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Abstract

The giant Imiter epithermal Ag—Hg vein deposit in the Anti-Atlas
Mountains of southern Morocco formed during a major episode of
mineralization linked with Ediacaran volcanism at ca. 550 Ma. Silver was
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deposited during two main epithermal mineralizing events referred to as
epithermal-quartz (ESE-Qz) and epithermal-dolomite (ESE-Dol) stages
under distinct stress fields (i.e., WNW-ESE and N-S shortening
directions), and is confined to the late Neoproterozoic, N60-90°
E-trending, transcrustal Imiter fault zone. Economic orebodies are aligned
mainly along the interface between sedimentary and volcanic units of
lower and upper Cryogenian age. The ore mineralogy consists principally
of Ag-Hg amalgam, argentite, polybasite, pearceite, tetrahedrite-
tennantite, proustite-pyrargyrite, imiterite, acanthite, arsenopyrite, pyrite,
sphalerite, and galena. Gangue constituents are dominated by quartz
(ESE-Qz stage) and dolomite (ESE-Dol stage). Wall-rock alteration is
well developed and includes silicification and dolomitization, and minor
propylitization and kaolinitization. Fluid inclusion data indicate that the
mineralizing fluids evolved through time, from a mean temperature of
~ 180 °C and salinity of ~10 wt% NaCl during ESE-Qz stage I, to a
mean temperature of ~ 165 °C and salinity of ~24 wt% NaCl equiv
during ESE-Dol stage II. Calculated trapping pressures, in the range of
1.1-0.9 kbar, exclude fluid unmixing “effervescence” as a viable ore
depositional mechanism. Conversely, halogen compositions suggest the
involvement of magmatic brines and evolved seawater. Stable (C, O, S)
and radiogenic (Pb, Re/Os) isotope data, together with noble gas isotope
compositions, are consistent with various degrees of mixing between
mantle and crustal sources along the fluid flow path. Collectively, these
data suggest that degassing of CO, and SO, during epithermal mineral-
ization and related fluid/rock interactions led to local redox-potential
decreases and pH increases that resulted in preferential deposition of
massive amounts of native Hg-rich silver instead of Ag and Hg sulphide
minerals.

proven reserves of silver. Underground mining
began in 1978 and continues to the present.

The first mining activity documented in the
world-class Imiter Ag-Hg district dates to the
Almohad Dynasty in the 12th Century (Leistel
and Qadrouci 1991). In more recent times, the
deposit was rediscovered during a campaign of
aerial prospection carried out in 1951 by the
Office National des Hydrocarbures et des Mines
(ONHYM; formerly BRPM). In 1969, Omnium
Nord Africain Group (ONA) and ONHYM cre-
ated the so-called “Société Métallurgique d’Imi-
ter” (SMI) to re-process tailings by cyanidation
(650,000 t at 300 ppm Ag). In parallel, contin-
uing exploration delineated significant new

Production has increased exponentially from 40
to 250 Mt of Ag/yr since the creation of SMI in
1969. Continued intensive exploration over the
past 10 years has outlined three additional ore-
bodies referred to as Igoudrane, Puits IV, and
Imiter South. As a result, silver reserves have
grown to more than 10,000 t with mine life being
extended an additional 15 years (Newman 2009).
Average silver grades range from 300 to
1,000 g/t and locally can reach 5,000 g/t. Current
annual production is about 200—300t Ag;
remaining mineral resources are estimated at
3,000 Mt Ag (Newman 2009).
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Based on these production estimates, the Imi-
ter deposit is considered one of the largest silver
deposits in the world (Katrivanos 2015). To
explain the origin of such a huge silver concen-
tration, diverse genetic models have been pro-
posed (Leistel and Qadrouci 1991; Baroudi et al.
1999; Levresse et al. 2004). These models range
from syngenetic (Vargas 1983; Popov et al. 1986;
Guillou et al. 1988; Popov 1995) to epigenetic
(Leistel and Qadrouci 1991). From 2000 onward,
most workers have advocated epithermal miner-
alizing processes (Levresse 2001; Cheilletz et al.
2002; Levresse et al. 2004). However, despite an
impressive number of geochemical investiga-
tions, the genesis of the Imiter Ag deposit remains
uncertain, particularly the origin(s) of the
ore-forming fluids, sources of heat and metal
components, mechanism(s) of ore deposition, and
the age of mineralization. The objective of the
present contribution is to update the geologic
history, mineralization, and paragenesis of the
Imiter deposit, and more importantly to con-
tribute, with new data on fluid inclusions, halo-
gens, and lead isotopes, constraints on the source
(s) of sulphur and metals. Based on these newly
acquired data, we provide important insights into
the origin and evolution of the mineralizing sys-
tem, together with implications for understanding
ore-forming processes in the context of local
Neoproterozoic magmatism.

2 District Geology

The Ag-Hg Imiter deposit (32° 43' N Lat;
5° 36" W Long) is located in the northern part of
the Precambrian Saghro massif (Fig. 1). This
massif forms part of the 680-580 Ma Pan African
Anti-Atlas orogenic belt, north of the West Afri-
can Craton margin (Ennih and Liégeois 2001).
Regional and local geology of the district have
been extensively investigated over the past sev-
eral decades, resulting in a wealth of scientific
information including geological maps at differ-
ent scales, university theses, research papers, and
unpublished mining company reports (Leistel and
Qadrouci 1991; Pasava 1994; Ouguir et al 1996 ;
Baroudi et al. 1999; Levresse 2001; Fekkak et al.

2001; Cheilletz et al. 2002; Levresse et al. 2004;
Gasquet et al. 2005; Tuduri et al. 2005).
Accordingly, only a summary relevant to the
present synthesis is given below.

The oldest rocks assigned to the Saghro
Group (Thomas et al. 2004) were deposited on
the Neoproterozoic basement. Strata of the
Saghro Group form a lower complex consisting
of a strongly folded Cryogenian succession of
greenschist-facies greywacke and organic-rich
black shale, locally intruded by ca. 570-580 Ma
granodioritic to dioritic intrusions (e.g., Taouz-
zakt and Igoudrane plutons). The black shales,
which host the majority of Imiter silver miner-
alization, were deposited at the outer part of a
passive continental margin that developed in an
extensional back-arc environment (Marini and
Ouguir 1990; Ouguir et al. 1996).

