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Fig. 1. General location of the Bou Dahar in the Moroccan Oriental High Atlas.

(2004) concluded that the mineralizing fluid acquired its high salinity
mainly from evaporated seawater.

The sources and interrelationships of the ore-forming fluids, the
sources and mode of migration of metals and sulfur, as well as the
timing of ore deposition remain poorly constrained. The present paper
aims at reaching a more comprehensive understanding of the physico-
chemical nature and sources of the fluids involved in the genesis of
the Bou Dahar Pb-Zn-Ba (+ Sr) ore district. It also provides an insight
into a broader ore genesis at the High Atlas metallogenic province. To

that end, this work combines ore petrography, mineralogy, stable
(S, C, 0) and radiogenic (Pb) isotope studies, microthermometry of
fluid inclusions data.

2. Regional geologic setting and Zn—-Pb ore deposits distribution
The Atlas Mountains extend from Morocco to Tunisia with signifi-

cant lateral variations of altitudes. The Moroccan segment of the Atlas
includes the Middle Atlas to the north and the High Atlas in central
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Table 2

Microthermometric data of the primary fluid inclusions in the Bou Dahar ore district.
Location Host mineral Stage Inclusion type Num T, ice (°C) Salinity (wt.% NaCl eq.) Th (°C) Ty (°C)

Range Mean Range Mean Range Mean

Toutia Sphalerite Stage 1 L+V 45 —2521t0 —15.2 —20.7 19.0-26.2 19.2 142.3-179.9 158.9
Corne Wast Sphalerite Stage 1 L+V 30 —23.0to —20.2 —-21.7 22.8-24.7 23.8 125-182.5 172.4
Chitane Sphalerite Stage 1 L+V 29 —25.8t0 —18.2 —216 21.4-26.5 23.7 135-156 139.8
Yacoub Sphalerite Stage 1 L+V 56 —30.6to —11.5 —205 15.5-29.7 22.8 106.2-172.7 135.1
Taboudaharte Barite Stage 2 L 44 —17.7to —9.7 —13.0 13.7-19.6 16.9 <50 ~40
Rich-Khole Celestite Stage 2 L 21 —45t0 —1.9 —33 3.2-7.2 53 <50 ~40

and sulfur isotopes were performed at the Stable Isotope Ratio Mass
Spectrometry facility at the Department of Geological Sciences and En-
gineering, University of Nevada. Lead isotope analyses were made on
Nu Plasma MC-ICP-MS at the Ecole Normale Supérieure in Lyon, France.

For carbon and oxygen isotopes, five samples of Pliensbachian host
limestone, four samples of calcite, associated with the sulfide stage,
from Toutia, Corne Wast, and Yacoub, and one sample of post-ore calcite
from Toutia were analyzed. Oxygen isotopes were also measured for
four barite samples of Yacoub and Taboudharte, and for two celestite
samples of Rich-Khole.

The C-O isotope analyses were carried out using a Micromass
MultiPrep preparation device interfaced to a dual inlet Micromass
Isoprime stable isotope ratio mass spectrometer, using the phosphoric
acid reaction method of McCrea (1950), except that the reaction was
performed at 90 °C. The carbon isotopic compositions are reported in
delta notation (6'3C) relative to VPDP, and the oxygen isotopic compo-
sitions are reported in delta notation (6'30) relative to VPDP and
VSMOW. Precision of the analyses is better than 4 0.2%o.

Sulfur isotopes were carried out on six sphalerite and eight galena
samples from Toutia, Corne Wast, Chitane, and Yacoub. Sulfur isotope
measurements were also performed on four barite samples from
Yacoub, two barite samples of Taboudaharte, and two celestite samples
of Rich Khole. Sulfur isotope analyses were performed using a
Eurovector elemental analyzer interfaced to a Micromass isoprime sta-
ble isotope ratio mass spectrometer, after the methods of Giesemann
et al. (1994) and Grassineau et al. (2001). Vanadium oxide (V,0s5) was
added to sulfate samples as a combustion aid. S-isotopic compositions
in sulfide and sulfate minerals are expressed as 6>4S values relative to
the VCDT standard, and O isotopic compositions in sulfates are
expressed as 6'80 values relative to the VPDP and VSMOW standard.
Reproducibility was + 0.2%. for sulfur, and 4+ 0.5%. for oxygen.

Lead isotope measurements were performed on four galena samples
from Toutia, Chitane, Corne Wast and Yacoub. Every two samples were
bracketed using SRM-981. Samples and Standards were corrected for
mass fractionation using Thallium and an exponential law (Albarede
et al., 2004). The Pb isotope ratios were normalized to the bracketing

Fig. 6. Frequency of ice melting temperatures derived from microthermometric studies of
the primary fluid inclusions in sphalerite, barite, and celestite from the Bou Dahar district.

values of SRM-981. The 20 errors on the Tl-corrected NIST 981 values,
measured during the period the samples were run, were 0.0017%,
0.014%, and 0.045% for 205Pb/?%4Pb, 2°7Pb/2%4Pb, and 2°8Pb/?°*Pb
respectively.

