
high Mg/(Mg + Fe) ratios in the range of 0.4–0.7 and low 
Fe/(Mg + Fe) ratios of 0.34–0.52, with variable X-vacancy/ 

Fig. 5  Hand specimen and photomicrographs of tourmaline from 
the Gankounbol-Djouzami-Beka area with an emphasis on the 
sample material studied. (a) Representative hand specimen of the 
tourmaline enriched sample from the metasediment-granitoid 
contact zone (aureole) with 1.8g/t Au and slender or acicular tex-
ture, associated with K-feldspar. (b–f) are from the impregnated 
saprock studied: (b) Tourmaline in plane-polarized light (PPL) 
typically brown, showing patchy to oscillatory zoning, with quartz 
and opaque minerals inclusions. Some tourmaline aggregates are 
weakly zoned with cellular texture. (c) Tourmaline is associated with 
amphiboles, quartz and opaque minerals. (d) Tourmaline exhibiting 
the hexagonal crystal form zoned with opaque mineral inclusions. 
Note that all tourmaline crystals show evidence of brittle deforma-
tion (fractures healed with quartz and opaque minerals). (e & f) 
Tourmaline samples typically brown
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(X-vacancy + Na ratios (-0.01–0.53). High Na/(Na + Ca) ratios 
range from 0.5 to 0.8. The values of Fe# [100* Fe/(Mg + Fe)] 
are not > 52.59.

Almost all the analyzed tourmaline grains plot in the 
field of alkali group of the schorl-dravite range (Fig. 6a) 
on the Ca-Xvacancy-(N + K) discrimination diagram of 
Henry et al. [2], showing high Al, low  Fe3+−, and high Mg. 
On the Ca-Fe–Mg discrimination diagram of Henry and 
Guidotti [64] the tourmaline data fall in the field of Ca-
poor metapelites, metapsammites, and quartz-tourmaline 
rocks (Fig. 6b). These tourmalines have high Mg/Fe + Mg 
ratios (0.47–0.7), high Na/Na + Ca ratios (0.5–0.78) and 
plot in the dravite field (Fig. 7a and b). Chemical variation 
of tourmaline composition in metasedimentary rocks 

and hydrothermal quartz-tourmaline veins are mostly 
explained by the  Mg+1Fe-1 and □Al+ 1(NaMg)−1exchange 
vector joining the dravite to Mg-foitite end-members 
(Fig. 7c–d). All shows a positive correlation on the Al versus 
X-site vacancy plot (Fig. 7d) consistent with the (□Al + 1)
(Na Mg2 +)-1 exchange vector. The Y site in the studied 
tourmaline is dominated by Mg according to structural 
formula calculations (Table 1). On the binary plot excess 
charge (Y-site) versus  Fetot + Mg + X-vacancy (Fig. 7e), the 
tourmaline composition is above the dravite-schorl line 
and parallel to the (□Al + 1)(NaMg2 +)-1 exchange vector.

3.2  Gold grain morphology and microchemistry

The gold grains recovered from saprock exhibit variations 
in their shapes and sizes. Representative SEM/BSE images 
of morphology for the analyzed grains are presented 
in Figs. 8,9a and b. The three main grain morphologies 
include elongated-ellipsoidal wire-like gold, irregular, and 
bean shaped, with all exhibiting rough surfaces bearing 
cavities filled with oxides and silicates.

The representative EDS spectra of the analyzed gold 
grains are shown on Fig. 9a and b and the gold grain com-
positional data presented on Table 1. From the SEM/EDS 
data, the analyzed gold grains range from pure gold (100 
wt%) to alloys of Au–Ag, and of Au–Ag-Cu, with Au rich 
rims and Ag rich cores (Fig. 9a and b). Generally, the gold 
grains display a wide range in Au content from 57.15 to 
100 wt%, with fineness values in the range of 571–1000. 
The elongated-ellipsoidal gold grains have high purity 
gold rims (86.54-100wt% Au), lower Ag (1.43–8.48 wt%) 
and traces of copper compared to their lower purity cores 
(88.83 wt% Au, 5.72 wt% Ag, 4.82 wt% Cu). The irregular 
and bean-shaped gold grains show lower purity gold cores 
and rims (57.15–62.78 wt% Au), higher Ag (34.46–42.85 
wt%) and Cu (2.76–5.45 wt%). Ag content in all the ana-
lyzed grains shows significant variation, with the highest 
Ag content recorded in the irregular and bean-shape gold 
grains (23.77–42.85wt%). The Au/Ag content varies from 
core to rim for the different gold grains analyzed, with 
copper detectable in most gold grains. This variation is 
observed both between different grains, and within the 
same grains (Table 1). The common minerals associated 
with the gold grains include quartz, Fe-oxide, monazite, 
garnet, copper oxide, ferrosilite and a niobium alloy, all of 
a few microns in size. On the Au–Cu–Ag discrimination dia-
gram, the gold grain data plot in the field of hydrothermal-
orogenic gold type deposit (Fig. 10). The compositional 
variation trend for Au, Ag and Cu for the analyzed gold 
grains is not systematic from core to rim (based on gold 
fineness and EDS spectra; Fig.9a and b).