Unconformably overlying the clastic sedi-
mentary rocks of the lower complex are Edi-
acaran volcanic and volcaniclastic rocks of the
upper complex assigned to the Ouarzazate
Supergroup (580-560 Ma; Mifdal and Peucat
1985). The main lithologies are immature con-
glomerate at the base grading upward into
andesitic lava flows and felsic ignimbrites (572—
550 £ 3 Ma; U/Pb zircon) and associated coge-
netic granites (580-570 Ma, U/Pb zircon)
(Cheilletz et al. 2002). At the end of the Neo-
proterozoic, a marine transgression invaded all of
the Anti-Atlas and deposited the so-called
“Adoudounian” (Lower Cambrian) succession.
This succession is composed of interbedded
carbonate, purple shale with minor siltstone,
evaporites, greywacke (Piqué et al. 1999; Alvaro
et al. 2014) and mafic sills dated at 529 + 3 Ma
(Ducrot and Lancelot 1977, recalculated) and
531 £ 5 Ma (Gasquet et al. 2005).

Silver mineralization occurs within the Cryo-
genian black shale and partly in the Ediacaran
volcanic rocks. More importantly, this mineral-
ization is localized along the Late Neoprotero-
zoic, N60-90° E-trending transcrustal Imiter
fault zone (Fig. 1), which straddles the boundary
between the lower and upper complexes. The
prominent Imiter fault zone consists of complex
arrays of N90° E and N60-70° E faults that
exhibit, at map scale, apparent sinistral pull-apart
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Fig. 1 a Geological map of Imiter Ag—Hg deposit area,
Anti-Atlas, Morocco. Modified from Leistel and Qadrouci
(1991). b Horizontal projection of silver ore body in B3
Hill workings (1350 m is altitude of this mining level);

structures (Ouguir et al., 1994; 1996; Tuduri
et al. 2005). Reactivation of the Imiter fault
system during the Hercynian orogeny facilitated
the injection of variously aged dike swarms of

¢ N-S synthesized geological cross section drawn for B3
Hill (white stars indicate sampling locations within the
mine)

diverse composition ranging from trachyandesite
to high-K microsyenite and microgabbro. One
microsyenite dike has been dated at ca. 200-
204 Ma (**Ar/*°Ar on biotite and K-feldspar;
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Borisenko et al. 2013). The Takhatert rhyolite is
characterized by a well-defined, domal structure
(Fig. 1), suggesting that it is a hypabyssal body.
The felsic dikes, including the Tachkakacht dike,
are similar in composition and age to the
Takhatert rhyolite (547 £ 8 Ma; U/Pb zircon;
Levresse 2001). Pan-African regional metamor-
phism under greenschist-facies conditions resul-
ted in the formation of chlorite-, muscovite-, and
pyrophyllite-bearing mineral assemblages, with
peak conditions reaching 350 °C and up to 3 kb
(Thomas et al. 2004). Higher temperatures were
attained locally in the aureoles of post-kinematic
intrusions (547 + 26 Ma; Thomas et al. 2004).

3 Mineralization

Silver mineralization is structurally controlled
within a system of ENE-WSW- to E-W-trending,
variously dipping, transpressive to transtensional
structures. These structures include vein swarms,
veinlets, cemented breccias within veins, and
lensoidal or pocket-like masses and fillings of en
echelon tension gashes. Most, if not all, of the
exploited silver orebodies are confined to the
prominent Imiter fault zone (Fig. 1), which is
typically aligned along the interface between the
lower and upper lithostratigraphic complexes. In
addition to the Ag—Hg ores within the mineral-
ized structures, Ag—Hg minerals also occur dis-
seminated in the basal conglomerate and black
shales. Overall, the veins are up 4 m wide and
extend laterally from a few meters to more than
1 km, are spaced 50-100 m apart, strike
N160° E, and dip steeply (70° to ~90°).
Where Ediacaran volcanic rocks of the upper
complex are present (e.g., Hill B3; Fig. 1), the
orebodies are largest within the basal conglom-
erate and are continuous through the fractured
rock within the Imiter fault zone. Silver miner-
alization has never been found within the ande-
sitic host rocks or the ca. 580-570 Ma
granodiorite exposed at Hill B3. Both rock types
seem to represent a “cap rock” for mineralization.
The spatial distribution of the orebodies appears,
therefore, to be linked directly to the rheology of
the surrounding host rocks. In this regard, we

suggest that the foliated nature of the host rocks
facilitated later fracturing, fluid flow, and
emplacement of the mineralized veins.

Two principal vein systems, referred to as
“Imiter 1 and “Imiter 2” have been mined both
from open pits and underground workings. The
Imiter I vein system consists of three variably
dipping structures (F,, Fy north, and F, south)
that strike N9O-N65° E. In contrast, Imiter 2
comprises three vein orebodies referred to as R,
R;, and Bj that exhibit roughly the same geo-
metric characteristics in terms of orientation and
dip. Recent exploration in the district has delin-
eated three new orebodies referred to as Igou-
drane, Puits IV, and Imiter South (Fig. 1).

Textural relationships together with mineral
assemblages indicate a complex history involv-
ing contemporaneity of replacement and
open-space filling. The veins display comb,
cockade, laminated, breccia, and crack-and-seal
textures, suggesting that multiple mechanisms
were important for trans-tensional vein forma-
tion. Early precipitated minerals are cut or brec-
ciated, and subsequently cemented, by later
phases. Collectively, these textural features
indicate that mineralization took place in open
spaces, and imply that the Imiter orebodies
formed in a relatively shallow environment.

Spatial and temporal relationships between
the silver mineralization and country rocks indi-
cate four distinct and successive mineralizing
events. From oldest to youngest, these events are:
(1) recrystallization during Pan-African meta-
morphism of syngenetic-diagenetic pyrite hosted
in Cryogenian black shale; (2) development of a
discrete, base-metal mineral assemblage
(BMS) adjacent to metamorphic aureoles
induced by intrusion of the granodiorite (ca.
572 Ma); (3) formation of epithermal silver
mineralization (i.e., ESE stage) dated at ca.
550 Ma (Cheilletz et al. 2002; Levresse et al.
2004), which constitutes the bulk of exploited
mineralization in Imiter; and (4) Ag—Hg remo-
bilization at 255 Ma (Borisenko et al. 2013).
Cross-cutting relationships and mineral assem-
blages indicate that the epithermal silver miner-
alization occurred during two main stages
referred to as epithermal-quartz (ESE-Qz) and
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epithermal-dolomite (ESE-Dol) (Levresse 2001;
Cheilletz et al. 2002; Levresse et al. 2004; Bur-
niaux and Williams-Jones 2006; Tuduri et al.
2005; Borisenko et al. 2013; this study). Each
stage is characterized by particular styles, ore and
gangue mineral assemblages, and silver grades
(Fig. 2).

