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Abstract. The Tassafte Ag-Hg-Cu mineralization,
located about 20 km to the East of Imiter Mine (Ag, Hg),
at the NE edge of Saghro inlier, Eastern Anti-Atlas,
represents a key zone to study and understand the
mineralization history in the Anti-Atlas belt. It exposes E-
W-oriented polymetallic mineralization veins hosted
within Ediacaran formations and throughout Cambrian
formations. The main metallic minerals are represented
by argentite, amalgam of Ag-Hg and rarely native silver;
copper minerals mainly comprise chalcopyrite,
chalcocite, covellite, bornite, and copper oxides. The
gangue minerals are mainly constituted by quartz and
barite. Preliminary results of our finding show that the
Ag-Hg-Cu mineralization in the NE of the Saghro inlier is
presumably younger than what has been assumed
previously. The mineralization is probably related to the
Variscan to Alpine orogenies.

1 Introduction

The Anti-Atlas in Morocco consists of Paleozoic cover
overlying Precambrian basement which is exposed
within several inliers: Bas Draa, Ifni, Kerdous, Tagragra-
Akka, Agadir Melloul-lguerda, Igherm, Zenaga, Siroua,
Bou Azzer, Saghro and Ougnat (Fig. 1-A). These
mountains are considered as a large metallogenic
province for mineral exploration and exploitation
(Bouchta et al. 1977; Mouttaqi et al. 2011), positioned at
the NW margin of the West African Craton. Its evolution
was related to a poly-phase tectono-magmatic history
(from Eburnean to Alpine orogeny).

In the Eastern Anti-Atlas, the Saghro inlier is composed
of meta-sedimentary Cryogenian basement that crops
out in restricted areas know as Imiter-, Sidi Feleh-, Bou
Skour-, Kelaa Megouna sub-inlier. The Ediacaran
Ouarzazate supergroup consists of volcano-sedimentary
successions overlying the basement (Gasquet et al.
2005; Tuduri et al., 2018). This supergroup itself is
overlain by Cambrian sedimentary series. The Saghro
inlier contains several ore deposits of precious and base
metals, such as Imiter- (Ag-Hg), Tiouit- (Au-Cu),
Thaghassa- (Au-Ag), and Bou Skour mine (Cu)
(Mouttagi et al. 2011; Tuduri et al. 2018). The
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mineralizations are hosted within Cryogenian meta-
sediments and Ediacaran volcano-sedimentary rocks
(Fig.1-B).

Previous studies argued that the mineralization
events in the Eastern Anti-Atlas are linked to the
extensional regime during late Ediacaran magmatic
activities (Levresse 2001; Cheilletz et al. 2002; Gasquet
et al. 2005; Bouabdellah and Slack 2016). However,
recent data reported from the Imiter mine indicate a
younger age for the silver mineralization and it is
assumed to be related to the CAMP (Central Atlantic
Magmatic  Province;  Triassic-Jurassic  transition)
magmatism during the opening of the central Atlantic
ocean (Borisenko et al. 2014; Essarraj et al. 2016).

The current work reports for the first time on an Ag-
Hg-Cu mineralization in the Tassafte mining district
(Eastern Anti-Atlas belt), where the mineralization is
hosted within both, Ediacaran and Cambrian formations.

2 Results

The Tassafte mining district is located at the NE edge of
the Saghro inlier, about 25 km to the South of Tinghir
city and 20 km to the East of the Imiter mine. In this
area, two lithostratigraphic units were distinguished (Fig.
2), which correspond to the Ediacaran complex in the
southern sector and to Cambrian formations in the
northern part.

2.1 Country rocks

In the Tassafte area, the ore veins are hosted within
Precambrian to Cambrian formations. The Precambrian
is presented by Ediacaran volcano-sedimentary
succession in which different lithofacies are identified
that comprise rhyolitic ignimbrite, basalt to andesite
lava, fallout deposit and a hydroclastic complex. These
rocks are unconformably overlain by Cambrian
sediments. The lower Cambrian comprises the Igoudine
Formation, composed of polygenic conglomerates, the
Imouslek\lssafene Formations that consist of alternating
carbonates and shales, and fine quartzite beds that
represent the Asrir formation. The Middle Cambrian is
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Figure 1. A- Geological sketch of different geological domains in Morocco, with the Anti-Atlas in the South. B- Geological sketch of the

Saghro inlier with black box showing the location of the Tassafte mining area; updated after Tuduri (2005).

Wawrmast Formation showing interbedded lenses of
carbonates and sandstone; the top is characterized by
white massive quartzitic sandstones of Jbel Afrou
Formation (Fig. 2).

2.2 Ore structures

In the Tassafte area, the ore deposits formed along an
E-W shear system, in which the veins are oriented from
N80 to N120. These ore structures are hosted in
Ediacaran units and continuing within the Cambrian
successions. The veins exhibit a thickness varying from

Quarzite

and sandstone
(Jbel Afraou,Fm)

some centimeter to decameter and they extend along 1
to 2 Km. They are generally dipping to the south about
55° to 90°, except the main major fault which marks the
cartographic limit between the Ediacaran basement and
the Cambrian cover and which is dipping to the North
(85 to 70°N).
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Figure 2. Schematic profile of the lithostratigraphic units that host
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the ore mineralization in the Tassafte area
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mala

Figure 3. A- BSE image shows amalgam Ag-Hg mineral with different proportion of Ag and Hg that is confirmed byEDX analyses displayed
on the right (Number 1 and 2 in circles). B- BSE image shows chalcopyrite and grey copper and their EDX analysis on the right. (Number 1
and 2 in circles). C- Thin section in reflected light image shows galena (gn) mineral within barite (ba) gangue. D- Malachite (mala) and

azurite (az) mineralization within microcrystalline quartz gangue (qz).

2.3 Mineralization

Our preliminary results about the mineralization on the
Tassafte mining area show a polymetallic mineralization
within barite and quartz gangues. In the following, we
present a brief description:

-Ag and Hg mineralization
The silver minerals are represented as argentopyrite,
argentite, native silver and as an Ag-Hg amalgam (Fig.
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3-A). The silver is also associated with grey copper.

-Cu mineralization
The copper minerals are largely present as copper
sulfide (mainly chalcopyrite, chalcocite, covellite,
bornite) or as a sulfosalt (grey copper) (Fig. 3-B, D). In
addition, copper carbonate hydroxides are present as
azurite and malachite.

-Zn mineralization
Is represented mainly by sphalerite or also within the



oxide stage in the form of zinc oxide.

-Pb mineralization
The Pb is present mainly as galena (Fig. 3-C).

-Gangue minerals
The gangue is represented by quartz that formed within
several generations. They are microcrystalline quartz
and geodic ones. Second gangue mineral is barite that
show different texture such as massive and colloform.

Conclusions and prospective

The Tassafte mining area is located at the NE part of
the Saghro inlier, about 20 km to the East of the Imiter
mine. In this district the mineralization are formed in
veins with centimetric to metric thickness. They are E-
W-trending and they are hosted within Ediacaran and
Cambrian  successions. The  mineralization is
represented by copper minerals in the form of sulfide
(chalcopyrite, chalcocite, covellite, bornite) or as
carbonates hydroxide (malachite and azurite). In
addition, the Ag mineralization forms an amalgam of Ag
and Hg, or it is present as argentite and argentopyrite.
This mineralization is also associated with galena and
sphalerite.

Previous studies about the Ag-Hg-Cu mineralization
specifically in the Imiter mine considered the
mineralization to be restricted to the late Ediacaran age
(Levresse 2001; Gasquet et al. 2005; Bouabdellah and
Slack 2016). We present data indicating that at least
part of the Ag-Hg-Cu-Pb-Zn mineralizations are younger
and probably related to Variscan to Alpine orogenies.
Our prospective concerning the mineralization of the
Tassafte area, consist of a deep study of the
mineralization including fluid inclusions, isotopes, in
order to understand the source and the genetic model of
this mineralization. A comparison with Imiter mine and
similar mining areas in the Anti-Atlas will be also carried
out.
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Abstract. The Xiasai-Lianlong metallogenic belt in the
central Yidun Terrane hosts numerous Sn—Ag and (Sn-)
Ag-Pb-Zn deposits, which are spatially associated with
Cretaceous granites. The Xiasai Ag—Pb-Zn deposit
(0.27 Mt Pb+Zn, 1028 t Ag, and 20000 t Sn), is the
largest deposit in the belt and is related to a
monzogranite intrusion. The deposit consists of (quartz-)
sulfides in veins, resulting from three successive
mineralization stages (I-lll). Rb—Sr isochron dating of
sphalerite samples yielded an age of 99 + 3 Ma and
zircon U-Pb LA-ICP-MS dating of the monzogranite
gave ages between 102 + 1 and 101 + 1 Ma. The &S
values of eleven sphalerite separates range from -9.7 to
—3.1%0 and those from nineteen galena samples from —
10.5 to —4.9%.. The estimated &*S value of the ore-
forming fluid is —-8.5%0, using the sulfur isotopic
fractionation of sphalerite-galena pairs that are assumed
to be in equilibrium. Eighteen sulfides from sub-stages
[I-2 and 11-3 have relatively homogeneous Pb isotopic
compositions, which are similar with the ones of K-
feldspars from the Xiasai monzogranite.
Geochronological and isotope data support a magmatic-
hydrothermal origin for the Xiasai Ag—Pb—Zn deposit.

1 Introduction

Ag-Pb-Zn vein-type deposits are one of the most
important types of Ag and/or Pb—Zn mineralization, and
many of them have been regarded as the distal part of
the magmatic-hydrothermal systems with proximal
porphyry and/or skarn Cu—Mo mineralization (e.g.,
Sillitoe 2010; Lawley et al. 2010; Bonsall et al. 2011; Li
et al. 2017; Liu et al. 2016; Zhai et al. 2019). Ore-related
granitoids are dominated by granodiorites, granites,
monzogranites, and granite porphyries, which generally
have geochemical affinities of |- and S-type, or even A-
type granites (Li et al. 2012, 2017; Liu et al. 2016; Jiang
et al. 2018).