Fig. 6  Classification diagrams of the Gankoumbol-Djouzami-Beka 
tourmaline (Tur). (a) Ca-Xvacancy-(N+K) ternary discrimination plot 
[after 54] illustrating that the Tur belongs to the alkali group. (b) 
Ternary Ca-Fe-Mg diagraim showing the compositional variation of 
tourmaline [after 56]. (The studied tourmaline samples define a Ca-
poor metapelites, metapsammites, and quartz-tourmaline rocks.)
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4  Discussion

4.1  The tourmaline‑primary gold link 
and ore‑forming fluid

The proximity of the gold mineralization in the study 
area to granitic plutons and shear zones is pertinent to 
unraveling the origin and nature of primary gold min-
eralization in the area. We interpret from tourmaline 
abundance and similarity in textural features both in 
the undisturbed saprock developed in situ and overly-
ing the metagranitoid-metasediment contact (aureole 
around the granitic plutons), both containing recover-
able gold grains, that they were all precipitated from a 
similar hydrothermal fluid. From the petrographic inves-
tigations, the textural relationships are consistent with 
growth zoning in tourmaline [65]. Furthermore, forma-
tion of patchy zoning, pale discordant reaction rims, 

and multiple growth zones in tourmaline (Fig. 5b and 
f ), are interpreted as evidence of multiple episodes of 
tourmaline growth [66]. Zoning irregularities and cellu-
lar textures in the fine-grained tourmaline population is 
possibly a product of coalescence of a number of small 
tourmaline crystals followed by relatively regular or dis-
crete growth around the coalesced center. The prepon-
derance of these cellular textures in the fine-grained 
tourmaline grains relative to the coarse-grained tour-
maline crystals points to a greater effect of dissolution-
diffusion processes on the former [3]. All of the textural 
features described above, resulting from post-growth 
dissolution-diffusion processes, formed during the 
hydrothermal phase. The quartz inclusions observed in 
tourmaline crystals and porphyritic poikiloblasts reflect 
a hydrothermal signature associated to its crystalliza-
tion (Figs. 4c–d, 5b). The optically zoned tourmaline is 
typical of hydrothermal orogenic gold deposits, with 

Fig. 7  a Classification of tour-
malines from the Gankoumbol-
Djouzami-Beka district based 
on the calculated Mg/(Mg + Fe) 
versus X-site Vacancy b Mg/
(Mg + Fe) versus Na/(Na + Ca), 
illustrating that tourmaline 
belongs to the dravite field. 
c Chemical variation Binary 
diagram Mg versus Fe cation 
occupancies in tourmalines 
showing rich magnesium 
composition. d Binary diagram 
Al versus X-site vacancy of 
cation occupancies showing 
Al-rich tourmaline. The tour-
maline data from this study is 
plotted with major element 
data from the Kiaka orogenic 
deposit, Burkina Faso and 
the Hattu schist belt, Finland. 
e The binary excess charge 
versus  Fetot + Mg + X-vacancy 
diagrams illustrating tour-
maline composition from the 
Gankoumbol-djouzami-Beka 
area. Upper Lom Basin. (1) 
X-vacancy—R2 + –O rootname 
(oxy-magnesio-foitite) and 
oxy-foitite, (2) schorl, dravite, 
magnesio-foitite, foitite. (The 
tourmaline data from this 
study is plotted with major ele-
ment data from the Kışladağ 
deposit, China
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the brown zones exhibiting relatively high Fe content, 
while the light-gray zones show high Mg content. The 
major element occupancy in the crystallographic sites 
of tourmaline crystal with general formula  XY3Z6(T6O18) 
 (BO3)3V3W [61] determines the structural formula of 
the tourmaline-super group minerals. These sites serve 
as primary parameters in the tourmaline nomencla-
ture. Ionic variations of greatest interest occur on the 
X-site =  Na1+,  Ca2+,  K1+ and □ (vacancy), the Y-site =  Fe2+, 
 Mg2+,  Al3+,  Fe3+,  Li+1, and the Z-site =  Al3+,  Fe3+,  Mg2+ and 
 Cr3+, B =  B3+, T-site by Si and, V-sites by O, OH, and W-site 
by  OH−,  O2−,  F−,  Cl− [6, 7, 61]. The tourmaline data from 
this study (Fig. 7a and b) show affinity with Na-Mg (+ Fe) 
tourmalines of dravitic composition [61] common in 
intrusion-related gold deposits.