The first silver mineralizing stage (ESE-Qz Stage
I) formed during a dextral transpressive event under
WNW-ESE shortening (Tuduri et al. 2005). Prin-
cipal minerals are quartz (Qz-1), Ag-Hg amal-
gam, argentite, polybasite, pearceite, tetrahedrite-
tennantite, proustite-pyrargyrite, imiterite, acanthite,

G. Levresse et al.

arsenopyrite, pyrite, and galena. The following stage
(ESE-Dol Stage II) resulted from reopening of the
earlier veins in response to normal, sinistral regime
(Tuduri et al. 2005). This stage comprises pink
dolomitic alteration and an associated mineral
assemblage dominated by Ag—Hg amalgam, acan-
thite, tetrahedrite-tennantite, galena, sphalerite,
pyrite, chalcopyrite, and arsenopyrite. The type of
gangue mineral (i.e., quartz vs. dolomite) appears to
be strongly controlled by lithology of the host rocks
(Ediacaran volcanics vs. Cryogenian black shale).
Within the Imiter deposit, the most highest
grade impressive orebodies are developed along

Mineralogical stage s13c 3180

206pp, 204pp,

18704/1880
207py, 204pp,

534s

Qtz stage 1

quartz-1
muscovite
pyrite
arsenopyrite
chalcopyrite
sphalerite
galena
tetrahedrite
Ag-amalgam
argentite
polybasite
pyargyrite
proustite

1,05-1,84Ra
-11,9t0 -4,5
-2,4

-10,9to0 -8,0
-10,0to -4,8

0,199

0,185 0,76Ra

0,183 10 0,195

0,143

Dol stage 2

dolomite -10.5to0 -8.1
pyrite
arsenopyrite
chalcopyrite
sphalerite
galena
Ag-amalgam
argentite
polybasite
imiterite
pyargyrite
proustite
pearcite
cinnabar

-13.4t0 -0.1

0,89Ra
-8,0 to -4,1
-22,6t0 -1,8
-3,2
-9,3t0-5,0

1061 .1 185510 15,59

18,11 t0 18,17

-7,0 0,147 1,21Ra

-27,7

Fig. 2 Paragenetic succession for Imiter Ag—Hg deposit and ranges of isotopic values for C, O, S, Pb, Os, and He
during epithermal silver mineralization (Pasava 1994; Levresse 2001; Levresse et al. 2004; this study)
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extensive fault zones and related breccias that in
places contain tens of kilograms of native silver
(i.e., Ag-Hg and Ag). It is noteworthy that Hg
contents of the Ag—Hg amalgam increase from
quartz-dominant stage I to dolomite-dominant
stage I, with Hg abundances ranging from 10 to
30 % and 20 to 40 %, respectively. Where
observed, silver sulphosalts precipitated either
with, or as replacements of, preexisting sul-
phides. Imiterite (Ag,HgS,) is the most common
Hg-bearing sulphide and forms needles filling
dolomitic geodes that are spatially associated
with cinnabar and argentite (Guillou et al. 1985).
Supergene oxidation is scarce and limited to
upper levels of the deposit (Levresse et al. 2004).
The oxidized mineral assemblage there includes
milky quartz, rhodochrosite, kaolinite, erythrite,
malachite, azurite, marcasite, lavendulan
[NaCaCus(AsOy4)4Cl*5H,0], cerussite, and the
iron oxides hematite and goethite.

Wall-rock alteration is weakly developed.
Major types include propylitization, silicification,
dolomitization, and kaolinitization. Silicification
and dolomitization are prominent around the
mineralized structures, whereas kaolinitization is
spatially limited and paragenetically late.

4 Age of Mineralization

Based on field relationships and *°Ar/*°Ar ages
of hydrothermal muscovite, Levresse (2001) and
Cheilletz et al. (2002) concluded that the bulk of
Imiter silver mineralization occurred between
563 £ 8 and 542 £ 0.2 Ma. More recently,
Borisenko et al. (2013) reported a single-crystal
“OAr°Ar age of 255 +3 Ma for adularia
intergrown with Qz-1 from the ESE-Qz stage and
proposed a Triassic age of mineralization, coin-
cident with early opening of the Central Atlantic
Province. This new age determination suggests
that the Triassic rifting event could have remo-
bilized the primary Cryogenian Ag—Hg mineral-
ization at Imiter, as documented in other
hydrothermal deposits of the Anti-Atlas system
such as the Iourirn Au deposit (Gasquet et al.
2004), the Tamlalt-Menhouhou orogenic gold
deposit (Pelleter et al. 2008, 2010), and the

Bou-Azzer Co-Ni—As—Au deposit (Oberthur
et al. 2007).

5 Analytical Methods

5.1  Fluid Inclusion Study
A Linkam stage was used to record ice-melting
temperature (Tmi) and homogenization temper-
ature (Th) of fluids in the ESE quartz- and
dolomite-hosted inclusions. Calibrations were
performed with appropriate chemicals from
Merck. Measurement accuracy was about
40.2 °C for freezing runs and £1 °C for heating
runs. Representative inclusions were further
analyzed with a Labram-type (DilorR) Raman
microprobe with a NotchR filter at the laboratory
of “ GeoRessources (Nancy, France); technical
details are provided in Debussy et al. (2001).
Bulk crush-leach analyses were performed on
quartz and dolomite separates from the ESE-Qz
and ESE-Dol stages at the School of Earth Sci-
ences, University of Leeds. The procedure has
been described in detail by Banks et al. (2000).
Samples were crushed to 1-2 mm size and
cleaned in 18.2 MQ water. Dry samples of 0.5—
1 g were crushed to a fine powder in an agate
pestle and mortar, transferred to a sample con-
tainer, and the dried salts redissolved in 18.2 MQ
water. Anions (Cl” and Br ) were determined
with a Dionex DX-500 ion chromatograph;
cations (Na* and K") were determined on the
same solution with an acidified LaCl; solution by
flame emission spectroscopy. Analytical preci-
sion of these analyses was better than £10 %
(20).

6 Lead Isotope Study

Lead isotope analyses were performed at Sgiker
Laboratories of the Basque Country University in
Bilbao, Spain, on representative galena separates
from the main ore stages. About 0.10 g of
powdered material and an aliquot of about
0.02 g, respectively, were digested overnight in
HF-HNO; and evaporated to dryness. The
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resulting residue was taken in HBr; Pb was iso-
lated by conventional ion-exchange chromatog-
raphy (AG1-X8 resin in HBr and HCl media).
Recovered lead was evaporated to dryness, dis-
solved in 0.32 N HNOj;, and diluted to a final
concentration of 150-200 ppb. Lead isotope
ratios were measured using a ThermoNEPTUNE
multicollector inductively coupled plasma-mass
spectrometer (ICP-MS), and the mass fractiona-
tion was internally corrected after the addition of
thallium isotope reference material NBS-997.
Analytical error, determined as a total uncertainty
of the results and confirmed by more than 20
analyses of lead isotope reference material
NBS-981, was about 0.04 % per mass unit (2G),
equivalent to 0.041, 0.040, and 0.039 %,
respectively, for 206Pb/204Pb, 207Pb/204Pb, and
208pp/204Ph ratios.