The 0.27Mt Xiasai Ag—Pb—Zn deposit in the central
Yidun Terrane (YDT), SW China, is a new example for
hydrothermal vein-type mineralization. It was regarded
as a vein-type deposit associated with a Cretaceous A-
type granite (Qu et al. 2002; Hou et al. 2007). This study
presents S—Pb isotope geochemistry, sphalerite Rb—-Sr,
and zircon LA-ICP-MS U-Pb geochronology for the
Xiasai Ag—Pb—Zn deposit and associated monzogranite
to further constrain source and timing of magmatism and
mineralization.
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2 Geology of ore deposit

The YDT lies between the Qiangtang and the Songpan—
Garze terranes and is separated by two oceanic suture
zones, i.e., the Jinshajiang suture to the west, and the
Garze—Litang suture to the north and east (Wang et al.
2013). Three types of ore deposits belts have been
recognized in the YDT: volcanogenic massive sulfides
(VMS), porphyry—skarn Cu—Mo, and Sn—Ag polymetallic
belts (Hou et al. 2007). The Sn—Ag belt (Xiasai—Lianlong
metallogenic belt) is located in the central YDT, and is
composed of four large deposits, two medium-sized
deposits and numerous smaller Ag polymetallic
deposits.

The Xiasai Ag—Pb—Zn deposit (0.27 Mt Pb+Zn, 1028 t
Ag, and 20000 t Sn) is controlled by NNW-trending
faults and is located in the northern part of the Xiasai
monzogranite (XSM) (Fig. 1). The XSM has a weakly
peraluminous A-type granite composition, with high
SiO2, alkalis, and FeOt contents, and low CaO, MgO,
and TiO2 contents. The host-rocks consist of grey
slates, sandstones, intermediate to felsic volcanic rocks,
and tuffs, belonging to the upper part of the Triassic
Tumugou Formation.

Two types of mineralization, i.e., Sn-bearing veins
and Ag-Pb-Zn-bearing veins occur in the Xiasai
deposit. The Sn mineralization consists of cassiterite-
quartz veins in a proximal location within 800m of the
XSM. The Ag—Pb—Zn mineralization is hosted in (quartz-
) sulfides veins that are located distal and to the north of
the XSM with distance of ~500-3500 m (Fig. 1). Nine
Ag—-Pb—Zn ore bodies have been recognized and they
commonly occur as lodes, lenses, and disconnected
pods. The Ag-Pb-Zn mineralized veins exhibit
horizontal and vertical zonation in the mineral
assemblages. It can be divided into three zones from
south to north, i.e., a Sn rich zone, a Zn—Cu-rich zone,
and a Pb—Ag-rich zone (Fig. 1). A horizontal and vertical
alteration zonation is developed. Three alteration zones
are recognized from south to north, e,
epidote+actinolite+garnet zone, quartz+sericite+chlorite
zone, and weak quartztsericite zone. Three
hydrothermal stages are recognized in the Xiasai
deposit, i.e., stage | (quartz-cassiterite veins), stage Il
(Cu— Zn-Pb-Ag), and stage Ill (quartz+calcite veins). In
addition, the stage Il can be further divided into three
sub-stages, i.e., sub-stage II-1 (Apy+Po), sub-stage II-2
(Ccp+Sp), and sub-stage II-3 (Gn+Ag-bearing minerals).
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Figure 1. Geological map of the Xiasai Ag—Pb—Zn deposit,
showing the location and distribution of the ore bodies and the
relationship between mineralization, alteration zonation, the XSM,
and NNW-trending faults.

3 Geochronology and isotope geochemistry

3.1 Ages for mineralization and ore-related
monzogranite

Rb—Sr isotopic dating were performed using a Thermo
TRITON thermal-ionization mass spectrometer (TIMS)
at the Wuhan Isotope Laboratory, Chinese Academy of
Geological Sciences. More details about the method
and procedure can be found in Duan et al. (2014) and
Yang et al. (2015). Eight sphalerite samples have Rb
contents of 0.022—-2.215 ppm and Sr contents of 0.173—
7.143 ppm. Their 8Rb/®Sr ratios vary from 0.029 to
6.303 and ¥ Sr/%Sr values from 0.71051 to 0.73367. The
data of seven samples constitute a good linear array on
87Sr/%8Sr vs. 8Rb/®Sr correlation diagram with Rb—Sr
isochron age of 99 + 10 Ma (R? = 0.992). The 8 Rb/®Sr
ratios for the ZnS phase of samples K18-1S and 4755-
1S are 26.51 and 19.09, and ®Sr/®Sr values are
0.76130 and 0.75226. Nine samples, including seven
sphalerite phases and two ZnS phases, also constitute a
good linear array on ®Sr/%Sr vs. 8Rb/%®Sr correlation
diagram with an age of 99 + 3 Ma (Fig. 2). This data is
interpreted to represent the age of the Cu-Zn
mineralization in the Xiasai Ag—Pb—Zn deposit.

Two samples (XS-5 and XS—1) from the XSM were
selected for LA-ICP—MS U-Pb dating of zircon at the
State Key Laboratory of Geological Processes and
Mineral Resources, China University of Geosciences in
Wuhan. Eighteen analyses have been carried out on the
sample XS-5. Most data plot (n = 14) on or near the
concordia curve, and some (n = 4) are shifted to the
right side of the concordia curve (Fig. 3), which is
probably generated by the analytical uncertainty of 2"Pb
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Figure 2. Rb—Sr isochron age for sphalerite from Ag—Pb—Zn veins

measurements and traces of common lead. The
206pp/238 ages of eighteen spot analyses range from 96
+ 3 to 109 + 4 Ma, and yield an average 2*°Pb/%8U age
of 102 £ 1 Ma (MSWD = 0.9). Nineteen analyses have
been conducted on the sample XS—1. The 2%Pb/2%U
ages of fourteen analyses range from 95 + 3 to 106 + 3
Ma. These data yield an average 2°°Pb/?%¥U age of 101
1 Ma (MSWD = 1.4) (Fig. 3).
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Figure 3. U-Pb concordia diagrams for zircons from the XSM

3.2 Sulfur and lead isotopic compositions

The &*S values of five sphalerite separates range from
-7.6 to —3.1%0 with an average of —6.0%o, and those for
five galena samples range from —10.1 to —6.7%o (mean =
—8.2%0) (Fig. 4). The measured &S values of sphalerite
and galena are similar to those from six sphalerite (9.7
to —5.5%0) and fourteen galena (-10.5 to —4.9%o)
samples found in previous studies (Liu 2003; Ying et al.
2006; Zou et al. 2008). Meanwhile, %S values of six
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pyrite and four pyrrhotite separates are comprised
between -6.4 and -1.2%.,, and -7.1 and —6.5%,
respectively. Pyrite has higher 5*S relative to sphalerite
and galena. Combined with literature values, the &*S
values of 41 sulfides from the Xiasai deposit range from
-10.5 to —1.2%o0, with an arithmetic mean of —7.0 %
3.5%o.

B Sphalerite(this study)

Sphalerite(previous study),
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Figure 4. Histogram of 5*S values for sulfides from the Xiasai Ag—
Pb-Zn deposit
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Five galena samples have Pb isotopic ratios of
206pp/204pp = 18.711 -18.748 (average = 18.727),
207pp/204Pp = 15.711-15.752 (average = 15.730), and
208pp/204Ph = 39.104-39.225 (average = 39.158). In
addition, thirteen other sulfides including ten galena, two
sphalerite, and one pyrrhotite samples have 2°Pb/?%“Pb
= 18.687-18.920 (average = 18.767), 2°’Pb/?%Pb =
15.675-15.956 (average = 15.770), and 2%Pb/?%Pb =
38.979-39.851 (average = 39.331) (Ying et al. 2006;
Zou et al. 2008). The lead isotopic compositions of
galena samples analyzed in this study and previous
sulfides (?°Pb/2%Pb = 18.711-18.748, 2O’Pb/?%Pb =
15.711-15.752, and 2°Pb/?**Pb = 39.104-39.225) are
similar to those at the Lianlong skarn Ag—Sn deposit,
which has 2%Pb/2%Pb, 2°7Pb/2%Pb, and 2°°Pb/?*Pb ratios
of 18.618-18.710, 15.630-15.738, and 38.199-39.176,
respectively (Fig. 5; Qu et al. 2001).

Five K-feldspar separates from the XSM have
206pp/204pp - 207pp/204Ph, and 2%8Pb/2%Pb of 18.702-
18.731, 15.680-15.718, and 39.000-39.128,
respectively, and are distinctly lower than those of the
whole-rock samples from the RYC granite (Fig. 5).
Compared with the two types of samples from granites,
the ore sulfides from the Ag—Pb—Zn deposit tend to have
similar lead isotopic compositions to K-feldspar from the
XSM.

4 Discussions

4.1 Albian-Cenomanian magmatism and Ag—Pb-
Zn mineralization

Cretaceous granites in the central YDT have been dated
at 93-60 Ma by Ar-Ar on biotites and K-feldspars
separates, as well as whole-rock Rb—Sr isochron (Qu et
al. 2002; Ying et al. 2006). The U-Pb ages for the XSM
are between 102 + 1 and 101 + 1Ma, which are coeval

Advances in Understanding Hydrothermal Processes

16.2

Trend line for the Xiasai granite
and sulfide minerals

16.0

15.8

15.6

Wpp 24P

15.4

15.2

15.0
40.0

39.5 g
39.0 3

38.5

Wepp 24Py

X
38.0 | c,&%

37.5

Mantle

37.0

16.5 17.0 17.5 18.0 18.5 19.0 19.5

200pp /24P
@ Sulfide minerals(this study)

@ Sulfide minerals(previous study)

[[] Xiasai granite
-+ Rongyicuo granite

Q Sulfide minerals from the Lianlong deposit
Figure 5. 27Pb/?*Pb and 2°8Pb/2*Pb vs. 2°°Pb/2“Pb plots for ores
and monzogranite from the Xiasai Ag—Pb—Zn deposit

with the ages of the Genie biotite monzogranite (LA-
ICP-MS U-Pb age on zircons of 105 + 2 Ma, Wang et
al. 2008) and the Chuershan granite (LA-ICP-MS U—Pb
age on zircons of 104 £+ 1 Ma, Reid et al. 2007) in the
YDT. Therefore, it is suggested that the crystallization
age of the granites is between 105 to 101 Ma. The
younger Ar—Ar and Rb—Sr ages obtained likely reflect
post-crystallization episodes related to hydrothermal
alterations. The Rb-Sr dating method for different
phases of sphalerite was applied to obtain constraints
on the age of the Pb—Zn mineralization (Duan et al.
2014; Yang et al. 2015). The Rb-Sr isochron age of 99
+ 3 Ma obtained for sphalerite from sub-stage II-2 is
interpreted as the age of Ag—Pb—Zn mineralization. The
age for sphalerite is identical within uncertainty to zircon
U-Pb age of the XSM in the Xiasai district, thus
indicating that the mineralization and the granitic
magmatism are coeval.