6.2. Results

6.2.1. Carbon and oxygen isotopes

The C-0 isotopic composition of carbonates and the O isotopic com-
position of sulfates are listed in Table 4 and Fig. 8. The host Liassic
(Pliensbachian) limestones have '>C values ranging from 0.5 to 2.9%.
(mean = 1.7%.) (Fig. 8) that are within the range typical of marine
Jurassic limestone (Veizer and Hoefs, 1976; Land, 1980). The &'C values
of the ore-calcite, associated with the sulfide mineralization, fluctuate
between 1.6 and 2.5%., and that of the post-ore calcite is 0.0%. (Fig. 8).
The §'80 values for the ore-calcite range from 18.4 to 21.6%.
(mean = 20%.), and are lower than those of the host limestone
(Fig. 8). The post-ore calcite has a 8'80 value of 15.4%. (Fig. 8). The
580 values of barite and celestite range from 16.1 to 18.2%., and 16.1
to 17.9%. respectively (Table 4).

6.2.2. Sulfur isotopes

Sulfur isotope compositions of sphalerite, galena, barite, and celes-
tite are reported in Table 5 and Fig. 9. The 634S values for galena and
sphalerite range from — 4.0 to 6.8%. (mean = 1.4%.), and from 0.7 to
5.0%. (mean = 2.9%.), respectively. The range of the isotopic composi-
tions of sulfides is relatively small when compared to that of most
sediment-hosted deposits. The 5>*S values of sulfate minerals reveal a
relatively small variation of 17.2 to 20.4%. (mean = 18.8%.) for barite,
and of 15.4 to 15.8%. (mean = 15.6%.) for celestite (Table 5 and Fig. 9).

The 634S values show the following trend: 6>*Ssyiiges < 6°*Ssuifates-
When comparing the 63“S values of the sulfide minerals, the trend
824Scn < 824Ssp is observed for Toutia and Corne Wast ore deposits
while the opposite trend §**Ss,, < §>*Sgy, is observed for Chitane and
Yacoub ore deposits. A hand specimen with the paragenitic sequence

Fig. 7. Frequency of homogenization temperature derived from microthermometric
studies of the primary fluid inclusions in sphalerite from the Bou Dahar district.
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Table 3
Description of minerals and rocks analyzed in the Bou Dahar ore district.

Location Description of minerals/rocks analyzed Ore stage

Toutia Sphalerite within the vein First stage
Galena within the vein First stage
Calcite (calcite-1) associated to sphalerite and First stage
galena
Calcite (calcite-2) filling small fractures in Third stage
sphalerite
Middle Liassic limestone

Corne Wast Sphalerite in small masses and filling the vein First stage
Galena within the vein First stage
Calcite (calcite-1) associated to sphalerite and First stage
galena
Middle Liassic limestone

Chitane Massive sphalerite within the vein First stage
Crystalline sphalerite within the host carbonate  First stage
Galena within the vein First stage
Calcite (calcite-1) associated to sphalerite and First stage
galena
Middle Liassic limestone

Yacoub Sphalerite within the vein First stage
Barite cementing small masses of galena and Second stage
sphalerite
Calcite (calcite-1) associated to sphalerite and First stage
galena
Middle Liassic limestone

Taboudaharte  Barite Second stage

Rich-Khole Celestine hosting inclusions of iron oxides and Second stage
fluorine

of ZnS — PbS — BaSO, from Yacoub has the following isotopic composi-
tion trend of 634S: ZnS < PbS < BaSOy (Fig. 10).

6.2.3. Lead isotopes

The Pb isotope compositions of galena samples (n = 5) from Bou
Dahar are presented in Table 6 and plotted in the 2°®Pb/?%“Pb vs.
206ph,204ph (thorogenic diagram) and 2°7Pb/2%4Pb vs. 296pb/204pb
(uranogenic diagram) (Fig. 11). The Pb isotopic compositions of galena
from the Touissit-Bou Beker MVT district (Bouabdellah et al., 2012) are
also plotted for comparison.

The Pb isotope compositions of the Bou Dahar district ores are ho-
mogenous with 2°6Pb/2%4pb, 207Pb294ph, and 2°8Pb/2°“Pb ratios ranging
respectively from 18.124 to 18.183, 15.630 to 15.634, and 38.325 to
38.440. The parameters p (>*8U/2%4Pb) and k (***Th/?38U), and model
age (T) values are calculated using the equations of Albaréde et al.
(2004). The pand K values are homogenous and range from 9.79 to
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Fig. 8. Plot of 5'80 vs. 5'C showing the isotopic composition of the Liassic limestone, hy-
drothermal calcite, and post-ore calcite for the main ore deposits of the Bou Dahar district.

9.80 and from 4.08 to 4.12 respectively. The calculated model age
(T) is bracketed between 431 and 470 Ma.

7. Discussion
7.1. Nature of the ore fluids

The homogenization-salinity diagram (Fig. 12) reveals two distinct
fluid end members trapped in sphalerite and sulfate minerals. The first
fluid, trapped in sphalerite, is characterized by high salinity (~23 +
0.5 wt.% NaCl eq.) and moderate temperature (average ~143 °C). This
fluid corresponds to the sulfide-stage event. It is a NaCl-KCI-MgCl,-
CaCl, + LiCl brine as inferred from measured eutectic temperatures
(Te average ~ —60 °C). The second end member fluid, observed in
aqueous, one-phase, celestite fluid inclusions, has low salinity
(average ~ 5 4 0.5 wt.% NaCl eq.) and low temperature (<50 °C). The
temperature and salinity obtained from fluid inclusions at Bou Dahar
fall within the range of most MVT ore-forming fluids (salinity =
15-30 wt.% NaCl eq, temperature = 75 °C-200 °C) (Basuki and
Spooner, 2004; Leach et al., 2005).