7 Fluid-Inclusion
Microthermometry

New microthermometric measurements were
performed on quartz (Qz-1) and dolomite (Dol-2)
wafers from the ESE-Qz (I) and ESE-Dol
(II) stages. Data are presented in Table 1 and
plotted in Figs. 3 and 4. The fluid inclusions are
classified as primary, pseudosecondary, or sec-
ondary according to the criteria of Roedder
(1984). Based on the number of observable
phases present at room temperature, four distinct
fluid inclusion types (designated 1-4) are rec-
ognized: (1) liquid-vapor (L +V; Type 1);
(2) liquid-vapor-one solid (L + V + Sy; Type 2);
(3) liquid-vapor-two solids (L + V + S, Type
3); and (4) vapor (V; Type 4). All fluid inclusion
types generally occur together within a trail or
cluster. In Type 1 fluid inclusions, visually esti-
mated liquid to vapor ratios are highly variable,
ranging from 0.4 to 0.8. Vapor-rich inclusions
(liquid/vapor <0.5) are rare, representing less
than 10 % of the total.

Fluid inclusions hosted in Qz-1 are isolated
and up to 50 pm in diameter, or are grouped in
clusters that show a random distribution within a
single grain or growth zone. The fluid inclusions
in Qz-1 are spatially associated with silver blebs

G. Levresse et al.

distributed along growth zones within the host
quartz. Raman analyses indicate that the trapped
solid phases correspond to muscovite (S;) and
sulphide (S,). Chloride daughter minerals such as
halite and sylvite have not been observed.

Fluid inclusions hosted in Dol-2 are isolated
or form trails distributed along growth zones.
Estimated liquid to vapor ratios are less than 0.8.
Owing to the fluorescence of the dolomite, no
reliable Raman data have been obtained on these
fluid inclusions.

Overall, microthemometric data indicate that
the mineralizing fluids evolved through time,
from a mean temperature of ~ 180 °C and cal-
culated salinity of ~ 10 wt% NaCl equiv in
Qz-1, to a mean temperature of ~ 165 °C and
calculated salinity of ~24 wt% NaCl equiv in
Dol-2 (Table 1; Figs. 3 and 4).

In the Ty v, versus Ty, plot shown in Fig. 3,
data for Qz-1 and Dol-2 display a negative cor-
relation. Primary and pseudosecondary fluid
inclusions in both minerals exhibit roughly the
same T; range of ca. 217-126 °C but fluid
inclusions hosted in Dol-2 have consistently
higher salinities (~24 wt% NaCl equiv;
Table 1). In addition, the type of host rock and
fluid salinity are related. For example, data for
Qz-1 samples hosted in Ediacaran volcanic rocks
display a weakly isohaline-cooling path, whereas
those for Qz-1 and Dol-2 samples in Cryogenian
black shale exhibit a parallel negative correlation
between Tyy) and T,,; (Fig. 3).

Raman analyses of the vapor phase related to
Qz-1 reveal the occurrence of mixtures of CHy—
CO, or CH4—N,. CHy4 is commonly the pre-
dominant component (up to 52 vol.%). CO, and
N, have not been found together in the same
fluid inclusion. With increasing depth, N, pro-
portion decreases and CH, proportion increases
up to 100 %.

P-T reconstruction of Qz-1 fluid evolution has
been determined using the intersection coordi-
nates of calculated fluid inclusion isochores
together with results of chlorite geothermometry.
Accordingly, the minimum trapping pressure
estimates are in the range of 1.1-0.9 kbar for the
mineralizing fluid that deposited the high-grade
portion of the Imiter silver orebodies.
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Table 1 Microthermometric data of typical fluid inclusions of silver epithermal stages from Imiter Ag—Hg deposit

Silver epithermal mineralizing event

Quartz-1 in volcanite

Inclusions
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.

Inc.

O 0 N N AW N =

W W W W W W W W N NN D N DN NN N = e e e e e e e e
~N N LR WY = O 0NN NN R WD = OO0 NN NN RN = O

Ty (°C)

189.95
185.18
176.23
217.82
214.77
206.03
199.19
196.53
193.95
189.99
191.55
185.60
185.60
187.65
187.65
183.18
178.78
176.40
176.18
173.84
168.36
175.99
176.32
179.94
180.88
178.97
179.64
181.24
183.22
189.94
188.29
188.06
189.89
192.33
193.70
194.75
196.97

Twmi (°C)

-3.70
—2.56
=4.10
—6.62
—5.06
-5.53
—5.69
—8.67
-9.15
-9.03
—8.79
=9.22
—8.99
—8.90
=7.62
—=7.95
-7.95
-9.25
—8.94
—8.01
=721
—7.33
—6.51
=7.29
—6.59
—5.46
—6.16
—5.85
=5.26
=5.73
—5.81
—6.64
—6.57
—6.45
—6.23
—6.78
—6.66

Quartz-1 in black shale
Inclusions
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.

Inc.

O 0 N N LR W N =

R R R R == = = m = =m ] m m| =
DN = S 0 N e W N = O

Ty (°C)
184.56
180.01
178.37
172.87
167.91
167.91
174.00
166.59
162.58
159.96
161.70
163.90
161.30
168.51
172.71
170.71
184.55
147.52
148.23
146.69
157.71
151.59
155.35

Tmi(OC)

—-11.24
—9.59
—13.05
—13.40
—15.45
—-16.27
—16.18
—-15.21
—14.86
—13.54
—12.88
-11.91
-9.91
—9.87
—10.92
—8.02
—6.93
—=7.69
=7.25
—-10.62
—18.32
—17.58
—16.48

Dolomite-2 in black shale

Inclusions
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.

Inc.