4.2 Source of ore-forming materials

41 sulfides from the Xiasai deposit have &*S values
ranging from —10.5 to —1.2%. (arithmetic mean = -7.0
3.5%0) with an overall disequilibrium of sulfur isotopes
among sulfides during the evolution of the deposit. The
sulfur isotopic compositions for the Xiasai deposit are
slightly higher than the ones of sulfides from the
adjacent Lianlong skarn-type Sn—Ag deposit in central
YDT (-10.5 to —9.5%0, Qu et al. 2001). The &*S value of
the estimated ore-forming fluid for the Xiasai deposit is —
8.5%0, using the sulfur isotopic fractionation of
sphalerite-galena pairs that are assumed to be in
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equilibrium. It is similar to the &S value of one whole-
rock sample from the Lianlong granite which was
associated to skarn-type Sn—-Ag mineralization (—8.1%;
Qu et al. 2001). The result indicates that the sulfur may
be derived from the XSM. In addition, Wang et al. (2015)
proposed that the low &S values for hydrothermal Ag—
Pb—Zn veins and skarn type Sn—Ag deposits in the
central YDT were interpreted as magmatic in origin
resulting from partial crustal melting of A-type granites.

The Pb isotopic compositions for ores from the Xiasai
Ag-Pb-Zn deposit are identical to those of K-feldspar
from the XSM. This probably indicates a common
source of Pb and a possible genetic relationship
between the XSM and Ag—Pb-Zn mineralization. The
controversy regarding the discrimination diagrams for
Pb isotopes indicates complex Pb sources for sulfides
and granitic intrusions (Wang et al. 2015). Ores and K-
feldspar from the XSM in the Xiasai deposit share the
same linear relationship in the 2’Pb/?%Pb and
208pp 24P vs, 296pPp/204pPp diagrams (Fig. 5), which
could suggest a two-component mixing model involving
crust and mantle components. This conclusion can be
corroborated by Lu—Hf isotope on zircons from the XSM
(eri(t) = —2.7 to 0.6 and Tomz = 925-1095 Ma).

5 Conclusions

Zircon U-Pb dating of the XSM and the Rb—Sr isochron
age for sphalerite confirms that the granitic magmatism
and the formation of hydrothermal Ag—Pb-Zn
mineralization were coeval during the Lower to Upper
Cretaceous (Albian—Cenomanian). The S isotopic
composition is similar to the 84S value of the LL granite,
indicating that the sulfur may be derived from the Albian
granitic intrusions. The Pb isotopic composition of
sulfides from the Ag—Pb—Zn mineralization is consistent
with the ones of K-feldspar from the monzogranite,
suggesting a common origin.
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Hydrothermal
mineralizations
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Abstract. The hydrothermal native element-arsenide
mineralization (five-element) type comprises native Ag
and/or native Bi as well as Ni-, Co-, and Fe-arsenides
and —sulfarsenides. Due to the current surge in Co-
demand, this mineralization type has regained recent
economic interest. Thus, it is of interest to further
understand the paragenetic and possible spatial relation
of Co-bearing minerals and the formation
mechanism/process of this mineralization type. This is
achieved through an extensive literature review in
combination with newly calculated stability relations.

The mineralization is host rock independent, but
spatially linked to sources of reducing agents (as this is
the cause of precipitation). This reduction process
results in a thermodynamically controlled characteristic
Ni- > Co- > Fe-diarsenides sequence, as well as a
transition from native elements to mono- to di-arsenides.
The temporal Ni > Co > Fe trend has also been
described to occur on a special scale, and since it is
ubiquitous, it may be used as a tool in constraining Co
rich sections of a deposit. The formation of this
mineralization is, however, not only thermodynamically,
but also kinetically controlled, as is evident by the
abundant dendritic textures. Kinetics favor a sulfate-
sulfide disequilibrium which enables an aqueous sulfide
poor system that allows for arsenide formation.

1 The mineralization

Hydrothermal ore deposits that are dominated by Ni-Co-
arsenides + native elements have been labeled "five-
element vein type", "five element association", "nickel-
cobalt-native silver ore type", “Bi-Co-Ni-As-U-Ag-
Formation”, and "Ag-Co-Ni-As-Bi type" (e.g., Bastin
1939, Baumann et al. 2000, Kissin 1992, Kissin et al.
1988, Markl et al. 2016, Muller 1860). We propose that
this mineralization type should better be termed “Ni-Co-
Fe-arsenide type” or “native element-arsenide
mineralization”, as it always contains hydrothermal Ni-,
Co-, and Fe-arsenides and/or sulfarsenides together
with variable quantities of native elements (silver,
bismuth, arsenic, antimony), metal alloys and in rare
cases gold, uraninite, antimonides and Cu arsenides
(e.g. Bagheri et al. 2007; Hiller and Schuppan 2008;
Staude et al. 2007).

The hydrothermal native element-arsenide
mineralization has been subject to centuries of
exploration and mining. Although economic interest has
decreased over time, the ever-increasing recent
demand for Co due to in large part the renewable
energy industry, this mineralization type has sparked
new economic interest. Furthermore, the arsenides are
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native element-arsenide

(five-element)

commonly associated with other economically
interesting elemental enrichments (such as Ag, Cu, Au;
e.g., Bouabdellah et al. 2016, Bagheri et al. 2007) Their
current economic importance is evident for example the
Bou Azzer mine (Slack et al. 2017) and the recent
exploration in Slovakia (Dobsina and Kolba deposits) by
European Cobalt Ltd (Kumova 2017).

The following description (Fig. 1) of the mineralization
is compiled, evaluated and generalized by Scharrer et al
(in review) from publications on a large number of
localities worldwide. These among others include:
Anarak, Iran (e.g., Bagheri et al. 2007); Belorechenskoe
deposit, Russia (Pekov et al. 2010); Black Hawk district,
USA (e.g., Gillerman and Whitebread 1953); Bou Azzer,
Morocco (e.g. Bouabdellah et al. 2016); Cobalt-
Gowganda, Canada (Bastin 1949; Petruk 1968; Petruk
1971; Marshall and Watkinson 2000); Dobsina, Slovakia
(Kiefer et al. 2017); Great Bear lake, Canada (e.g.,
Robinson and Ohmoto 1973); Kongsberg, Norway
(Kotkova et al. 2017); Odenwald, Germany (Heimig
2015; Burisch et al. 2017); Ore mountains Germany and
Czech Republic (e.g., Hofmann 1986; Baumann et al.
2000; Lipp and Flach 2003; Hiller and Schuppan 2008);
Pyrenees, Spain (e.g., Fanlo et al. 2006); Schladming,
Switzerland (Paar and Chen 1979); Schwarzwald,
Germany (Staude et al. 2007; Staude et al. 2012);
Spessart, Germany (Wagner and Lorenz 2002) ; Valais,
Switzerland (Kreissl et al. 2018); Zalesi, Czech Republic
(Dolnicek et al. 2009)

e
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Figure 1. Simplified Paragenetic sequence of the arsenide and
sulfide stage.

The native element-arsenide assemblage (arsenide
stage) forms an intermediate stage within a polystage,
polymetallic mineralization sequence. The typical
dendritic growth of the initial minerals native silver,



native bismuth and niccolite (Ni-monoarsenide), which
act as crystallization nuclei to subsequent minerals,
define the overall characteristic rosette type texture of
the ores. Niccolite typically forms subsequent to the
native elements and is in turn overgrown by the
generalized consecutive sequence of Ni-, Co-, and Fe-
diarsenides (Fig. 1). This mineral sequence has also
been reported to be spatially resolvable (Petruk 1968).

Several generations of tri- and sulfarsenides are
common and crystallize at random intervals and in
variable abundance, but are generally more common
towards the end of the arsenide stage (Fig. 1). The
Ni=>Co—>Fe sequence is at times also visible for the tri-
and sulfarsenides, but the data on this in the literature is
scarce. The arsenide minerals and native elements
commonly occur in a gangue of carbonates (typically
calcite, dolomite, ankerite or more rarely siderite; Mark
et al. 2016), where fluorite, barite, and quartz may be
present, but are generally much rarer (Bastin 1939).

There is a gradual transition from the arsenide stage
to the subsequent sulfosalt-bearing and base-metal
sulfide- mineralization stages. Typical minerals of this
stage are Ag-, Sb-, As-bearing sulfosalts together with
native arsenic, and base-metal sulfides. These are
present in the form of overgrowth and/or replacement
textures producing a complex and locally variable
mineral succession.

This generalized mineralogical succession is very
similar (independent of localities), and only the absolute
abundance between minerals varies. It should, however,
be noted that this mineral sequence is only generalized
and may not always be visible in individual samples.

2 Genesis
2.1 Precipitation mechanism

The formation temperature (fluid inclusion data) of the
arsenide stage varies greatly between localities (50-400
°C) and no systematic cooling has been observed (e.g.
Bouabdellah et al. 2016, Markl et al. 2016; and
references therein), which indicates a principally
temperature-independent formation mechanism. The
fluids are highly saline (up to 50 wt% NaCl eq.
containing dominantly NaCl and CaCl2 (e.g.,
Bouabdellah et al. 2016, Markl et al. 2016). The fluid
source has been strongly debated, between and for
individual locatlities (e.g., Bou Azzer: Bouabdellah et al.
2016; e.g., Cobalt-Gowganda: Petruk 1968, Echo-Bay:
Robinson and Ohmoto 1973) and there seem to be
several fluid sources. Thus, the source is irrelevant for
the formation of this mineralization, as long as the fluid
carries the necessary metals.