The major element composition of tourmaline in shear 
zone-related orogenic gold deposits, dominated by high 

fluid-rock ratio is generally buffered by the fluid phase [64]. 
The dominant  Mg+1Fe-1 and □Al+1(Na,Mg)-1 exchange vec-
tors (Fig. 7c and d), may be suggesting tourmaline pre-
cipitation from reduced hydrothermal fluids [15, 67]. The 
Mg-Fe2+ substitution is indicative of an insufficient propor-
tion of  Fe3+ in the tourmaline composition [66]. However, 
low Fe content in tourmaline has been demonstrated to 
reflect high abundance of Fe-oxides and sulfides, and 
indicates greater ore-forming potentials [68], or an evo-
lution from an Fe-rich to Mg-rich variety resulting from 
late-stage sulphide deposition [69]. So, this maybe sug-
gesting that lode gold mineralization in the Upper Lom 
Series is most likely associated with Fe-sulfides and oxides 
as is the case in the Lower Lom Series [26, 52]. Low Fe con-
tent can also be attributed to the precipitation of hema-
tite [70]. The absence of Al-Fe3+ elemental substitution in 
tourmaline may suggest tourmaline crystallization from 

Table 1  Electron microprobe analytical data (wt%) of gold grains from the Upper Lom river channel, eastern Cameroon

Analytical points Ag Au Al Ce Cu Fe Nb Nd O p Rb Si Zr Total Fineness

1 60.99 1.19 37.82 100
2 52.04 47.06 99.1
3 0 0 31.93 2.34 0 54.58 11.16 100.01
4 88.3 11.7 100
5 40.3 59.7 0 100 597
6 23.77 76.23 0 100 762.3
7 72.19 0 27.81 100
8 7.56 89.32 3.12 100 921.96
9 14.36 80.83 4.81 100 849.14
11 13.46 86.54 0 100 865.4
12 0 100 0 100 1000
1 0 0 39.04 60.96 100
2 5.72 88.83 5.45 100 939.50
3 0 100 0 100 1000
4 11.58 40.84 31.01 16.57 100
5 34.46 62.78 2.76 100 572.55
6 42.85 57.15 0 100 571.5
7 39.37 60.63 0 100 606.3
8 0 100 0 100 1000
1 0 100 0 100 1000
2 4.01 92.44 3.56 100.01 958.42
3 0 100 0 100 1000
4 1.43 98.57 0 100 985.7
5 2.11 97.89 0,00 100 978.9

0
1 88.83 9.25 1.93 100.01 94.31
4 8.48 91.52 0 100 915.2

0
Map1 7.61 92.39 0 100 923.9
2 12.74 0 1.07 72.82 13.38 100.01 0
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a reducing hydrothermal fluid [11]. Our data show high 
Mg/(Fe + Mg) ratio 0.47–0.7, low Ca content 0.18–0.47apfu, 
low Fe content 1.0–1.9 apfu, and low Na content 0.2–0.9 
apfu, (Fig.7a–d). These results are consistent with syn-
ore hydrothermal tourmaline from the orogenic gold 
deposit described in the Loulo Gold district in Mali [71]. 
Our results are also consistent with tourmaline hosted in 
metagreywacke in the felsic pluton linked Kaika orogenic 
gold deposit in Burkina Faso (West Africa) plotting in the 
dravite field [Fig. 7a 7 b; 15].

The occurrence of tourmaline in the saprock par-
agenesis at the Upper Lom Basin is an indication of the 
importance of boron in the original hydrothermal system 
responsible for the gold mineralization. Na and Ca are a 
function of fluid salinity as their concentrations determine 
the composition of the X-site in tourmaline [6]. The low 
Na (0.2–0.9apfu) and Ca (0.18–0.47 apfu) contents com-
pared to the relatively high contents in X-site vacancy 
(0.46–1.23apfu) indicate low salinity magmatic fluid as 
tourmaline derived from metasediments would have 
higher Na content. Fluid inclusion data in the eastern 
Cameroon goldfields yielded similar results (~ 7.5 wt% 
NaCl equivalent), further supporting a granite-related 

source for the ore-forming fluids [26, 72]. Reported δ34S 
(+ 6.5 to + 7.0‰) for gold-bearing pyrites from the eastern 
goldfield also suggests a mixed magmatic-metamorphic 
source for the sulfur that was involved in the precipitation 
of sulfide minerals. The concentrations of pyrite and tour-
maline in the hydrothermal alteration zone from this study 
suggest a significant volatile component  (H2S, B) in the 
mineralizing fluid. The following conditions are proposed 
to control hydrothermal tourmaline precipitation and gold 
mineralization in the Upper Lom Series; low to moderate 
salinity, and reduced hydrothermal fluids.