1
2

NeoRiNe RN BN NI, R N V]

10
11
12
13
14
15
16

18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

Ty (°C)

125.74
137.25
137.66
139.85
147.14
151.89
196.22
206.60
208.59
208.46
190.99
194.08
186.44
193.02
207.81
194.37
190.54
170.50
163.10
159.90
165.47
161.97
161.97
162.43
166.23
169.41
169.70
173.08
170.75
173.54
167.69
177.60
178.23
178.12
174.76
174.36
181.37

Tii (°C)
—21.32
—21.21
—19.87
—21.09
—27.43
=21.20
—10.61
—13.66
—13.66
—20.20
—21.20
—22.41
—20.79
-17.52
=15.90
—15.03
—27.23
—29.09
—27.09
—25.90
—22.66
—23.10
—22.29
—22.14
—21.33
—22.58
—22.33
—22.72
=20.90
—20.77
—20.77
=20.55
—20.33
-19.21
—18.94
—19.10

—20.73
(continued)
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Table 1 (continued)

Silver epithermal mineralizing event

Quartz-1 in volcanite

Inclusions | Ty, (°C) Tmi (°C)
Inc. 38 196.28 —6.27
Inc. 39 185.46 —6.82
Inc. 40 185.10 -5.74
Inc. 41 183.87 —6.04
Inc. 42 192.35 —7.62
Inc. 43 159.10 —7.30
Inc. 44 158.72 =727

See text for the abbreviations

Quartz-1 in black shale
Inclusions T}, (°C)

=
A

Qtz stage 1 in Fv
Qtz stage 1in BS
Dol stage 2 in BS

I Qtz stage 1
Dol stage 2

Tmi(OC)

G. Levresse et al.

Dolomite-2 in black shale

Inclusions Ty °C) | Tmi (°O)
Inc. 38 179.50 —21.96
Inc. 39 159.11 —16.39
Inc. 40 166.53 —18.78
Inc. 41 155.39 —25.54
Inc. 42 154.94 —23.16
Inc. 43 169.36 —24.68
Inc. 44 183.31 —17.48
Inc. 45 181.03 —-16.01
Inc. 46 175.55 —17.36

Qtz stage 1 146°C 180°C 218°C

Dol stage 2 126°C 165°C 206°C

Ediacaran volcanite & 'A R "
1~ . o T, A
Cryogenian black shale O
1 % a
A '
Y
[ ¢

1Tmi (C)

Fig. 3 Homogenization temperature (T},) versus melting temperature (Ty,;) diagram for fluid inclusions from the Imiter
epithermal silver deposit. Arrows represent inferred fluid evolution and related degassification process
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Fig. 4 Halogen ratios for
fluid-inclusion leachates
from the Imiter Ag—-Hg
deposit. a (C1/Br)y,, versus
Clinmor- Data for Kaapvaal
Proterozoic and Caledonian
seawater are from Kendrick
et al. (2005), Foriel et al.
(2004), and Spear et al.
(2014). Black line shows
seawater evaporation trend;
filled star is modern
seawater composition
(MSW) (Fontes and Matray
1993). b (Cl/Br)01 Versus
(Na/Cl),,1. Various
magmatic and
hydrothermal fields and or
ogenic gold fields are
shown for comparison
(modified from Hofstra and
Landis 2012). In this plot,
both mixing and degassing
processes can explain the
observed data distribution.
¢ (Br/Cl),1 versus
(Na/Cl),,). Fields for
magmatic fluids, mantle,
and fumaroles are from
Kendrick et al. (2001,
2005). Distribution of data
suggests predominance of
degassing from primary
magmatic fluids to
magmatic-hydrothermal
fluids

Cl/Br (M)

Cl/Br (M)
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@ Qtz stage 1 in Cryogenian black shale
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8 Fluid Inclusion Leachate
Compositions

Na—K-Cl-Br-Li-F-SO, compositions of fluid
inclusions hosted in Qz-1 and Dol-2 from both
mineralized and barren veins were determined on
the same mineral wafers as those used for
microthermometric measurements. The recorded
compositions are presented in Table 2 and plot-
ted in Fig. 4.

Overall, the leachate compositions are domi-
nated by Na, CI, K, and SO, &= Br £+ Li £
(Table 2; Fig. 4a—c). Concentrations of CI, Br,
Na, K, and SO, show relative enrichment from
Qz-1 to Dol-2. Conversely, F and Li contents
decrease gradually with paragenetic stage from
early to late. It is noteworthy that the leachate
composition of Qz-1 samples from veins hosted
in the Cryogenian black shale display higher
Na/Br and K/Br molar ratios than those samples
hosted in Ediacaran volcanic rocks. This pattern
is attributed to a host-rock chemical control and
hence suggests the importance of water-rock
interactions during silver mineralization.

In the CI/Br versus Cl diagram, the halogen
compositions of Qz-land Dol-2 plot in two dis-
tinct fields (Fig. 4a). The field for Qz-1 fluid
inclusions shows a vertical distribution in two
groups, both having low Cl concentrations. The
first group has a CI/Br ratio comparable to those
inferred for Archean and Devonian seawater
(Foriel et al. 2004; Kendrick et al. 2005; Spear
et al. 2014), whereas data for the second group
are close to the CI/Br ratio for modern seawater.
Data for Dol-2 display a level distribution with a
lower Cl/Br ratio and increasing chlorine con-
centration. Br/Cl ratios of fluids trapped both in
Qz-1 and Dol-2 vary from 1 to 14, and are
consistent with magmatic brine compositions
(Fig. 4c; Déruelle et al. 1992; Johnson et al.
2000), bounded at lower limits by mantle values
of 1-2 (Kendrick et al. 2001, 2005). In the Cl/Br
versus Na/Cl diagram (Fig. 4c), the Qz-1
and Dol-2 halogen compositions show Na

G. Levresse et al.

enrichment attributed to either water/rock inter-
action with clays, or leaching of sodic plagio-
clase from footwall rocks. Both processes
produced a similar distribution connecting the
magmatic fluid field and the mean sea water
(MSW) evaporation line. Intersections with the
MSW evaporation line and the epithermal silver
event occur up to 50 % evaporation, which rep-
resents the maximum evaporation reported for
evolved brines (as in MVT deposits; Kesle et al.
1996; Tritlla et al. 2001). Two main processes
could explain these distributions (1) mixing
between magmatic and evaporated meteoric
water, and (2) a degassing process.