The conspicuously similar mineralization sequence
implies common formation conditions/mechanisms for
this mineralization type, independent of location.
However, several different formation mechanisms have
been proposed in the past (Burisch et al. 2017; Kissin
1993; Kreissl et al. 2018; Markl et al. 2016; Ondrus et al.
2003a; Robinson and Ohmoto 1973). Most of these
differ to some degree, but involve some sort of redox

change. The abundant minerals, native bismuth, native
silver, arsenides and native arsenic are only stable
under reduced conditions, whereas their constituent
elements are soluble under more oxidized conditions,
Markl et al. (2016) and Burisch et al. (2017) related the
formation of native element-arsenide assemblages to a
process of strong and rapid reduction. Furthermore,
hydrocarbons have been identified in fluid inclusions,
also indicating very reduced conditions (e.g., Odenwald:
Burisch et al. 2017; Cobalt-Gowganda: Kerrich et al.
1986; Bou Azzer: Essarraj et al. 2016 and Imiter:
Levresse et al. 2016). Lastly, a close spatial association
of ores and reducing agents such as siderite, sulfide,
and/or graphite-rich host rocks and organic-rich shales
has been described for several localities (e.g., Cheilletz
et al. 2002; Kissin 1993 and references therein, Kreissl
2018; Lipp and Flach 2003). From an exploration point
of view, this signifies that the hydrothermal native
element-arsenide mineralization is spatially independent
of the host rock or specific fluid source, but is
constrained to the presence of various reducing agents.

3 Methodology

Thermodynamic modeling was done using the
Thermoddem database of 2017 (Blanc et al. 2012) with
internally consistent additions and the Phase 2
application of the Geochemist's Workbench 12 ®
(Bethke  2007). For thermodynamic  modeling
procedures, thermodynamic data selection and
estimation, as well as fluid composition compilation and
constraints see Scharrer et al. (in review).

4 Genetic model
4.1 Mineral sequence

According to thermodynamic predictions, the initial
minerals that precipitate during fluid reduction are native
silver and native bismuth (Fig. 2). This is in perfect
agreement with petrographic descriptions (see above).
The subsequent formation of Ni-monoarsenide and then
Ni-, Co- and Fe diarsenide (that is present in nearly all
localities) is also in accordance with thermodynamic
predictions at mildly basic to acidic conditions (Fig. 2).
Ni-monoarsenide only forms at neutral to basic pH,
which enables the formation of Ni-diarsenide without
abundant initial Ni-monoarsenide. The arsenide
sequence (Ni>Co—>Fe) is determined not only by the
decreasing stability of the minerals, but also by the
increasing thermodynamic stability of the aqueous CI-
and O-complexes from Ni to Co and followed by Fe.
Thus, during reduction, the fluid is successively depleted
in elements (e.g., Bouabdellah et al. 2016) due to this
precipitation sequence. This sequence, but not the
absolute abundance of the arsenides, is largely
independent of Ni, Co and Fe concentration in the fluid,
as it would require a three order of magnitude difference
in concentration to change. A nearly complete miscibility
is present between the diarsenides in natural samples
(not considered in the thermodynamic calculations).
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Thus, such a large difference in concentration would
result in some minerals not forming.
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Figure 2. Thermodynamic model of the Ni-Co-Fe-As (top) and Ni-
Co-Fe-Pb-Zn-As-S system (bottom) modified from Scharrer et al
(in review).

4.2 Sulfide enigma

Concerning liberations and extraction during processing,
it can be vital to understand the mineralogy and their
textural occurrence. Although normally, arsenides
dominate, some occurrences present a predominance of
sulfarsenides over arsenides (e.g., Dobsina: Kiefer et al.
2017; Kongsberg: Kotkova et al. 2017; Valais: Kreissl et
al. 2018). Thus, at these locations the Co/As ratio of the
ore is expected to be significantly larger, since the
undesired arsenic is replaced by sulfur.

Sulfarsenides become thermodynamically stable
even at low sulfide concentrations (<<10 mg/kg S) until
the present aqueous sulfide has been precipitated as
sulfarsenides. At these conditions, they form co-
genetically with the arsenides which is featured in
natural samples as sulfarsenide or sulfide-rich arsenide
bands within arsenide rosettes. Thus, it is likely that
these textures represent a local and short-lived increase
of the sulfide activity in an otherwise sulfide-deficient
solution.

If, however, more sulfide is present, the sulfarsenides
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become predominant over the arsenides and no
arsenides would form (Fig. 2). The only exception is the
Ni-monoarsenide that is stable at higher oxidation states
than the Ni-sulfarsenide. Furthermore, Ni-, Co-, and Fe-
sulfides as well as base metal sulfides and sulfosalts
become stable. These minerals are however, all absent
in the arsenide stage and only, in part, become relevant
in the subsequent sulfide stage. Thus, the sulfide
content of the mineralizing fluid has to be low in order to
form the arsenide- and native element- dominated
mineralization at hand. For sulfide to be scarce, either
sulfur has to be limited or a disequilibrium between
sulfate and sulfide is present during reduction. Although
both scenarios can occur in nature, the thermodynamic
disequilibrium is certainly an important factor since
sulfate-sulfide kinetics are very sluggish at low
temperatures (<200 °C; Ohmoto and Lasaga 1982) and
some localities show cogenetic sulfate in the form of
barite together with arsenide (Lipp and Flach 2003;
Staude et al. 2012). The importance of kinetics and the
fast precipitation process is indicated by the dendritic
textures of the initial ore minerals (Markl et al. 2016).
Thus, our proposed slower reduction of sulfate to sulfide
than arsenate/arsenite to arsenide might also be
relevant at temperatures well above 200°C.

The transition to the sulfide stage is indicated by the
formation of sulfosalts and base metal sulfides. This and
the typical reaction textures of native silver and native
bismuth to sulfosalts indicates the increase in sulfide at
the transition from the arsenide to the sulfide stage. This
can be attributed to either the delayed reduction of
sulfate to sulfide or by an influx of sulfide/mixing of a
sulfide bearing fluid.
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Abstract. The White Pine Cu-Ag deposit in the
Midcontinent Rift System (MRS) is one of the archetype
sediment-hosted stratiform copper deposits, with an
initial resource of ~10Mt contained Cu metal. A
reinterpretation of reflection seismic data shows the
basin lacks many features characteristic of rifts such as
syn-sedimentary faults and alluvial fans. Mineralisation
is hosted in the ~1.1 Ga Oronto Group, between braided
fluvial sandstone and conglomerate of the Copper
Harbor Formation, and siltstones and shales of the
Nonesuch Formation deposited in an estuarine setting
during a marine transgression. New stable isotope and
petrographic data reveal the ingress of seawater into the
Copper Harbor Formation aquifer that facilitated the
leaching of metals from basaltic detritus during
diagenesis. The mineral paragenesis suggests that
rapid burial compaction of the aquifer, in tandem with
incipient inversion, drove fluid flow. Formation waters re-
utilised earlier petroleum migration pathways, flowing
towards the margins of the sag basin where they were
focused by faults on the margins of a paleo-topographic
high. Metals were deposited in a zoned sequence during
thermochemical sulphate reduction across a redox front
of liquid petroleum and in situ organic matter.

1 Introduction

Sediment-Hosted Stratiform Copper (SHSC) deposits
are one of the major sources of Cu worldwide. They are
believed to form in rift basins containing evaporite
sequences, from the interaction of moderate
temperature, highly saline, oxidised and metal-bearing
brines with reduced lithologies such as organic-rich
shales or liquid hydrocarbon traps (Hitzman et al. 2005).
The Midcontinent Rift System (MRS) of the American
Mid-west is anomalous to other rift systems containing
SHSC deposits as it contains an unusually large volume
of mafic rocks, no known evaporite sequences,
significant native copper mineralisation, and is hosted in
shales of lacustrine origin rather than marine (Elmore
1989). Previous interpretations of reflection seismic data
identified syn-sedimentary and syn-volcanic faults on
the basin margins (Cannon et al. 1989; Dickas &
Mudrey 1997). The sedimentary fill of the basin was
interpreted as early alluvial fans shedding
conglomerates into a half-graben subsequently filled by
lacustrine siltstones and shales (Daniels 1982).
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Figure 1. Simplified geological map of western Lake Superior
region showing the location of the principal Cu-Ag deposits.

Prevailing models for the formation of SHSC
mineralisation at White Pine, Copperwood and nearby
prospects suggest fluids were driven by volcanism
(Brown 2014a), gravity compaction (Swenson et al.
2004), meteoric recharge (Brown 2014b) or a
combination thereof. A second phase of mineralisation
is interpreted to have formed around thrust faults during
subsequent (Grenville orogeny) basin inversion at 1047
+ 35 Ma (Ruiz et al. 1984; Mauk et al. 1992). Here we
present new interpretations of reflection seismic data,
new data on core and outcrop including C-O isotopes on
carbonate rocks, sulphur isotopes on sulphide minerals
and H-O isotopes on authigenic clays. A detailed
paragenesis is compiled from petrography and drill core
observations with peak temperature estimates and
characterisation of alteration minerals derived from X-
Ray Diffraction (XRD). We combine these data into a
holistic understanding of the mineral system, the
geodynamic and structural evolution of the basin, the
stratigraphic framework for the Oronto Group, the
changing nature of the pore fluids within these rocks and
the factors that influenced the timing of fluid flow.