The temperature values recorded in fluid inclusions at Bou Dahar ex-
ceed values expected for geologically reasonable thermal gradients and
estimated stratigraphic burial temperatures. Therefore, these tempera-
tures can be explained by either: (i) an unusually high geothermal gra-
dient, (ii) advective heat transport from deeper parts of the basin as
observed for many other MVT ore districts (e.g., Touissit-Bou Beker,
Bouabdellah et al., 1996; Ozark MVT province, Leach et al., 2010), or

Table 4
Carbon and oxygen isotopes of host rock limestone, ore calcite, post-ore calcite and sulfates.
Sample Location Lithology 53¢ 5'%0 5'%0 5'%0 fuia
(%o, VPDB) (%o, VPDB) (%0, VSMOW) (%0, VSMOW)

TOH Toutia Limestone 22 —8.0 22.7

WH Wast Limestone 2.3 —-53 25.5

YH Yacoub Limestone 2.7 —5.1 25.7

ChH Chitane Limestone 2.6 —6.5 24.2

ChH2 Chitane Limestone 2.9 —6.8 239

TOC Toutia Ore calcite 1.6 —-9.0 21.6 6.41
TOC2 Toutia Post-ore calcite 0.0 —15.1 154

WC Wast Ore calcite 22 —95 21.1 5.91

YC Yacoub Ore calcite 2.5 —121 184 3.26
YC2 Yacoub Ore calcite 1.9 —-74 233 8.08
YB2 Yacoub Barite —144 16.1

YB3a Yacoub Barite —135 17.0

TaB1 Taboudaharte Barite —14.3 16.1

TaB2 Yacoub Barite —123 18.2

RCel Yacoub Celestine —143 16.1

RCe2 Yacoub Celestine —12.6 17.9
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Table 5
Sulfur isotope composition of sulfides and sulfates from the Bou Dahar ore district.

Sample Location Mineral 6>4S (%o, VCDT)

TOG1 Toutia Galena —4.0
TOG2 Toutia Galena —2.0
TOS1 Toutia Sphalerite 0.7
WG1 Corne Wast Galena 0.7
Ws1 Corne Wast Sphalerite 29
WS2 Corne Wast Sphalerite 3.1
ChG1 Chitane Galena 6.8
ChG2 Chitane Galena 6.7
ChS1 Chitane Sphalerite 2.6
YG1 Yacoub Galena 4.6
YG2 Yacoub Galena 5.7
YG3 Yacoub Galena 6.0
YS2 Yacoub Sphalerite 3.0
YS3 Yacoub Sphalerite 5.0
YB2 Yacoub Barite 19.8
YB3a Yacoub Barite 204
YB3b Yacoub Barite 204
YB3c Yacoub Barite 20.0
TaB1 Taboudaharte Barite 17.2
TaB2 Taboudaharte Barite 18.1
TaB3 Taboudaharte Barite 17.9
RCel Rich-Khole Celestite 154
RCe2 Rich-Khole Celestite 15.8

(iii) the ascent of deeply circulating fluids in basement rocks beneath
the deposits (e.g., Upper Silesia and Irish Midlands; Leach et al., 2010).

The salinity values of the ore-forming fluids at Bou Dahar fall within
the range of those calculated in the worldwide MVT districts where sa-
linity is typically in the range of 10 to 30 wt.% NaCl eq. (Leach et al.,
2005; Leach et al., 2010). These fluids have compositions and tempera-
tures similar to those of oil-field brines (Sverjensky, 1986). The high sa-
linity of these sedimentary basinal brines can be explained by the
dissolution of evaporates, incorporation of connate bittern brines, or
the infiltration of evaporated surface waters (Hanor, 1979; Carpenter
et al,, 1974; Viets et al.,, 1996). For Bou Dahar, the Na-Cl-Br-Li system-
atics of sphalerite-hosted fluid inclusions suggest that the high salinity
resulted from evaporated seawater with a contribution of low amounts
of halite dissolution (Adil et al., 2004).

The 8'%0 values of carbonates display a general downward trend in
the following sequence: limestone (22.7 to 25.7%., average =
24.2%) — ore-calcite (18.4 to 21.6%., average = 20%,) — post-ore
calcite (15.4%.). This trend resembles similar trends that have been
observed at other MVT deposits (e.g., Frank and Lohmann, 1987;
Nesbitt and Muehlenbachs, 1994; Spangenberg et al., 1995) in which
isotopically lighter O is observed in paragenetically late carbonates.
Lighter 5'80 values of post-ore calcite, relative to the ore-calcite, can
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Fig. 9. Histogram distribution of the 63S values for sphalerite, galena, barite and celestite
from Bou Dahar district.

be attributed to either an increase in temperature, or the introduction
of isotopically lighter fluid.

Using the average 6'30 values of the ore calcite, the homogenization
temperature range of 60 to 180 °C, and the oxygen isotope fractionation
equation of Friedman and O'Neil (1977), the calculated §'%0 of the fluid
varied between —2.1 and 9.4%.. Such fluid is similar to the basinal
brines of the MVT ore deposits (620 of +4 to +10%.) (e.g., Mc
Limans, 1977; Ohmoto, 1986).

The oxygen isotope composition of sulfates (barite and celestite) is
closer to that of Mesozoic seawater sulfate (~10-15%.) (Claypool
et al., 1980). This indicates that these sulfate minerals precipitated
from an '80-enriched, SO ~-rich fluid derived from Mesozoic seawater.