9 Mineral Assemblage
Thermometry

Electron microprobe analyses of chlorite from the
main veins indicate a wide spectrum of composi-
tions from brunsvigite to picnochlorite (Baroudi
1992; Bajja 1998; Cheilletz et al. 2002; present
study). Application of the chlorite geothermome-
ter of Cathelineau (1988) suggests temperatures of
equilibration of 266 £ 15-304 £+ 15 °C (mean
278 £ 15 °C; Fig. 5). Moreover, the mineral
assemblage pyrite-proustite-argentite-realgar
indicates equilibrium temperatures in the range
of 350-230 °C (pyrite/pyrrhotite and silver sul-
phides in coexisting domains; see paragenetic
sequence in Fig. 2), corresponding to sulphur
fugacities of 107*~107"> (Fig. 6; see Barton and
Skinner 1967). The identification of dodecahedral
crystals of acanthite (Levresse 2001) establishes a
lower temperature limit for crystallization of 173 °
C for the silver in Dol-2 stage (Kracek 1946).
For the temperature range of Qtz-1 (350-230 °C),
the oxygen fugacity is estimated at 10°°-10"°
(D’Amore and Panichi 1980), and together
with the lack of abundant Ag sulphides sug-
gests low oxygen and sulphur activities during
the major silver mineralizing event (Levresse
2001).
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(a) 0.8
brunsvigite
¢ ®
_ Y
> 0.6 —
% dol
ripidolite
¢ P LTS
()
w 04— picnochlorite
I
[
0.2
5.0 5.6 6.0
Si (apfu)
(b)

278°C

350

270 *
Temperature (in °C)

210 230 250 290 310 330

Fig. 5 a Plot of Fe/(Fe + Mg) ratio in chlorite versus
number of Si atoms for samples from the
base-metal-bearing quartz veins. Classification scheme
after Bayliss (1985). b Calculated temperatures for
chlorite crystallization, based on the chlorite geother-
mometer of Cathelineau (1988). N, number of analyses

10 C-0-S Isotopic Compositions
Sulphides and gangue minerals from the early
uneconomic, non-argentiferous,  base-metal
(BSM) stage and the following ESE-Qz and
ESE-Dol stages related to the main epithermal
silver mineralization, and pyrite from the Cryo-
genian black shales, have been analyzed for
carbon, oxygen, and sulphur isotopic composi-
tions by previous workers (Pasava 1994;
Levresse et al. 2004).

G. Levresse et al.

fs, (atm)

-16

300
Temperature (°C)

400

Fig. 6 Phase equilibria in Ag-Hg-Fe-Bi-S system as a
function of temperature and sulphur fugacity during
ESE-Qz—epithermal silver stage (modified from Barton
and Skinner 1967). Noted are 230 and 350 °C isotherms
that represent range of temperatures of Imiter epithermal
system, where pyrite and silver sulphides coexist (see
Fig. 2)

Pyrite separates from the black shales have
5*Scpr  values  of  —385+20 to
—37.4 £ 2.0 %o. In contrast, pyrite separates
from the BSM stage show &°*S values that range
from —7.4 £ 1.0 to —2.0 & 0.8 %o. Sulphide
separates (i.e., pyrite, galena, sphalerite, chal-
copyrite) from the ESE-Qz and ESE-Dol stages
show a wide spread in sulphur isotopic compo-
sitions, with &° 4SCDT ratios for the ESE-Qz stage
ranging from —11.9 £ 0.8 to —2.4 £ 0.8 %o
(avg —8.5 £ 2.5 %0), whereas those deter-
mined for following ESE-Dol stage oscillate
form —-27.7+04 to —-1.8+12% (avg
—13 £ 8.1 %o). The isotopically lowest value
(8°*S = —=27.7 £ 0.4 %o) was measured on cin-
nabar that is paragenetically the latest mineral
phase (Levresse et al. 2004).

Carbon and oxygen isotopic compositions of
dolomite separates (i.e., Dol-2) from both barren
and mineralized orebodies display overlapping
3'°C and §'®0 values. Carbon isotope values
(8"°Cppp) range from —10.5 to —2.2 %o, with
most data between —11 to —8 %o, whereas
oxygen isotope values (8'®Oppp) vary from
—13.4 to —0.1 %o (Pasava 1994).
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11 Os and He Isotopic
Compositions

Initial  age-corrected Os  isotope  ratios
[(*870s/M*80s)s50ma] determined for the ESE-Qz
and ESE-Dol stages range from 0.142 to 0.197
and record a predominant mantle source for
osmium in the Imiter ores (Levresse et al. 2004).
These ratios are slightly higher than the average
mantle value of about 0.12 at ca. 550 Ma, which
probably reflects a minor contribution (<10 vol.
%) from a crustal component, possibly the
Cryogenian black shales. *He/*He ratios mea-
sured on quartz, dolomite, galena, and pyrar-
gyrite from the ESE-Qz and ESE-Dol stages vary
from 0.77 to 1.85. *°Ne concentrations are
indistinguishable from the blank, demonstrating
an extremely low Ne content and lack of signif-
icant contribution from atmospheric gases.
*He/*He ratios show excesses of *He relative to
typical crustal fluids, thus strongly suggesting a
contribution of mantle volatiles to fluids that

Table 3 Sulphur and lead

Samples Mineral

isotopic compositions of

galena separates from

Imiter Ag—Hg deposit Il Galena
112 Chalcopyrite
122 Pyrite
13.1 Pyrite
142 Galena
17.1 Galena
18.1 Galena
18.1 Galena
QCD
110.2 Galena
111.2 Galena
112.1 Galena
113.1 Galena
I14.1 Galena
L12 Galena
LL5 Galena

were trapped in the analyzed minerals (Levresse
et al. 2004).

12 Lead Isotopic Compositions

New lead isotope measurements performed on
six galena separates from the ESE-Qz and
ESE-Dol stages are presented in Table 3 and
plotted in Fig. 7. Lead isotope ratios for galena
separates range from 17.995 to 18.523 for
29°pb/>**Pb, 15.532-15.673 for **’Pb/***Pb, and
37.462-38.797 for ***Pb/***Pb. These composi-
tions, which overlap the values reported by
Pasava (1994), plot between the upper crust and
mantle growth curves and resemble the orogen
reservoir of Zartman and Doe (1981). Good
reproducibility of the data indicates that the
observed scatter does not represent an artefact of
analytical error and/or mass fractionation bias.
Instead, we interpret the roughly linear array as a
binary mixing line, suggestive of a mixing of

§*Scpr 206py 204py, | 207py 204py | 208py 204y
(%o)