2 Geological setting

The MRS is a c. 2000 kilometre-long arcuate feature of
dense and magnetic rocks in the eastern portion of the
Laurentian continent, interpreted commonly as a failed
rift (Cannon 1994; Stein et al. 2014). That is based on
reflection seismic data in which basin-margin, syn-
volcanic and syn-sedimentary faults have been inferred
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(Cannon et al. 1989; Dickas and Mudrey 1997). The
basin fill consists of a lower sequence c. 20 km thick of
basaltic volcanic rocks and an upper sequence c. 10km
thick of sedimentary rocks that constitute the Keweenaw
Supergroup (Ojakangas et al. 2001). Volcanic rocks are
overlain by the Oronto Group, which from the base
upwards includes the Copper Harbor, Nonesuch and
Freda formations. The Copper Harbor Formation
contains lithic arenites and conglomerates interpreted as
alluvial fans (Elmore 1984) with multiple minor volcanic
units (Baumann et al. 2018). The Nonesuch Formation
conformably overlies the Copper Harbor Formation
(Daniels 1982), comprising siltstones and shales
including organic-rich and micritic beds and s
interpreted to be of a lacustrine origin (Elmore 1989),
although organic geochemistry studies have highlighted
evidence of marine influences (e.g. Hieshima and Pratt
1991). The Freda Formation is a brown-coloured alluvial
sandstone of greater textural and compositional maturity
than the Copper Harbor Formation (Daniels 1982). In
the western Lake Superior sub-basin, the Oronto Group
is unconformably overlain by the sub-arkosic Jacobsville
Sandstone (Kalliokoski 1982). Placed within the context
of a rift basin, the Copper Harbor Formation alluvial fans
were shed into half grabens filled subsequently with
lacustrine siltstones and shales of the Nonesuch
Formation (Daniels 1982). Contrasting explanations for
why the MRS failed to extend to develop oceanic crust
include compression related to the Grenvillian Orogeny
(Cannon 1994) or extension accommodated elsewhere
on the margin of Laurentia (Stein et al. 2014).

3 Results
3.1 Basin architecture

A total of 21 reflection seismic lines have been collected
across Lake Superior, imaging the subsurface to a
depth of up to ~30km (e.g. Behrendt et al. 1988). Our
interpretation of the seismic data shows that the
volcanic rocks, including the Portage Lake Volcanic
(PLV) flows, display a draped geometry with units
thickening towards the centre of the basin. An
unconformity surface truncates the top of the volcanic
units, cutting deeper into stratigraphy at topographic
highs and at the margins of the basin. The low
resolution of the seismic data prohibits the identification
of individual formations above this unconformity.
Clinoforms within the lower Oronto Group show clear
onlap of units onto this unconformity surface and infill a
pre-existing topography. Clinoforms within the lower
Oronto Group, interpreted to be Copper Harbor
Formation, prograde systematically northward into the
basin centre. The uppermost units imaged in the seismic
data lie above an unconformity although it is unclear if
the surface is the base of the Freda Formation,
Jacobsville Sandstone or another unit. Late reverse
faults are present on the northern and southern margins
of the basin. The faults ramp up through stratigraphy
becoming steeper near the surface and displaying
offsets of 10 - 20 km. All volcanic and sedimentary units

show constant thicknesses across faults.
3.2 Stratigraphy and sedimentology

The surface at the top of the PLV is a gentle undulating
surface with a locally-developed paleosol, overlain
unconformably by a relatively well-sorted sandstone
unit. The Copper Harbor Formation varies from 115 m to
~1400 m in thickness and its lower part is dominated by
conglomerate with well-rounded cobble to boulder-sized
clasts of mostly basalt reworked from the underlying
PLV Group. Beds are 2-3m thick and display imbrication
and subtle upward fining. Upwards, the conglomerate
becomes interbedded with trough and planar cross-
bedded sandstone, in upward fining channelized beds.
The topmost units are dominated by sandstone that
locally fines up into shale and contains stromatolites,
evaporite minerals, flaser bedding and features
indicative of a sabkha. The distribution of these facies
extends over tens of kilometres laterally, with grainsize
fining vertically and laterally away from basement highs.
The Copper Harbor — Nonesuch Formation contact is
conformable and is commonly interbedded over several
meters. The basal Nonesuch Formation contains
abundant organic-rich shales, microbial mat textures,
syneresis and desiccation cracks, flat-top ripples and
heterolithic bedding. These units are overlain by a more
homogenous fine-grained, dark siltstone recognisable
across the basin. The unit also contains abundant flaser
bedding. A third unit at the top of the Nonesuch
Formation contains coarser-grained sands and silts with
hummocky-cross stratification and evidence of cyclical
flow reversals. Brown fluvial sandstones of the Freda
Formation lie unconformably above the Nonesuch
Formation on an erosional surface which cuts downward
through stratigraphy towards the southwest.

3.3 Mineral paragenesis

Approximately 200 thin sections were examined with a
focus on the paragenetic sequence and spatial
distribution of authigenic minerals. Framework grains in
the Copper Harbor Formation show hematite coatings
that appear coeval with early tangential anisopachous
smectitic rims. The smectite content varies from zero to
completely filling pore throats. The upper Copper Harbor
Formation from the White Pine and Copperwood areas
shows evidence of widespread hematite destruction
resulting in a colour change from red-brown to grey or
beige across an area of ~25 x 25km. A zone of
neoformed isopachous chlorite rims is present in the
lower Nonesuch and uppermost Copper Harbor
formations beneath White Pine. Chlorite rims overgrew
and possibly replaced earlier smectite rims. The zone of
chlorite alteration attains a maximum thickness of up to
10 m on the southwest side of the White Pine fault.
Pyrobitumen (solidified petroleum) fills many interstitial
pores, post-dating chlorite rims, with which it displays a
close spatial association. Native copper commonly
mantles pyrobitumen in interstitial pores and copper
sulphides replace pyrite that has nucleated on the
surfaces of detrital and authigenic chlorite grains.
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Syntaxial quartz overgrowths commonly fill pores and
post-date copper mineral grains. Quartz cements are
particularly well developed in quartz-rich sandstones
and around grains that are not rimmed by smectite or
chlorite. Grain dissolution textures, including framework
quartz grains, are commonly infilled by a late poikilotopic
calcite cement.

3.4 White Pine deposit geology

The bulk of copper mineralisation is hosted in
carbonaceous siltstones and shales of the basal
Nonesuch Formation. The zonation of ore minerals,
from the base upwards, includes ~0 to 5m of native
copper, a chalcocite zone up to ~10m thick, and an
upper ~50cm thick zone of bornite, chalcopyrite and
greenockite (CdS). Native silver is concentrated in the
uppermost ~30cm of the Copper Harbor Formation.
Native copper mineralisation is stratigraphically
restricted to pyrobitumen-bearing Copper Harbor
Formation sandstones and the lowermost Nonesuch
Formation. Copper mineral zonation is peneconcordant
and stratigraphically highest near the Porcupine rhyolite
dome. Copper minerals are most often present in mm-
scale sand laminae within the shales, with minor
amounts in mm to cm-scale reverse faults. The copper
mineral species in these reverse faults shows the same
gross zonation pattern as disseminated copper
mineralisation. The White Pine fault displays ~200 m of
normal offset and evidence of syn-sedimentary
movement (down to the southwest) that includes
coarser sediments, thickened stratigraphy and erosional
scouring in the hangingwall. The fault both focused and
partitioned chlorite alteration, interstitial pyrobitumen
and native copper mineralisation; the zones of which
tend to be thickest in its hangingwall. Irregular, late
pyrobitumen veins show a close spatial and genetic
relationship to faulting, and are cut by and re-utilised by
calcite veins. High angle (~60°) inverted normal faults
offset mineralisation by 10s of meters.

3.5 Stable isotopes

Stable isotope analyses were completed on sulphide,
carbonate and silicate phases from drill core samples
across the basin. White Pine, Copperwood and other
prospects displaying a similar style of mineralisation
show a wide range of 8*S values, of -24.2 to +29.9%.. A
prospect containing structurally controlled chalcocite
mineralisation displayed a bimodal distribution of 8*S
values of -25 and +15%.. Mineralisation from a
stratigraphically lower basalt-hosted deposit and the
Mount Bohemia diorite intrusion displays a tight cluster
of values close to 0%, suggesting a different and
homogenous source of S. C and O isotopes were
analysed in early and late concretions, micrite beds,
interstitial cement and several vein generations. The
5'®0 values varied from ~25%. for early diagenetic
features, ~18%o for cement and ~15%o. for veins. Calcite
cement from mineralised samples contains isotopically
lighter C and O of ~-9 and ~18%., respectively. Pre-ore
authigenic chlorite coatings on framework grains record
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the 8D and &'®0 of pore water shortly before ore
formation. Samples were taken from several prospects
across the basin and preliminary D¢ data (-1.4 to
26.2%0) show evidence of a marine-dominated fluid.
Oxygen isotope data are pending.

3.6 X-Ray diffraction

The <2um matrix component of 190 samples was
separated by centrifuge and decantation techniques,
and analysed by XRD. Samples from the Iron River
Syncline, a sub-basin southwest of White Pine, contain
montmorillonite,  beidellite, chlorite and  minor
vermiculite. lllite crystallinity values indicate peak
temperatures of ~130°C (n=4). Samples from White
Pine and Copperwood contain variable amounts of illite
and chlorite, and record temperatures of ~150°C (n=34)
and 135°C (n=6) respectively. Northeast of White Pine,
in a deeper portion of the basin, sandstones containing
chlorite, illite and laumontite matrix minerals record peak
temperatures of between 170 and 180°C (n=4).

4 Discussion

Copper Harbor Formation sediments onlap an
unconformity surface above the PLV Group, infilling an
undulating paleo-topography. Sedimentary features
within the Copper Harbor Formation are indicative of a
braided fluvial deposit and we find no evidence to
support the interpretation that it records syn-rift
sedimentation. Lithofacies indicative of marine settings
that occur in the uppermost Copper Harbor Formation
and lowermost Nonesuch Formation suggest deposition
in tidally-influenced shallow-marine setting: abundant
desiccation cracks, evaporite minerals and sabkha
features are evidence of periodic subaerial exposure.
We envisage an embayment or estuarine setting in
which circulation was sufficiently restricted so as to
promote the preservation of organic matter.