Preliminary B isotope data (Fontem, unpublished data, 
n = 9) supports this granite-derived B-rich fluid as the δ11B 
isotopic values of the tourmaline (Fig. 11) are high. Such 
high δ11B values suggest the involvement of an I-type 
granitic pluton [73]. Neoproterozoic granitoids in the 
eastern Cameroon goldfields are also I-type metalumi-
nous to slightly peraluminous and associated with gold 
mineralization [57, 58]. As an incompatible element, B is 
readily transported by granitic melts and hydrous fluids 
derived therefrom [74]. Granitic rocks emplaced along 
gold-bearing shear zones associated with significant 
hydrothermal alteration is proposed as a major source of 

Fig. 8  BSE images of repre-
sentative saprolite layer gold 
grains from the Gankoumbol-
Djouzami-Beka area (Upper 
Lom Series). (a & b) Sub-
rounded gold grains showing 
smooth surfaces pitted rims 
with regular outlines. The 
bean-shaped gold grains show 
pitted surfaces with regular to 
irregular outlines. (c & d) elon-
gated gold grains show pitted 
surfaces with smooth outlines, 
whereas the irregular gold 
grains display rough surfaces 
with cavities filled with oxides 
and silicates and irregular 
outlines. The inserted red “X” 
identifies the analyzed spots
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Fig. 9  SEM images (a & b) and EDS patterns of gold grains from the saprock layer

Fig. 10  Ternary diagram 
Au–Ag × 10    versus Cu × 100 
discrimination plots of gold 
compositions in this study 
(Gankoumbol-Djouzami-Beka 
area, Upper Lom Basin) com-
pared with chemical composi-
tion superficial gold deposits 
in eastern and northern 
Cameroon goldfields; Batouri 
eluvial gold [33], Bétaré Oya 
vein Au [50], Lom and Nyong 
alluvial gold [29], Primary gold 
East region, Cameroon [45], 
Betare Oya alluvial Au [23], 
Gamba district Au [26]
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boron-rich magmatic fluid [15]. Magmatic-hydrothermal 
fluids enriched in isotopically heavy boron probably domi-
nated the formation of tourmaline [75]. Although the pos-
sibility of an external boron-enriched fluid leached from 
the widespread metamorphic basement rock may not be 
totally ruled out [52, 56] as inferred from the sulfur iso-
tope data in the area, our B isotope data points firmly to a 
dominant granite derived ore-bearing fluid. Hydrothermal 
tourmaline can therefore be used as a suitable exploration 
tool for primary orogenic gold deposits.

4.2  Implications for the regional footprint 
of primary gold mineralization

The residual gold grains in our study show no evidence 
of transportation and secondary overgrowth structures. 
The elongated grains and pitted rims provide evidence of 
intense in-situ physical and chemical weathering marked 
by deep Ag leaching at the rims. The irregular and bean-
shaped gold grains with rough outlines and cavities sug-
gest recently dislodged grains from the bedrock into the 
saprock with limited weathering effect.

The microchemical classification of alluvial and elu-
vial gold grains is a technique that has been applied by 
many authors to provide information on the type, source 
and mode of primary gold mineralization in an area [21, 
30, 34, 36, 39, 62]. Primary mineralization studies and 
source deposit type can be investigated using Au-alloy 

composition and gold grain geochemical variation [76]. 
The Ag content in gold grains and alloyed elements are cri-
teria considered when interpreting gold grain microchem-
istry and used to determine the deposit type [76]. Core 
chemistry of gold grains has been interpreted to closely 
represent the lode gold source chemistry [62].