7.8 18.112 15.559 37.810
=13 - - -

—6.2 - - -

=5.7 - - -

- 17.995 15.536 37.661
—5.8 - N -

-6.2 - - -

-5.9 - - -

- 18.136 15.553 37.826
—5.6 - N -

- 18.123 15.565 37.840
=5.1 - - -

—8.3 - N -

=72 18.111 15.561 37.823
- 18.244 15.636 38.462
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Fig. 7 Lead isotopic (a) 39.50
compositions of galena
separates from Imiter 39.00 | o
Ag-Hg deposit, plotted ) oo
on a 2%Pb/**Pb versus 38.50 L ﬂe‘q_\ﬁ\ ot~ -
206pp, 204py and \9 @ = oS!
b 2°7Pb/?**Pb versus o 38.00
205pp/2*Ph diagrams. & §
Evolution curves of Stacey & 3750 =] '
and Kramers (1975) labeled 2T 20
SK and those for Upper ] e
Crust and Orogen (Zartman 37.00 - St
and Doe 1981) are shown
for reference 36.50 |-
36.00 | ﬂ LjAﬁc?e,!}rlttia(i:r?tly @ Present study
@ Data from Pasava 1994
35.50 L L L
17.00 17.50 18.00 18.50 19.00
206 204
Pb/ " Pb
(b) 15.80
15.70 - Upper Crust
@ @ sK
@
15.60 @ Orogen
o)
o
- §
= =
g 15.50 i Mantle
~
&
15.40 | Lower crust
15.30
ﬂ Analytical @ Present study
uncertainty @ Data from Pasava 1994
15.20 L L L
17.00 17.50 18.00 18.50 19.00
206 204
Pb/ " Pb

lead from mantle and crustal reservoirs during
leaching and fluid transport, consistent with the
sulphur isotope and He isotope data described
above.

13 Discussion

Mineralogical, textural, and geochemical attri-
butes of the Imiter silver vein mineralization
clearly point to an epithermal deposit type
(Figs. 1 and 2). Diagnostic features in support of
this classification include the presence of

adularia (Borisenko et al. 2013), occurrence of
large open structures filled by ore and gangue
minerals, and widespread development of vuggy
quartz, all of which are characteristic of a shal-
low and brittle environment. An epithermal
model for Imiter has been proposed by previous
workers (Levresse 2001; Cheilletz et al. 2002;
Levresse et al. 2004; Burniaux and
Williams-Jones 2006), and since then has been
extended to most, if not all, of the Ag-rich
deposits in the Anti-Atlas Mountains (Ennaciri
et al. 1997; Essaraj et al. 1999, 2005; Marcoux
and Wadjinny 2005).
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Paragenetic studies indicate that the history of
the Imiter mineralizing system involved two
main contrasting hydrothermal events (Fig. 1)
that occurred under two distinct mainly extensive
tectonic events (Ouguir et al. 1994; Tuduri et al.
2005). These two stress fields are similar to those
that gave rise to the late Neoproterozoic Bou
Madine epithermal Au-Ag-Pb—Zn deposit
described in this volume by Bouabdellah and
Levresse. However, owing to the lack of robust
absolute ages for each mineralizing event at
Imiter, it is wunclear whether these two
hydrothermal events involved a single mineral-
izing fluid or two chronologically separate fluids.
The confinement of silver mineralization to the
transcrustal Imiter fault zone suggests that
silver-bearing hydrothermal fluids were chan-
neled through fractured rocks, en route to depo-
sitional sites in veins hosted by overlying black
shales and along the contact between the upper
and lower lithostratigraphic units of the Neo-
proterozoic succession.

Fluid inclusion data show the existence of two
distinct fluid inclusion populations having simi-
lar temperature ranges but contrasting salinities
(Table 1, Figs. 3 and 4). A consistent trend is
apparent towards slightly lower temperatures but
higher salinities with advancing paragenetic
stage. The early mineralizing fluids related to the
ESE-Qz stage had a mean temperature of
~ 180 °C and corresponding salinity of ~ 10 wt
% NaCl equiv, whereas the subsequent ESE-Dol
stage fluids had a lower mean temperature of
~ 165 °C but with a substantially higher mean
salinity of ~24 wt% NaCl equiv. Similarly, the
fluid compositions evolved by relative decreases
in Na*, K*, and SO, and a concomitant increase
in Ca** with time (i.e., from Qz-1 to Dol-2
stages).

Estimates of minimum trapping pressure are
in the range of 1.1-0.9 kbar for the mineralizing
fluid responsible for Imiter silver mineralization.
Within this range of pressures, as well as tem-
peratures (206—126 °C) and salinities (0—15 wt%
NaCl equiv), thermodynamic restrictions pre-
clude boiling of the fluid (Hass 1976). The
absence of platy calcite (Simmons et al. 2005),
and also of co-existing vapor-rich and liquid-rich
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inclusions that homogenize over the same tem-
perature range (see Roedder 1984), indicate
again that fluid boiling did not occur during
trapping of these fluid inclusions.

Measured Br/Cl molar ratios of fluids related
to the ESE-Qz and ESE-Dol stages are consistent
with the involvement of magmatically derived
fluid components (Fig. 4). Moreover, elements
such F and Li that are considered reliable proxies
of magmatic degassing (Deering et al. 2012;
Vlastélic et al. 2013; Chen et al. 2015), have
higher concentrations in Qz-1 than in Dol-2. We
thus propose that degassing of CO, and SO,
during epithermal mineralization (e.g., Bendezu
et al. 2008 and references therein) led to a
decrease of local redox potential and a pH
increase, which together with other ore controls
such as decreasing temperature and lowering of
fo, by fluid interaction with the organic-rich
black shales, resulted in deposition of massive
Hg-Ag amalgam instead of separate Ag and Hg
sulphide minerals (Borisenko et al. 2013). The
high water/rock ratios that prevailed during ore
deposition would have developed a large
hydrothermal alteration halo around and adjacent
to the Imiter mineralized structures, and within
the Cryogenian black shales as well.

It is noteworthy that halogen contents of fluids
generated during open-system degassing can be
highly variable (Villemant and Boudon 1999;
Aiuppa et al. 2009) with concentrations being
higher in the first extracted fluid fractions than in
the last ones. Conversely, fluids produced during
closed-system evolution commonly show nearly
constant halogen contents but much lower Br
abundances; Cl contents, in contrast, remain
similar to those resulting from open-system
degassing (Villeman and Boudon 1999).
Involvement of ore-forming brines in which high
salinities are derived either directly from seawa-
ter evaporation or from exchange reactions with
sedimentary evaporite strata (i.e., halite dissolu-
tion) is precluded, because the expected increase
in the abundances of salt (KCl,, CaCl,, MgCl,)
and sulphate in the residual fluids (Horita et al.
2002; Brennan et al. 2004; Foriel et al. 2004;
Kendrick et al. 2005; Spear et al. 2014) are
not observed in the Imiter fluid inclusions.
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In contrast to this predicted trend, measured
Na/Cl, K/Cl, and SO,/CI ratios for the fluid
inclusions show a systematic decrease from early
to late mineralizing stages. Moreover, the nega-
tive correlation between SO, abundances and
Br/Cl ratios indicates that seawater is unlikely to
be the predominant source of the ore-forming
brine. In our model for the Imiter Ag—Hg deposit,
the degassing process explains the physico-
chemical evolution of the epithermal system
without the necessity of invoking a mixing with
basinal brines. More importantly, at the time of
ore formation the closest basinal brine sources
were 80 km from the mineralized area (Alvaro
2014). Also, the first sedimentary record known
in the Imiter deposit area is from the Middle
Cambrian (Piqué et al. 1999; Alvaro 2014),
which is 30 m.y. later than the Neoproterozoic
silver mineralizing event.