The marine transgression that initiated Nonesuch
Formation deposition would have resulted in seawater
displacing meteoric water in the pores of the underlying
Copper Harbor Formation. This is confirmed by the
isotopically heavy ODmud¢ Vvalues calculated from
authigenic chlorite rims. The presence of evaporite
minerals in the lower Nonesuch Formation suggests
residual brines may also have percolated down into the
Copper Harbor Formation aquifer, thus providing CI
ligands for metal transport.

Isopachous authigenic chlorite in the uppermost
Copper Harbor Formation beneath White Pine is absent
at grain-grain contacts suggesting formation during
mesodiagenesis, after the onset of compaction. Chlorite
and smectite rims appear to have inhibited silica
cement, and in the case of chlorite, prevented over-
compaction and pore collapse. Bleaching of hematite
rims at White Pine and Copperwood is interpreted to be
the result of iron dissolution at sites of high fluid flux.
The attenuation of the aquifer around the Porcupine
rhyolite forced ore-forming fluids to higher stratigraphic
levels. Thicker shale units in the hanging walls of syn-
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sedimentary faults (e.g. White Pine fault) promoted ore
deposition lower in the stratigraphy. The top of the
native copper zone varies in concert with that of the
copper sulphide zones above, and formed in the same
paragenetic window, suggesting sulphides and native
metals formed coevally under a common redox
architecture. Sulphur isotope data imply thermochemical
sulphate reduction was the main precipitation
mechanism of the sulphides. The presence of minor
amounts of ore in small-scale thrust faults that contain
exclusively copper minerals suggests that the
mineralisation extended into incipient basin inversion.

Paleo-temperature estimates correlate with inferred
burial depths (and subsequent exhumation along the
Keweenaw fault) and thus call into question
interpretations suggesting thermal perturbations being
driven by volcanism.

5 Conclusion

The Copper Harbor Formation was deposited on a
paleo-topographic surface as a permeable and metal-
rich source rock. A marine incursion into the basin
resulted in a restricted embayment or estuarine setting
that produced carbonaceous shales and brines which
percolated into underlying sandstones. Breakdown of
volcanic detritus in the Copper Harbor Formation during
eo- and mesodiagenesis liberated metals into saline
pore waters, initially producing (Mg-Fe) chlorite grain
coatings that preserved aquifer porosity. Migrating
petroleum was focused towards the edges of the basin
and by basin-normal structures at White Pine and
Copperwood deposits. Progressively deeper burial and
compaction of the Copper Harbor Formation drove
oxidised and saline Cu-Ag-bearing brines into these
petroleum trap sites where metals precipitated upon
reduction of the brines by liquid petroleum or in situ
organic matter in shales. Sulphur was sourced primarily
from thermochemical sulphate reduction of seawater.
Normal geothermal gradients in the basin preclude
volcanic thermal inputs as a fluid drive mechanism and
meteoric recharge is discounted due to the abundant
evidence of seawater influence. The location of ore
deposits at topographic highs on the margins of the
basin, and the timing of ore deposition (during
compaction and sediment loading) suggest burial
compaction as the dominant fluid drive mechanism. The
process of mineralisation spanned incipient inversion,
during which the same redox architecture governed
metal zonation in the deposits. Mineralisation likely
ceased when sediment-loading decelerated and primary
permeability in the Copper Harbor Formation aquifer
was degraded by pore-clogging quartz and calcite
cements.
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Abstract. The Bou Azzer inlier is thought to represent a
suture zone within a Neoproterozoic orogeny. The Bou
Azzer inlier is composed of an assumed ancient oceanic
crust of serpentinized ultramafic rocks, gabbro and
basaltic pillow rocks. This inlier hosts the Co-Ni ore
deposit of Bou Azzer with two types of mineralization: i)
massive, elongated ore bodies, known as “contact” type
mineralization, along the contact between serpentinite,
quartz diorite and Precambrian volcanic rocks; and ii) a
“cross-cutting” type represented by faults that cut all
units, only mineralized at the vicinity of the “contact’
type. A detailed mineralogical and textural study brings
new arguments on the ore-formation processes at Bou
Azzer. First, it appears that both types of mineralization
are developed within a progressive and continuous
tectono-hydrothermal stage as shown by the
mineralogical evolution. Second, the “contact” type
exhibits two aspects: i.e., Laminated Contact
Mineralization (LCM) and Breccia-Related Contact
Mineralization (BRCM) that are related to different initial
textures of the pre-mineralization host rocks. Third, Ni-
Co mineralization seems to have developed by
replacement of spinel/magnetite grains of the
serpentinite. All these observations are consistent with
ore formation along a tectonic contact which explains
the existence of serpentinite fragments slope breccia.

1 Introduction

Various cobalt mineralization styles on Earth cannot be
attributed to a single ore-forming model. At least, six
major mineralization styles are known: 1) sediment-
hosted stratiform Cu-Co deposits (Fay and Barton
2012); 2) ortho-magmatic sulfide deposits (Naldrett et al.
1998); 3) Co from lateritic profiles mainly exploited for Ni
(Orloff 1968); 4) Co-rich crusts associated with Mn-
nodules within seawater hydrothermal oxidizing venting
environment (Hein et al. 2000); 5)
hydrothermal/volcanogenic deposits (the Bou Azzer
district) (Leblanc 1975; En-naciri 1995); 6) Five
elements (Ni-Co-As-Ag-Bi) vein-type deposits (Kissin

Advances in Understanding Hydrothermal Processes

1988; Markl et al. 2016; Burish et al. 2017). At Bou
Azzer, two types of ore bodies exist — the “contact” and
the “cross-cutting” types. Yet, their mode of formation
remains unclear, especially regarding their relationship
with large-scale geodynamic processes. In this study,
we present and discuss: i) mineralogical and
paragenetic features that favor coeval processes of
formation for the two mineralization types at Bou Azzer;
ii) new textural observations helping to discuss the pre-
mineralization tectonic context and its implication on the
presently admitted classical model of Precambrian
ophiolite for the Bou Azzer inlier (Leblanc 1976,
Gasquet et al. 2005).

2 The Bou Azzer — El Graara inlier and the
deposits

The Bou Azzer — El Graara inlier, oriented NW-SE, is
located in the central part of the Moroccan Anti-Atlas,
south of Quarzazate. This inlier is composed of a
dismembered but complete sequence of an assumed
ancient oceanic crust made of serpentinized ultramafic
rocks overlaid by gabbroic and basaltic pillow rocks
(Leblanc 1975, 1976, 1981; Bodinier et al. 1984). This
area is thus interpreted as being a suture zone related
to the Neoproterozoic orogeny (e.g. Choubert 1963;
Leblanc and Lancelot 1980; Saquaque 1992). The
tectono-magmatic evolution of this area (Tuduri et al.
2018) involves a first event, associated with the
emplacement of large volumes of high-K calc-alkaline
magmas in meta-sediments that were deformed under
transpressive tectonic control (the Lower Complex). A
second transtensive deformational event is associated
with intense magmatism, volcanism and deposition of
volcano-clastic sediments (the Upper Complex). The
Precambrian group of Quarzazate, characterizing the
Upper Complex, is composed of dacitic to rhyolitic
ignimbrites and andesitic tuffs (Mifdal and Peucat 1985);
all intruded by a calc-alkaline to highly potassic plutonic
rocks. All these Precambrian units are covered by the
Cambrian sedimentary cover (Pouit 1966; Bouchta et al.
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1977; Gasquet et al. 2001).

3 Textural and paragenetic constraints on
the mineralization

3.1 The Co-Ni ore deposits of Bou Azzer

Two types of ore bodies occur in the Bou Azzer district,
as defined by Leblanc (1975) and En-naciri (1995) (Fig.
1):

i) The massive “contact” type is composed by Co-Ni-
Fe arsenides hosted within a siliceous or carbonaceous
gangue. This mineralization is developed systematically
at the contact between serpentinites and quartz-diorite
and/or Upper complex volcanic rocks, located south and
north of the serpentinite occurrences, respectively.

i) The “cross-cutting” type is composed of Co-Fe
arsenide mineralization, within K-feldspar, quartz and
carbonate veins. These veins intersect all units, and are
only mineralized at the vicinity of the “contact” type ore
bodies.

Host rock Gangue Mineralization
[ Serpentinite = Cjirbonaceous gangue I Nickel arsenide
= Quartzdiorite  [ZZi] Siliceous gangue Cobal sulfo-
[ Basic rock i Cobalt arsenide
Cross-cutting type [_] Coba

Magnetite beds Breccias of carbonated [l Iron arsenide
Contact type - Massive [ éﬁ]rgretrz\tme [ sulfides
ﬁ"éﬁl p : Carbonate

orite
E Spinel Orthoclase

Figure 1. Model of formation of the Bou Azzer Co-Ni-rich arsenide
ore deposit showing the distribution of the mineralization stages
within the “contact” and the “cross-cutting” type mineralization.

Six paragenetic stages are recognized at Bou Azzer:

1) a Ni-arsenide stage with nickeline (NiAs) and
rammelsbergite (NiAs2); 2) a Co-arsenide stage with
skutterudite (CoAss) and safflorite (CoAsz); 3) a Co-sulfo
arsenide stage with cobaltite (CoAsS); 4) a Fe-arsenide
stage with loellingite (FeAsz); 5) a Fe sulfo-arsenide
stage with arsenopyrite (FeAsS); and 6) a sulfide stage
with chalcopyrite, sphalerite, galena, and fahlores. The
six stages are observed within the contact type
mineralization, all included in a carbonaceous and a
siliceous gangue, whereas only the last four stages
occur in the “cross-cutting” type.

A petro-structural model is proposed in order to
integrate the six mineralization stages within three main
events which lead to the formation of the Bou Azzer
deposits (Fig. 1):

1) a Ni-Co-rich arsenide stage composed of nickeline,
rammelsbergite and subsequent cobaltite and
skutterudite;

2) the formation of the siliceous or carbonaceous
gangue associated with the late Co-rich arsenide and
the earlier Fe-rich sulfo-arsenide minerals;

3) the formation of the cross-cutting structures mainly
hosts the final stage of the Co-rich arsenide
mineralization and the Fe-Cu-bearing sulfide minerals,
both occurring in veins mainly composed of K-feldspar
(minor), quartz and carbonate.