7.2. Source of metals

The sources of the metals for sediment-hosted, base-metal deposits
are a variety of crustal rocks. No special rock type stood out as a pre-
ferred source (Leach et al., 2005). The brines leached the metals from
the rocks it encountered along their paths of migration.

The galena samples show homogenous Pb isotope compositions
with 296Pb/2%4pb, 297Pb/2%Pb, and 2°8Pb/?°*Pb ratios ranging from
18.124 to 18.183, 15.630 to 15.634, and 38.325 to 38.440, respectively.
According to the plumbotectonic model of Zartman and Doe (1981),
these Pb isotope values plot above the orogene curve in the thorogenic
(298pph/204ph vs 296ph294Pb) diagram, and between the upper crust and
the orogene in the uranogenic (2°’Pb/2%4Pb vs 206Pb/2%Pb) diagram
(Fig. 11). This indicates that lead originated from upper crustal and
orogene reservoirs, which is consistent with the geodynamic setting of
the High Atlas to which the studied district belongs.

The calculated p (>*8U/2°?Pb) and k (232Th/?*3U) values are very
homogenous, clustering tightly between 9.79 and 9.80, and between
4.08 and 4.12, respectively. These values further confirm the upper
crustal and orogenic reservoirs as the sources of Pb and other metals.

The calculated model age (T) varies from 431 Ma to 470 Ma, and is
older than the proposed Eocene-Miocene age (refer to the discussion
below). This abnormal older age, typical of numerous MVT ore deposits,
is explained by the delay in Pb in-situ growth. This Pb growth retarda-
tion is due to the contribution of a low radiogenic material originating
most likely from the lower crust and/or the preferential removal of
U during orogenic events.

The Paleozoic series consist mainly of siliciclastics, and thus are a
suitable source of metals for the Bou Dahar ore deposits. The presence

Galena: 638 =5.7 %o

Sphalerite: §3S = 3 %o

Fig. 10. Hand specimen &3S isotopic composition of sphalerite, galena, and barite in
Yacoub.
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Table 6

Lead isotope composition of galena, model age (T), 1, and « from the Bou Dahar deposits. The age of the host rocks is Pliensbachian. Analytical errors, given as 20, are 0.0017%, 0.014%, and

0.045% for 2%°pb/294pb, 207Pb/204Pb, and 2°8Pb/2**Pb respectively.

Sample Description Location Pb206/pp204 Pb207/pp204 Pb?08 /pp204 T (Ma) w(#38U/204pb) K (2*2Th/?%8U)
YG1 Galena associated with calcite Yacoub 18.12390 15.63113 38.43633 470 9.8039 4.1170
YG2 Galena cemented by barite Yacoub 18.17431 15.63235 38.43727 435 9.7951 4,0819
CHG Euhedral galena within the vein Chitane 18.18267 15.63314 38.43534 431 9.7961 4.0752
TOG Massive galena within the vein Toutia 18.17764 15.63375 38.43965 435 9.7999 4.0814
WG1 Massive galena within the vein Corne Wast 18.12730 15.62914 38.42542 464 9.7948 41078

of Li, as inferred from the eutectic temperatures and the high values of
crush-leach molar Li/Na ratio (~0.007) in the sphalerite-hosted fluid in-
clusions (Adil et al., 2004), suggests that the ore-forming fluid
interacted with the siliciclastic Paleozoic Li-bearing clays/micas
(e.g., Banks et al., 2002). The presence of deep-seated E-W- to
NE-SW-trending Hercynian faults, entrenched deeply within the
Paleozoic basement and remobilized during the Alpine orogeny via a
thick-skinned tectonic model, further supports the upper crustal origin
of Pb and other metals. These deep-seated faults have acted as pathways
for the rising fluids from the Paleozoic basement from which metals
were mainly leached and transported to the Liassic carbonate ore
reservoir.

Compared to other Pb-Zn ore deposits in the Moroccan-Algerian—
Tunisian atlas belt, the Pb isotopic values of the Bou Dahar district and
the Pb isotope values of Tigrinine-Taabest district (Rddad and Bouhlel,
in preparation), which is located in the Central High Atlas, are less radio-
genic than the Pb-Zn Touisit-Bou Beker ore deposits (Bouabdellah et al.,
2012). The less radiogenic character of the Bou Dahar district, compared
to Touisit-Bou Beker, reflects differences in the composition of the un-
derlying Paleozoic basement. The latter consists of schist in Bou Dahar
and of schist with Visean rhyodacites and volcaniclastic rocks in
Touisit-Bou Beker. Bouabdellah et al. (2012) proposed that the main

source of Pb originated from these rhyodacites and volcaniclastic
rocks. Additionally, the Pb isotopic composition recorded in the Bou
Dahar district and in the Moroccan High Atlas in general, is less radio-
genic than that of the Tunisian MVT Pb-Zn districts (Bouhlel, 2005;
Bouhlel et al., 2013). These Pb isotopic composition differences between
the Moroccan Atlas and the Tunisian Atlas reflect differences in the com-
position of the underlying Paleozoic Pb reservoir rocks. The least radio-
genic reservoir is encountered in Morocco while the more evolved,
“live” Pb reservoir is found in Tunisia.