The chemical composition of the gold grains recov-
ered from the saprock at Gankoumbol-Djouzami-Bekain 
the Upper Lom Basin shows a Au–Ag ± Cu signature. This 
is similar to the Au–Ag ± Cu ± Hg ± Se signature reported in 
the Lower Lom Basin [52]. High Ag and low Cu content is 
indicative of a hydrothermal-orogenic type mineralization 
[21, 22]. The high purity in gold content recorded in rims 
and cores sections of some grains (100wt. %; n = 5) is inter-
preted to reflect preferential Ag leaching resulting from 
intense in-situ chemical weathering yielding such high 
gold fineness (purity). The high Ag content recorded in the 
core and rim portions of irregular recently dislodged gold 
grains at the sap rock/saprolite boundary could be related 
to the limited physical and chemical weathering result-
ing to negligible Ag leaching and point to the presence of 
electrum, a natural alloy of gold with > 20 wt% Ag sourced 
from Ag-enriched primary deposit. Cu content < 1 in gold 
grains are usually interpreted to indicate a hydrothermal 
granite-related type deposit for the primary source [22]. 
Our data show Cu contents in the range of 1.9 to 5 wt%. 
These gold grains all show characteristics of hydrothermal-
orogenic gold deposit type [35; Fig. 10]. Variations from 

Fig. 11  Reconnaissance B isotope data (Fontem, unpublished data) 
for tourmaline in the studied sample compared to other deposits 
worldwide (Data are compiled from: [13, 19]. While more detailed 

isotope work is need, these data suggest granite-derived B-rich 
hydrothermal fluid involvement in the development of the tourma-
line and possibly gold mineralization
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pure Au, to Au–Ag alloy, and Au–Ag-Cu alloy, in the core 
of some gold grains equally suggests multiple episodes of 
gold precipitation events from a voluminous fluid system 
during the primary gold deposit emplacement. Thus, the 
primary lode is plausibly a hydrothermal gold deposit type 
with primary mineralizing fluids sourced from the felsic 
intrusions as evidenced by the B-isotope data. Previous 
studies in the eastern goldfields in Cameroon are sugges-
tive of the fact that primary gold mineralization is typically 
of intrusion-related gold deposit setting [24, 25], with gold 
remobilized from early magmatic sulphides by fluids and 
concentrated along shear zone [25]. The Au alloy composi-
tion is both binary (Au–Ag) and ternary (Au–Au-Cu). This 
may attest to slight changes in hydrothermal composition 
(e.g., salinity, pH, Eh, temperature) during hydrothermal 
fluid evolution. These findings are consistent with results 
of previous researchers in eastern Cameroon [21–23, 37, 
38, 47].

4.3  Implications to metallogenesis and gold 
exploration targets

Tourmaline textural and chemical features as well as 
gold microchemical characteristics point to an orogenic-
hydrothermal style primary gold mineralization in this 
area. Although previous studies have suggested mixed 
magmatic-metamorphic hydrothermal fluids responsi-
ble for gold mineralization in this area, our B isotope data 
clearly points to a granitic source. This has implications 
for metallic resource exploration as tourmaline-rich rocks 
in the vicinity of the felsic plutons in the Lom Basin would 
preferably be target areas for future exploration.

5  Conclusion

This study was designed to investigate the link between 
B metasomatism expressed as tourmaline formation, and 
gold mineralization in the aureole of a granitic pluton. 
We demonstrate here that the black tourmaline in the 
Gankoumbol-Djouzemi-Beka area in the Upper Lom Basin 
occurs as disseminations in gold-bearing quartz-tourma-
line veins, and as metasomatic-hydrothermal replacement 
tourmaline at the granitoid-metasediment contact and 
alteration zones hosting 0.6–1.8 g/t Au. The tourmaline-
bearing veins trend NE-SW crosscutting the metasedi-
ment country rock, and straddling granite-metasediment 
margins. The hydrothermal tourmaline data in this study 
show affinity with the alkali group with a dravitic com-
position. δ11B isotope values of the tourmaline are high 
suggesting the involvement of granitic plutons in the 
area. This is consistent with low Na content in the tour-
maline. The high purity in gold content recorded in rims 

and cores sections of some grains (100wt. %) is interpreted 
to reflect preferential Ag leaching resulting from intense 
in-situ chemical weathering. The high Cu content in the 
gold grains probably points to a hydrothermal-orogenic 
gold deposit type with high fluid-rock interaction result-
ing from episodic fluid influx. This is also reflected in the 
Au-alloy composition (Ag, Cu), suggesting multiple epi-
sodes of gold precipitation events from an evolving fluid 
system. Tourmaline morpho-chemical features and gold 
microchemistry points to an orogenic-hydrothermal style 
of primary gold mineralization in this area, and has impli-
cations for gold exploration as tourmaline-rich rocks in 
the vicinity of the granitic plutons in the Lom Basin would 
preferably be target areas for future exploration. The limi-
tation of the study lies in the relatively restricted number 
of tourmaline grains analyzed for B isotope. More data on 
the various forms of tourmaline in the metasediment and 
the granite away from the contact zone investigated in this 
study should throw more light on the diversity of tourma-
line and B sources in the region.
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