In conclusion, fluid inclusion data together
with halogen compositions and sulphur and lead
isotope data are consistent with the involvement
of a magmatic component in the Imiter
hydrothermal system. Indeed, the large spread in
sulphur isotopic values for the ESE mineralizing
event is interpreted as resulting from preferential
degassing of SO, in ascending fluids and mixing
between magmatic and country rock reservoirs.
Moreover, the linearity displayed by lead iso-
topic compositions is suggestive of a mixing of
lead from mantle and crustal reservoirs during
leaching and fluid transport.

Continuous input of magmatically equili-
brated fluids into the hydrothermal system is
supported by the observed increases in Hg con-
centrations of the Hg—Ag amalgam from the
Qz-1 to Dol-2 stages (10-30 vol.% and 20—
40 vol.%; respectively). Calculated 8180H20
values of the ore-forming fluid, using the
dolomite-H,O fractionation factor of Zheng
(1999) and the average temperature of 165 °C
inferred from fluid inclusion data, are in the
range of 6.3-19.6 %o V-SMOW. These values
are consistent with a mixture of magmatic and
metamorphic fluids. Interaction of the mineral-
izing fluids with the enclosing Neoproterozoic
organic-rich black shale host rocks could have
produced a large volume of reduced and low-pH
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fluids that were capable of transporting and pre-
cipitating Ag and associated base metals, as well
as providing a source of carbon for the late
ore-bearing carbonate gangue.

The light carbon isotopic signatures of Dol-2
separates (Pasava 1994) and abundance of CHy-
and N,-rich fluid inclusions provide further
support for involvement of the black shales as
reactive host rocks during the mineralizing pro-
cess. Such water/rock interaction may have
contributed to thermochemical reduction and
associated precipitation of Ag-bearing sulphide
minerals. Mass-balance calculations suggest,
however, that the contribution of components
from the black shales to the Imiter hydrothermal
system was rather limited (i.e., <10 vol.%; Lev-
resse et al. 2004). Moreover, 18705/'880s and
*He/*He data, together with lead isotope data, are
consistent with various degrees of mixing
between mantle and crustal sources along the
fluid flow path.

Integrated results from geological, structural,
and geochemical studies (Fig. 8) indicate that
hydrothermal fluids were channeled from a deep
source to a shallow hydrothermal system by the
crustal-scale Imiter fault zone. In our model,
these magmatic-related fluids percolated though
the Cryogenian black shales, and were progres-
sively buffered and acquired a different geo-
chemical signature compared to the initial
magmatically derived fluids. This concept
involves different pulses of epithermal mineral-
izing fluids and a wide range of water/rock ratios,
in particular for CO3;, Ca, Mg, Pb, and S that
were leached from the Cryogenian black shales
and/or rocks in the lower basement. The pro-
posed magmatic input during the epithermal sil-
ver mineralizing stages added to the fluid
confinement within the Cryogenian black shales
(favored by the Ediacaran volcanic seal), and is
considered the principal reason for the richness
of the Imiter deposit and its continuity at depth
(at least 900 m at present).

It is also noteworthy that the He and Os iso-
tope data are inconsistent with the supergene
model for silver enrichment as initially proposed
by Guillou et al. (1988), Leistel and Qadrouci
(1991), and Baroudi et al. (1999).
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(1) Qtz stage 1: MAGMATIC FLUIDS

Imiter fault ﬁ

Ediacaran series

Cryogenian series

Fig. 8 Genetic model for Imiter Ag—Hg deposit. / ESE
quartz stage 1 event. 2 ESE dolomite stage 2 event.
Simplified geological cross sections are drawn from B3
Hill transect (modified from Levresse 2001). Model

14  Conclusions

The giant Imiter deposit is a prime example of
major Ag-Hg mineralization linked with Edi-
acaran volcanism dated at ca. 550 Ma. To build
such a giant metal concentration, three essential
ingredients should have been available together
(Fig. 8), including: (1) a powerful and
long-lasting magmatic source connected by
major tectonic structures to one or more
asthenosphere reservoirs; (2) reactive and highly
permeable, metamorphosed and foliated
organic-rich host rocks that facilitated the trans-
mission of fluids and increased the surface area of
fluid/rock interactions, in addition to generating
the reducing conditions necessary for metal pre-
cipitation; and (3) overlying cap rocks that pre-
vented escape of the hydrothermal fluids to the
surface, instead forcing these fluids to an
increased residence time and dissemination
within the most receptive formation (lithological

trap).

erosion

- | Paleo tnpograp/ﬂ?vel . . A
0,5to 1km P

Mineralization
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"~

alteration
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Dol stage 2:
@ MAGMATIC / HOST ROCK
BUFFERED FLUIDS

Imiter fault

—

Ateration halo lateral extension: 3 to 5 km

illustrates evolution of the silver epithermal system
particularly the importance of magmatic fluid degassing,
the Ediacaran volcanic seal, and increasing water-rock
interaction from stage ESE Qz-1 to ESE Dol-2 stages

The striking feature of the Imiter Ag—Hg
deposit is the duration and chemical evolution of
the causative epithermal activity. With advancing
paragenetic sequence, the epithermal system was
self-regulating, whereas the interaction between
magmatically derived fluids and host rocks
became predominant. This inferred process may
explain the transition from quartz-dominant to
dolomite-dominant =~ Ag-Hg  mineralization
through the paragenetic sequence. In such a
low-sulphidation  metallogenic model, the
involvement of meteoric waters is not a prereq-
uisite to explain metal precipitation, nor is
supergene enrichment needed to obtain the very
high volume and grade of the ores. Magmatic
degassing into the hydrothermal system, coupled
with fluid/rock interactions, ultimately led to
development of a local decrease in redox poten-
tial and an increase in pH, which coupled with
other ore controls (e.g., decreasing fluid tem-
perature), triggered deposition of massive
Hg—Ag amalgam instead of Hg and Ag sulphide
minerals.
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