7.3. Source of sulfur

Sulfur isotope values of MVT sulfides throughout the world indicate
that sulfur generated from a variety of crustal sources (Ohmoto and Rye,
1979; Sangster, 1990; Leach et al., 2010). Individual deposits or districts
can have one or more possible sources of sulfur that may include
sulfate-bearing evaporates, connate seawater, diagenetic sulfides,
sulfur-bearing organic material, or H,S reservoir gas (Leach et al,,
2010). The ultimate source of the sulfur is seawater sulfate trapped by
the sediments in various minerals and/or connate water that was subse-
quently reduced by one or more processes (Sangster, 1990; Leach et al.,
2010).

For Bou Dahar, the §34S values in celestite and barite, ranging be-
tween ~15 and 20%. (Table 4), fall within the range of Mesozoic seawa-

Fig. 11. Plots of 2°%Pb/2%4Pb vs. 2°6Pb/2%4Pb and 2°"Pb/2%*Pb vs. 2°°Pb/294Pb for the Bou
Dahar ore district. Curves of growth trends for Pb isotope ratios are from the
plumbotectonic model of Zartman and Doe (1981). Pb isotopic data from Touissit-Bou
Beker (Bouabdellah et al.,, 2012) are also plotted for comparison.

187 ter sulfate (13-20%.) (e.g., Triassic seawater + 11 to 20%.; Jurassic
seawater + 14 to 18%.) (Fig. 12) (Claypool et al., 1980). The &°“S values
18.5 ‘ of barite and celestite are also close to those of Triassic gypsum (13.0 to
o Q 15.6%.) reported in the Touissit-Bou Beker ore district (Bouabdellah
ﬁ et al.,, 2012). The most obvious source of sulfur for the Bou Dahar ores
:3 38.3 P is the Triassic sulfates underlying the Jurassic carbonate of the Moroccan
- # < High Atlas.
5 381 ve The reduced sulfur in sphalerite and galena was derived from
dissolved sulfate through thermochemical sulfate reduction (TSR) or
379 O Bou-Dahar bacterial sulfate reduction (BSR) processes. Beyond this basic point,
B Toussit-Bou Beker the geochemical pathways by which reduced sulfur was formed and
37.7 Y . " how it was introduced into the ore zone remain problematic. BSR
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Fig. 12. 5°S vs. 5'80 plot showing isotopic composition of barite and celestite. The S-O
isotopic composition is compared to the one of Mesozoic seawaters (Claypool et al.,
1980; Veizer et al., 1999).
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takes place under low temperatures, generally below 80 °C (Dixon and
Davidson, 1996; Jergensen et al., 1992; Machel, 1987). Conversely, TSR
occurs via a reaction involving hydrocarbons at a temperature environ-
ment (80-100 °C < T < 150-200 °C) fluctuating mainly between 80 and
130 °C (Orr, 1974; Krouse et al., 1988; Machel, 1987). Sulfur isotope
compositions of sulfides generated through BSR are around 40%.
lower than those of the original sulfates (Ohmoto and Rye, 1979;
Ohmoto, 1986). However, fractionation induced by TSR can produce
sulfides with 534S values around 15%. lighter than those of the parent
sulfates (Orr, 1974). If sulfide precipitation follows sulfate reduction,
the difference between the §**Sso, and §**Sy,s is approximately 14 to
24%. (Krouse et al., 1988). For Bou Dahar, the difference Asyifate-suifide
(6%*Sutfate — 6°*Ssuifde) fluctuates from 8.6%. to 24.4%.. These values
are within the range of 14 to 24%. produced by TSR, and thus are
consistent with the reduction of sulfates through TSR. The separation
Asulfate—sulfide 1S generally around + 5% for in situ-formation of H,S in a
shallow environment (Ohmoto et al., 1985). This separation, however,
oscillates between 0 and +10%. for H,S generated in depth and
transported to the ore site (Ohmoto et al., 1985). It follows that the ob-
served Agyifate—sulfide Values at Bou Dahar indicate that the reduced sulfur
was produced in depth by TSR distant from the orebodies. Subsequent-
ly, this reduced sulfur was carried toward the loci of ore deposition.

However, the overall positive 5>4S values of sphalerite and galena,
and the small deviation from the isotopic values of Mesozoic seawater
sulfate (13-20%., mean ~ 15%.) can also be produced by BSR in a closed
system, or through the mixing of reduced sulfur from multiple sources
involving more than one reduction process. Because the temperature
of ore deposition generally exceeded the conditions capable of sustain-
ing efficient bacterial processes, biogenic sulfate reduction could have
occurred away from the ore zone and/or prior to the hydrothermal
event.

7.4. Processes of ore deposition

The new data presented here reveal that the carbonate-hosted Bou
Dahar Zn-Pb-Ba ores have many geological and geochemical features
that are typical of MVT lead-zinc ore deposits (e.g., Sverjensky, 1986;
Leach et al., 2005). There are three historically proposed models that ac-
count for the precipitation of MVT ore deposits: the reduced-sulfur
model, the sulfate-reduction model, and the mixing model.

In the sulfate reduction model, ore metals and sulfates are
transported together. The precipitation of ore occurs during the reduc-
tion of sulfate via thermochemical sulfate reduction and/or bacterial
sulfate reduction in the presence of organic matter or methane
(Anderson, 1983; Macqueen and Powel, 1983).

In the reduced sulfur model, ore metals and the reduced sulfur are
transported in the same fluid. The amounts of metals and sulfur
transported are very limited due to the constraint on the solubility of
metals in the presence of sulfur. The precipitation of the ore occurs
due to the PH change, cooling, and/or dilution by a superficial fluid
(Anderson, 1973; Helgeson, 1970; Sverjensky, 1981).