3.2 Textural observations on the massive type

A detailed textural analysis of the “contact’” type
mineralization led to the following observations:

1. The massive arsenide-rich parts of the mineralization
show two distinct textural features:

- Massive lenses of lamellar nickeline surrounded by
skutterudite sometimes alternating with carbonate
forming a banded texture (Fig. 2a).

- Massive lenses of arsenides with isolated nuclei of
elongated rammelsbergite surrounded by cobaltite,
carbonate, skutterudite and chalcopyrite, all included
within large euhedral skutterudite and with late
carbonate (Fig. 2b);

2. The gangue of the contact mineralization is mainly
carbonaceous and may exhibit several inherited
fragments of serpentinite (Fig. 3a), indicating the nature
of the host rock (serpentinite) prior to the formation of
the mineralized structure;

3. Skutterudite is commonly fractured, with neo-
serpentine infilling (Fig. 3b). This demonstrates that the
serpentinization was still active during at least the
earliest mineralization stages.

4. Spinels and rammelsbergites entirely replaced by
spinel are observed within the serpentinite close to the
contact (Fig. 3b). Spinels are systematically bordered by
magnetite (Fig. 3c) or rammelsbergite (Fig. 3b). In
addition, cathodoluminescence imaging shows relics of
spinel frequently occurring in the core of the
carbonaceous gangue (Fig. 3c). This demonstrates
again that serpentinite was the precursor of the
mineralized gangue.

5. Cathodoluminescence imaging of the
carbonaceous gangue shows that two textures co-exist:
i) one dominated by large euhedral crystals evolving
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toward, ii) fragmented grains with a lot of space between
them. This last texture seems to be related to dilatation
breccia formed within a stress-free open space (Fig. 3d)
(Jébrak 1997; Chauvet 2019).

Carbonates

Figure 2. a. The “contact” type composed of laminated contact
mineralization (LCM) of Ni-Co rich arsenide then surrounding by
carbonate (image in reflected light). b. Nucleus of Rammelsbergite
surrounding by skutterudite, carbonate, chalcopyrite, in a massive
gangue of skutterudite and carbonates, indicates a brecciated-
related environment of the contact mineralization (BRCM) (image
in reflected light). Carb: carbonate, Co: Cobalt, Cp: Chalcopyrite,
Ni: Nickel, Ram: Rammelsbergite, Sk: skutterudite

0,1 mm

Fragmented
grains of carb

Spinel

Large euhedral
carb

Figure 3. a. Fragments of a previously serpentinite in the
carbonaceous gangue (image in polarized light) b. Few information
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of texture is visible: fractured skutterudite by serpentinite, spinel
entirely replaced by rammelsbergite, spinel is observed in the
serpentinite host rock (image in polarized light). c. Spinel is
included also in the carbonaceous gangue of the “contact” type, is
bordered by magnetite (image of cathodoluminescence — CL). d.
The carbonaceous gangue shows two types of texture: brecciated
texture of thin carbonates and euhedral texture of large carbonates
(image of CL). Carb: carbonate, Co: Cobalt, Mgt: Magnetite, Ni:
Nickel, Ram: Rammelsbergite, Serp: serpentinite

4 Formation of the Bou Azzer ore deposit
and tectonic implications

We draw two main conclusions from the textural and
mineralogical analysis of the Bou Azzer mineralization:

- The mineralogical evolution of both “contact” and
“cross-cutting” mineralization types results from a
progressive and continuous process that begins with Ni-
Co ore formation followed by Co-Fe-Cu-rich stages. The
Ni-Co stages are encountered exclusively within the
“contact" type while the Co/Fe/Cu stages developed in
both structures. This suggests that both mineralization
types, i.e. the contact and the cross-cutting ones, are
produced during the same tectono-mineralogical event,
although the “contact” type ore bodies formed first.

Basic rock

=
* Quartz diorite 5 =
S5 == + —
e o~
i
o
o
+ //’ A -
+ Serpentinite
&
Futur Futur
BRCM LCM
Textural features

7, Slope breccia of Supposed
sergentinite fragment ynormal fault
/% Tectonic foliation

Figure 4. An example of hypothetic tectonic context consistent with
the formation of serpentinite breccia that serves as receptacle for
mineralization. In that case, fault motion need to be normal.
(BRCM: Brecciated-related contact mineralization; LCM:
Laminated contact mineralization)

TC Tectonic contact

- The textural features within the “contact’ type
demonstrate that these domains result from
replacement and hydrothermal processes that affect a
serpentinite rock. Textural constraints indicate that most
of the ore bodies derived from serpentinite breccia could
form Breccia-related Contact Mineralization (BRCM);
although some may have been formed by the
transformation of banded serpentinite levels, Laminated
Contact Mineralization (LCM) (Fig. 4). It is suggested
that such brecciated areas, characterized by high
permeability, are favorable domains for fluid circulation
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and subsequent ore formation.

- The occurrence of spinel relics bordered by
magnetite and rammelsbergite confirms the hypothesis
of replacement of serpentinite levels. It is suggested that
spinel and magnetite fragments are at the origin of the
Ni/Co-rich arsenides whereas serpentinite ones formed
the gangues.

A first hypothesis regarding the tectonic context of ore
formation at Bou Azzer is illustrated in figure 4. The
brecciated levels, as precursors for the formation of the
contact orebodies can result from the activity of normal
faults and the geometrical constraints of the inlier. Such
normal faults may have helped the exhumation of the
serpentinized mantle in this area. However, they are
inconsistent with the obduction scenario.
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Abstract. The extensional back-arc setting in the
Aegean Sea hosts polymetallic ore deposits that are
temporally associated with the emplacement of Miocene
granitoids and occur adjacent to major detachment
systems. Various types of mineral deposits (e.g.,
carbonate replacement, skarn, vein-type, and low- to
high-sulfidation epithermal) formed during different
stages of back-arc evolution and can be found in the
metamorphic basement, unmetamorphosed hanging
wall and Quaternary volcanic units along the active
volcanic arc. A comparison of the trace elements in
galena from twelve deposits across the Cyclades District
was carried out by LA-Q-ICP-MS analyses to identify
possible geochemical similarities and differences at
regional and local scales. The new trace element data
demonstrates the usefulness of galena as an abundant
and widespread indicator mineral for ore-forming fluids
in the Cyclades. In addition to spot analyses, traverses
through galena reveal compositional zoning, which
indicates that changes in the fluid chemistry are
encountered during crystal growth. Despite these
variations, galena from the same deposit show small
variations in trace element concentrations that appear to
be characteristic of the particular setting and host rocks.
Regional differences in trace element concentrations in
galena reflect the conditions of mineralization and metal
sources in the Cyclades District.

1 Introduction

Precious and base metal-rich deposits in the Cyclades
District are temporally associated with different stages of
the geodynamic evolution of the arc and back-arc (e.g.,
Skarpelis 2002). Recent studies by Melfos and
Voudouris (2017) and Menant et al. (2018) highlighted
the temporal change in mineralization styles and
commodities in the Cyclades District. Despite the long
mining history and detailed studies of the individual
deposits, paragenetic models for many deposit types
occurring in the Cyclades District remain controversial.
This study compares the geochemistry of the different
mineral deposits using galena, a widespread and
abundant host for many trace elements, as a guide to
the ore-forming fluids and metal sources of the Cyclades
District. Recent trace element studies in galena by LA-
ICP-MS (George et al. 2015) have shown that galena
can contain a large variety of trace elements (e.g., Ag,
Bi, Se, Sb, Cd, Tl, Te) that are indicative of the different
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source rocks, magmatic-hydrothermal influences, and
conditions of mineralization.

2 Geological setting

The Cyclades District extends from the Lavrion
Peninsula, south of Athens towards Milos and Santorini
along the active Hellenic Volcanic Arc. Subduction of the
African plate beneath continental Europe created an
extensional back-arc setting accommodated by low-
angle, crustal detachments. Two major tectono-
metamorphic units can be distinguished in the Cyclades:
the metamorphic basement divided into the Upper and
Lower Cycladic Nappe, which are separated by the
Trans Cycladic Thrust (Fig. 1, after Grasemann et al.
2018), and the unmetamorphosed Pelagonian Unit in
the hanging wall of the major detachment systems.
Intrusion of Miocene granitoids started before 15 Ma
(e.g., Tinos) in the north-east, whereas magmatism in
the west only started after 11 Ma (e.g., Lavrion, Serifos).
Economic mineral deposits occur in all tectono-
metamorphic units and are temporally and spatially
associated with the detachments and Miocene
granitoids as well as Pliocene-Quaternary volcanics
along the volcanic arc.

2.1 Cyclades mineral district

The Cyclades mineral district spans the transition from
Middle Miocene to modern seafloor hydrothermal
systems along the volcanic arc (Fig. 1). The deposits
have been classified as carbonate replacement Pb-Zn-
Ag-(Au), low- to high-sulfidation epithermal, polymetallic
and precious metal vein, skarn and porphyry systems
(e.g., Skarpelis 2002; Melfos and Voudouris 2017).
Carbonate-hosted replacement Pb-Zn-Ag mineralization
is often spatially related to major detachment faults and
occurs at Lavrion and on the islands of Syros and Sifnos
(e.g., Bonsall et al. 2011; Berger et al. 2013). Skarn
deposits occur on the islands of Serifos and Tinos (e.g.,
Fitros et al. 2017). Low- to high-sulfidation epithermal
gold deposits and subvertical detachment- and fault-
related base and precious metal vein mineralization are
found on Milos, Tinos, Kythnos, Antiparos, and Mykonos
islands (e.g., Alfieris et al. 2013; Kevrekidis et al. 2015;
Menant et al. 2013; Tombros et al. 2007; 2015). Rapid
uplift along the arc front has exposed former submarine
hydrothermal systems on the island of Milos. Here, Pb-
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Zn-Ba-(Mn-Ag-Au) low- to intermediate-sulfidation
epithermal deposits occur primarily in Quaternary
volcanic rocks in the western part of Milos (e.g., Kilias et
al. 2001; Marschik et al. 2010; Alfieris et al. 2013).