In the mixing model, ore metals are transported by one fluid while
sulfur is separately transported by another fluid. The precipitation oc-
curs as a result of the mixing of these two fluids at the site of deposition
(Anderson, 1973; Beales and Jackson, 1966; Anderson and Macqueen,
1988; Sverjensky, 1986; Plumlee et al., 1994). Another variant of this
model is the possibility of a metal-bearing fluid encountering a reduced
sulfur source such as H,S reservoir gas, diagenetic iron sulfides, or sulfur
associated with organic matter (Beales and Jackson, 1966; Sverjensky,
1986).

For the Bou Dahar district, transport of metals together with reduced
sulfur (reduced sulfur model) in a carbonate environment (Liassic
carbonate aquifer) is highly unlikely. In fact, the transport of reduced
sulfur requires acidic conditions, which are difficult to maintain in a
Liassic carbonate aquifer through which fluids have migrated over
large distances.

Similarly, the metal-bearing fluid, migrating upward, cannot carry
sulfates (sulfate reduction model) because of the low solubility of Ba
and Sr in an SOZ ~-rich fluid. It follows that the plausible transport sce-
nario is that deep-seated fluids carried metals, while SO3~ was supplied
by another shallower and cooler fluid (mixing model). The reduced
sulfur must, then, have been generated via TSR of dissolved seawater
sulfate (S037), and delivered to the site of ore deposition where it
was mixed with the ore-bearing hot fluid causing the precipitation of
the ore.

The trend 634Spys > 6>4S,ns is observed for all ore deposits except
Toutia and Corne Wast, which suggests that ore precipitated under dis-
equilibrium conditions that are typical of ore formation at temperatures
well below 250 °C (Ohmoto and Rye, 1979; Ohmoto, 1986). For Corne
Wast and Toutia, the sulfur isotopic composition trend (PbS < ZnS)
may indicate equilibrium conditions. The fractionation factors between
sphalerite-galena pairs in Corne Wast and Toutia have an average value
of 2.3% and 4.7%., respectively. Using the equation o zys_pps =
(0.73/T2) x 108 (Tin Kelvin) (Ohmoto and Rye, 1979), the calculated av-
erage temperatures are about 290 °C and 121 °C for Corne Wast and
Toutia, respectively. The calculated temperature for Toutia (121 °C) is
within the range of those reached through the fluid-inclusion studies
(T, = 142-180 °C). This may suggest that the precipitation of sphalerite
and galena took place at/or near equilibrium conditions in this deposit.
However, the calculated temperature for Corne Wast (290 °C) is higher
than the homogenization temperature range of 106-180 °C, obtained
from the fluid inclusions. This observation together with the general
trend 63#Spps > >S5 indicate that the ores were, overall, precipitated
under disequilibrium conditions resulting from fluid mixing (Ohmoto,
1986). At the hand specimen scale, the enrichment trend of 5>*S along
the paragenetic sequence ZnS < PbS < BaSQ, is observed. This isotopic
composition trend indicates that §>S of the generated H,S is lighter in
the beginning, and becomes progressively heavier with time. This is
consistent with heavy 6>?S and 6'80 measured in sulfates (barite and
celestite). It follows that these sulfate minerals precipitated from a
345 and '80-enriched sulfate reservoir.

The proposed fluid mixing mechanism is supported by fluid inclu-
sions and stable isotope results. In fact, the similarity between the
613C values of gangue carbonates and those of the host rocks points to
the mixing of metal-bearing and reduced sulfur-bearing fluids at the
site of deposition. A similar conclusion was reached for Polaris ore de-
posits, Canada (Savard et al., 2000). The pre-ore wall-rock silicification
indicates that hot fluids underwent conductive cooling as they encoun-
tered carbonate host rocks (Fournier, 1985) prior to this fluid mixing
process.

In the early hydrothermal stage, the mixing of the deep-seated, as-
cending, ore-forming, '80-enriched hot brines with a shallow, cooler,
less saline, H,S-rich fluid (trend 1) (Fig. 13) occurred at the site of
deposition. H,S was generated through TSR processes at elevated
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Fig. 13. Evolution of the mineralizing fluid system at the Bou Dahar ore district.
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temperatures away from the ore site. Such mixing accounts for the wide
range of salinity and the homogenization temperatures obtained from
sphalerite-hosted fluid inclusions. During this mineralization event,
the brine/shallow-fluid mixing ratio was high and resulted in hot
(~143 °C) and saline (~23 wt.% NaCl eq.) brine from which sulfides pre-
cipitated. The metal-bearing fluid was supersaturated in iron, and
mixing led to the rapid precipitation of pyrite as indicated by its
colloform texture (Roedder, 1968) (e.g., Yacoub). The medium- to
coarse-grained texture of sphalerite and galena, observed in the studied
ore deposits, suggests a relatively slow precipitation of sphalerite and
galena from a relatively less saturated fluid. With time, the mixing pro-
portion of the brine relative to superficial fluid decreased as the cool su-
perficial SOZ ~-rich fluid started to dominate the hydrothermal system.
This is evident from the overall cooling trend (Trend 2) (Fig. 12). At
this waning stage, the SO~ could not be reduced most likely because
of lower temperatures that hindered the TSR processes, and thus the
production of H,S (Kiyosu and Krouse, 1990; Machel et al., 1995). The
inhibition of TSR reaction contributed to the end of the sulfide mineral-
izing stage. The unreduced SO3~ combined with Ba leading to the pre-
cipitation of barite from a cooler (T, < 50 °C, ~40 °C) and moderately
saline fluid (~17 wt.% NaCl eq.). The precipitation of barite was slow
as revealed by its coarse-grained texture. At the final waning stage of
the evolution of the hydrothermal fluid system, the cooler fluid became
dominant and more pronounced giving rise to a cooler (T, <50 °C, ~
40 °C) and diluted fluid (~5 wt.% NaCl eq.). As a result of this cooling-
dilution process, Sr combined with the unreduced SO~ causing the
slow precipitation of celestite (Trend 2) (Fig. 13). The presence of
iron-oxide inclusions in celestite reflects the oxidative nature of the
fluid system during the last waning stage.

7.5. Ore controls, timing of mineralization, and fluid migration

Lithostratigraphy, faults, and local paleostructures have guided the
ore emplacement in the Bou Dahar district. The E-W- to NE-SW-
trending faults at the margins and across the Bou Dahar plateau
(Fig. 1) were a major control for ore deposition. Faulting activities dur-
ing the first Liassic rifting had created a paleohigh structure, adjacent to
deep basins, which promoted the development of the Lower and Middle
Liassic carbonate platforms. It is within these highly porous carbonates
that the strata bound-type and the vein-type ore deposits are confined.
During the second Liassic-Jurassic rifting, the Liassic carbonates were
drowned and sealed with the Toarcian-Bajocian impermeable marls.
The latter acted as an aquitard focalizing the mineralizing fluids within
the Liassic carbonates. Later on, these faults and fractures were
reactivated during the Alpine orogeny and acted as migration conduits
for the ascending metal-carrying fluids. Beside these structural and
lithological controls, brecciation, dolomitization, and silicification had
also enhanced porosity for ore emplacement.

The age of ore emplacement at Bou Dahar cannot be determined
precisely. Ore deposition, however, must have taken place after the frac-
turing and faulting of the Jurassic platform. These faulting activities are
related to Eocene-Miocene Alpine orogeny. The ore deposits are mainly
hosted in Middle Liassic carbonates. In some ore deposits, however, the
ore is hosted in Aalenian black shale/mudstones filling the fractures
within the Liassic limestone. Therefore, the ore is post-Aalenian (post-
Early Dogger), and thus post-Jurassic rifting. In the Tirrhist Pb-Zn ore
deposit, the genesis of the mineralization is post-Jurassic (Caia, 1968).
In the Eastern High Atlas, Pb-Zn ore deposits are hosted in rocks ranging
in age from Liassic to Lower Cenomanian (Rajlich et al., 1983). It is
widely accepted that ore deposition in the High Atlas region was post-
Cretaceous (Agard and Du Dresnay, 1965; Bazin, 1968; Le Blanc, 1968;
Dupuy, 1984; Rddad, 1998). Moreover, the ore was emplaced prior to
the onset of the supergene oxidation of the sulfides, which took place
in the last 20 Ma (Choulet et al., 2014).

There is an increasing agreement that major sediment-hosted Zn-Pb
ores are formed as a result of large-scale tectonic triggers (Leach et al.,

2010) that released deep-seated fluids into favorable geochemical
traps. This is the most plausible mechanism behind large-scale fluid cir-
culation in the Bou Dahar district and other ore deposits of the High
Atlas foreland belt. A post-Cretaceous compressional tectonic event
(Alpine orogeny) took place during the collision between the
European and African plates. The Atlasic compressional tectonic event
was not continuous, but rather consisted of a succession of periods of
shortening alternating with periods of tectonic quiescent (Frizon de
Lamotte et al., 2009). Consequently, the timing of ore deposition in
the studied area can be related to the first major Atlasic compressional
event which started during the Middle-Eocene age (~50 Ma-35 Ma)
and continued during the second compressional event of the Late Mio-
cene (Tortonian) age (~12 Ma). This age range is consistent with the
ones proposed for the Touissit-Bou Beker ore district (Bouabdellah
et al., 2012) and for the Tunisian Pb-Zn ore districts (Bouhlel et al.,
2013).

This major tectonic event has caused N-S trending compression of
the High Atlas, which resulted in creating a topographic gradient.
Compression and topography-driven processes are found to be effective
mechanisms in remobilizing and transporting large amounts of orogen-
ic, metal-rich brines from the basin to adjacent platforms (Garven and
Freeze, 1984; Garven, 1985; Kesler, 1994). This mechanism is well
established in the genesis of the Pb-Zn-Ba MVT in the Ozark Plateau
in USA (Leach, 1994; Appold and Garven, 1999; Leach et al., 2005;
Leach et al., 2010). Thrusting, regional E-W and NE-SW deep-seated
faults acted as pathways for the flow and migration of fluids. The Alpine
orogeny as a driving force for the circulation of large-scale fluids was
also proposed for the Pb-Zn-Ba MVT ores in the Tunisian Atlasic belt
(Bouhlel, 2005) and for the MVT Pb-Zn-Ba-(+ Sr) ores in the Moroccan
High Atlas (Rddad, 1998; Rddad, 2012).

The proposed mechanism of the orogenically-driven circulation of
brines in crustal rocks, followed by the ascent of and reaction with fluids
in the overlaying cover rocks has striking similarities to the mechanisms
through which other MVT deposits formed as a consequence of the
plate tectonic collisions (Bradley and Leach, 2003).

8. The Bou Dahar ore genesis model

Based on the geochemical studies, in combination with geological
and mineralogical characteristics, salient physico-chemical metallogenic
parameters can be drawn for the Bou Dahar ore genesis. These parame-
ters include temperature and salinity during ore formation, the charac-
ter and source of hydrothermal fluids, and the sources of sulfur and
metals. These constraints are used to establish the following genetic
model for the origin of the Bou Dahar ore deposits.

The Eocene-Miocene Alpine orogeny caused the compression of the
High Atlas basin, via a thick-skin model (Teixell et al., 2003), and the de-
velopment of a topographic gradient. The deep-seated, ore-forming
fluids were expelled during sediment compaction (Noble, 1963;
Beales and Jackson, 1966) and subsequently remobilized to higher plat-
form zones (e.g., Bou Dahar paleohigh) by the Alpine tectonic orogeny
and topographic gradient (e.g., Garven and Freeze, 1984). These basinal
fluids are brines as indicated by microthermometric and stable isotope
characteristics. The ore-forming brines, driven by the Alpine tectonic
orogeny, acquired their high salinity mainly from evaporated seawater
trapped in sediments, with a minor contribution from halite dissolution.
During their migration, the bittern brines evolved to Pb-Zn-Ba-rich
fluids through the interaction with the Paleozoic and the Mesozoic
siliclastic rocks. The overpressured, orogenic, metal-rich fluids were,
subsequently, channeled through the inherited deep-seated E-W to
NE-SW faulted zones. Ultimately, they migrated through the confined
Liassic carbonate reservoir that contained H,S-rich fluid generated
through TSR processes away from the ore site. The mixing of these
two fluids triggered the precipitation of the sulfide ores. During the
late stage, the hydrothermal system was open to continual influx of
SO%~ rich fluids, resulting in an increase in the proportion of the SO; ™~
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rich, cooler fluid relative to the brine. At this waning stage, barium and
strontium reacted with SOZ ™ leading to the precipitation of barite and
celestite respectively.

The Bou Dahar ore district exhibits striking similarities to the Central
and Southeast Missouri MVT districts in terms of its fluid characteristics.
In these districts, the sphalerite-hosted fluid inclusions indicate homog-
enization temperature in the range of 80 to 110 °C, and a salinity of
more than 22 wt.% NaCl eq. (Leach, 1980). Because of the contrasting sa-
linity and temperature values in the fluids forming sphalerite and barite,
Leach (1980) argued that the precipitation of barite is unrelated to and
superimposed on sulfide mineralization. For the Bou Dahar district, al-
though sulfides and sulfates show distinct fluid temperatures, they re-
flect an overlap in salinity values. Therefore, the sulfide and sulfate
hydrothermal stages were likely related, and were formed from the
same evolving hydrothermal brine. The proposed ore genesis model,
which involves the interaction between basement-derived ore fluids
and shallower H,S-rich fluids, bears similarities to numerous MVT ore
deposits worldwide (e.g., Ozarks, USA, Leach, 1994; Pine Point Canada,
Rhodes et al., 1984).

9. Concluding remarks

Geological, mineralogical, fluid-inclusion, and C-O-S-Pb isotope
studies allow a better understanding of the genesis of the Bou Dahar
Pb-Zn-Ba-(+ Sr) ore district. The following are insights into the genesis
of the mineralization:

1. The carbonate reservoir developed during the Liassic period and frac-
tured during the Eocene-Late Miocene orogeny. It was sealed with
thick, mainly marls and argillaceous limestone of Middle and Late
Jurassic. The carbonate reservoir provided circulation pathways and
a favorable site of ore deposition while the overlapping marls provid-
ed a trap for fluid circulation.

2. The sulfur needed for the precipitation of the sulfide ore deposits was
generated through TSR of dissolved Mesozoic sulfate away from the
site of mineralization. Ultimately, the sulfur was delivered to the
loci of ore deposition.

3. The bittern fluids evolved to Pb-Zn-Ba-rich fluids through the inter-
action with the Paleozoic siliciclastic basement and the Mesozoic
cover. The post-Cretaceous Alpine orogeny triggered the remobiliza-
tion and circulation of these metal-carrying fluids along E-W to
NE-SW faulted zones toward the site of deposition.

4. At the site of ore precipitation, the ore-forming fluids mixed and
reacted with a subsurface cooler H,S-rich fluid to form sulfides. Dur-
ing the waning hydrothermal stage, the excess of unreduced sulfur
and the continual influx of dissolved sulfate reacted with barium
and strontium to form barite and celestite.

The geological, mineralogical, and geochemical characteristics of the
Bou Dahar mining district allow its integration into the large class of
Mississippi-Valley-Type ore deposit. The Bou Dahar characteristics are
consistent with those of other Pb-Zn MVT districts and provinces docu-
mented in others regions in the world (e.g., Ozarks, USA, Leach, 1994;
Appalachian, USA, Kesler, 1996; Pine Point Canada, Rhodes et al.,
1984; High Atlas, Rddad, 1998; Reocin, Spain, Velasco et al., 2003;
Touissit-Bou Beker district; Moroccan-Algerian confines, Bouabdellah
et al., 2012; and Tunisia Alpine Pb-Zn districts, Bouhlel, 2005).
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