[ Pliocene-Quaternary volcanics
I Miocene intrusions ,~° Trans Cycladic Thrust (TCT):
[ Pelagonian synorogenic
[ Upper Cycladic Nappe post-orogenic detachments
[ Lower Cycladic Nappe
Deposit Types

% LS-HS epithermal
Carbonate replacement
Skarn
Vein-type
Hydrothermal vent sites

water depth [m]

O o> O

Figure 1. Simplified geological map of the Cyclades District
(modified after Grasemann et al. 2018; Schneider et al. 2018).
NCDS: North Cycladic Detachment System, WCDS: West Cycladic
Detachment System, NPDS: Naxos-Paros Detachment System,
SDS: Santorini Detachment System, LS-HS: Low- to high-
sulfidation.

A common low-temperature mineral paragenesis is
found in the different deposits in the western Cyclades
with sphalerite, pyrite, galena and minor chalcopyrite
and sulfosalts. In contrast, precious metal-rich vein-type
deposits occur mainly in the northern and eastern
Cyclades (e.g., Tinos, Mykonos, Antiparos) which are
characterized by a galena-rich, chalcopyrite, pyrite and
sulfosalt paragenesis with minor sphalerite and
tellurides.

3 Trace elements in galena

To compare the geochemical signature of the mineral
deposits in the Cyclades, galena mineral separates
were prepared from 31 samples collected at twelve
deposits on six islands (from north to south: Lavrion-9,
Tinos-1, Mykonos-5, Serifos-3, Antiparos-2, Milos-11).
Grain mounts were analyzed at the University of New
Brunswick by LA-Q-ICP-MS (Agilent 7700x). Ablations
were 30 seconds at 3 Hz with 30 seconds of washout
and background collection. For each sample at least ten
ablations on a minimum of seven grains were obtained,
and a spot size of 45 ym was used. Reference
standards include NIST610, MASS-1, GSE-1E, and
Broken Hill Galena. Data reduction was performed using
the MASS-1 sulfide reference material. In addition to the
spot analyses, two trace element profiles were
performed on galena from the Profitis llias drill core
(P0O12, depth 317.8 m) on Milos and from the barite
vein-type deposit on Mykonos (Panormos Bay). The
profiles were performed with a 17 pym spot size and a
speed of 5 ym/s.

Mineral deposits in the Cyclades District experienced
only minor deformation and overprinting, which make
galena a powerful indicator mineral of the ore-forming
fluids and metal sources. The data support previously
suggested potential of galena as host for a wide range
of trace metals and metalloids (George et al. 2015), with
the following trace elements detected in all of the
analyzed galena: Ag, Sb, Cu, Cd, Tl, Bi. The most
abundant trace elements are Ag and Sb, which are often
correlated with each other (Fig. 2 and Fig. 3).

Table 1. Mean concentrations of trace elements obtained by spot analyses of galena of the different deposit types in the Cyclades mineral
district. Trace elements are sorted from the most to the least abundant. Elements in bold have mean concentrations above 1000 ppm.
Characteristic trace elements are highlighted in blue. n: number of analyzed samples, LCN: Lower Cycladic Nappe, UCN: Upper Cycladic
Nappe, IS: Intermediate sulfidation, LS: Low sulfidation.

Location | Deposit name (n) Deposit type Host rock Galena trace element concentration
major (>100 ppm) minor (>1 ppm) | trace (<1 ppm)

Lavrion Plaka (4) Carbonate replacement|Marble, schist (LCN) Ag, Sb Sn, Cd, Mn, Cu T, Bi, In, (Co, Te)
Lavrion Kamariza (4) Carbonate replacement|Marble, schist (LCN) Ag, Sb Cd, Sn, Cu, Bi, Te|Tl, In, (Co)
Lavrion |Sounio (1) Carbonate replacement|Marble (LCN) Sb, Ag, Cu Cd, Sn Tl, Bi, In
Tinos Panormos Bay (1) |Quartz-veins Marble (UCN) Se, Ag, Sb, Te, Bi, Cd |Cu, Hg TI, Sn, In, Au
Mykonos |Cape Evros (2) Barite-veins Silica breccia, Miocene intrusion JAg, Sb Cd, Cu Bi, In, Tl, Sn
Mykonos |Panormos Bay (3) |Barite-veins Clastic sediments (Pelagonian) |Sb, Ag, As Hg, Cu, Cd, T (Bi, In, Sn)
Antiparos |Agios Georgios (2)|Quartz & barite-veins  |Schist, marble (UCN) Ag Sb, Cd, Cu Tl, Bi, Co, (In)
Serifos Moutoulas (3) Skarn Schist, marble (LCN) Ag, Sh Bi, Cd, Mn, Cu TI, Sn, (Te, In)
Milos Triades (3) 1S epithermal \Volcano-sedimentary (dacite) Ag, Sb, Cu Zn, Cd, As, Mn Au, Tl, Bi, (Te)
Milos Galana (4) IS epithermal Volcano-sedimentary (dacite) Ag, Sh, Cu Cd, Zn, Mn, Bi Te, TI, Au

Milos Profitis llias (1) 1S epithermal Rhyolite - rhyodacite Te, Ag, Sb Cd, Cu, Au, Mn Bi, T, (Zn)
Milos Kondaros (3) LS-IS epithermal Dacitic domes and lava flows Ag, Sh Cd, Cu T, Bi
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Figure 2. Major coupled substitution (Ag,Cu,Tl)* + (Bi,Sb)** «
2Pb?* occurring in galena from the Cyclades mineral district.
Concentrations are shown in ppm on a logarithmic scale.

The previously suggested coupled substitution of
(Ag,Cu,T)* + (Bi,Sb)** <> 2Pb?* (George et al. 2015) is
likely the main mechanism which incorporates Ag, Cu,
Tl, Bi, and Sb into the crystal lattice (Fig. 2). Whereas
Ag and Sb concentrations are greater than 100 ppm in
galena from most deposits; Tl concentrations are <10
ppm. Mean concentrations for Bi are generally <10 ppm,
except for Serifos and Tinos (Fig. 4). Copper
concentrations vary significantly from 0.46 ppm to 5030
ppm between the deposits but also within a sample
(Table 1).

Galena from the Cyclades has also Ilow
concentrations of Hg and Mn. Figure 3 shows the
correlation between Ag, Sb, As, and Hg in galena from
Mykonos (Panormos Bay). Silver and Sb show similar
geochemical zoning, except for one rim of the crystal.
The observed positive correlation between Ag and Sb in
this profile is in contrast to described zonation patterns
showing an inverse correlation of Sb and Ag, Bi, Se, Te,
and Tl (George et al. 2015). A similar pattern is
observed for Hg and As (Fig. 3), suggesting that pulses
of Sb-Ag-Hg-As-rich fluids were encountered during
crystal growth.
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Figure 3. Profile through a galena from Mykonos (Panormos Bay).
Sb, Ag, As, and Hg concentrations are displayed on a logarithmic
scale in ppm.
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4 Geochemistry of the Cyclades mineral
district

Trace element concentrations in galena show
systematic differences in the Cyclades mineral district
and reflect the range of mineral deposit types (Table 1).
Concentrations of Bi in galena are highly variable (Fig.
4). High Bi concentrations in galena from a skarn
deposit on Serifos (Moutoulas) are in good agreement
with the presence of native Bi reported by Fitros et al.
(2017), and elevated Bi concentrations in galena for
skarn deposits (George et al. 2015). High Bi
concentrations were also detected in galena from the
vein-type deposit on Tinos (Fig. 4, Panormos Bay), and
together with high Se (average 805 ppm) and Te
(average 312 ppm), the low standard deviations suggest
these elements are present in solid solution. In general,
galena from Tinos has the highest precious metal
concentrations, with 707 ppm Ag and 0.04 ppm Au, and
mean values of >300 ppm for Se, Sb, Te, and Bi and
low mean concentrations of <1 ppm for Cu, Hg, TI, In,
and Sn. The abundance of precious metals in galena
from Tinos is in good agreement with previously
described  Au-Ag-Te-rich mineral assemblages
(Tombros et al. 2007), although the presence of Bi
minerals was not noted. Trace elements in galena of the
Panormos Bay vein-type deposit (Tinos) suggest higher
mineralization temperatures than for most deposits in
the Cyclades mineral district, and support an estimated
minimum depth of 1 km and temperatures of 200-—
320 °C (Tombros et al. 2007).
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Figure 4. Bismuth concentration with respective errors displayed
on a logarithmic scale in ppm for 340 different spot analyses in
galena of the Cyclades mineral district. Concentrations are sorted
from the lowest to the highest value for each analyzed sample.

On Mykonos galena has been analyzed from the
polymetallic barite-vein deposits in Cape Evros and
Panormos Bay, and generally low concentrations of
trace elements have been detected for galena from
Cape Evros (Table 1). Galena from Panormos Bay
exhibits in contrast high mean concentrations in Ag
(1700 ppm) and Sb (3000 ppm), as well as up to a few
100 ppm for As, Cu, and Hg (Fig. 3). High As and Hg
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concentrations in galena of Panormos Bay (Mykonos)
can be explained by an interaction of the ore-forming
fluid with the surrounding clastic sedimentary host rock.

In contrast, galena from the vein-type deposit on
Antiparos has the lowest analyzed concentrations of
trace elements, with a mean Ag concentration of <250
ppm. This contrasts with microprobe analyses by
Kevrekidis et al. (2015) who reported 0.17-2.90 wt.% Ag
in galena from Antiparos.

Galena from most deposits has low concentrations of
In and Sn, except for samples from the epithermal
deposits on Milos. Indium concentrations in galena from
the carbonate replacement deposits in the Lavrion
District are generally below 1 ppm, but the mean
concentrations of Sn are ~20 ppm. Galena from
carbonate replacement deposits in Lavrion (Plaka area),
skarn deposit on Serifos (Moutoulas) and epithermal
deposits on Milos (Triades, Galana, Profitis llias) has
low concentrations of Mn with a mean concentration of
~4 ppm in all samples. However, the low standard
deviation for Mn in the profile through the drill core
sample from Profitis llias suggests that this small
amount of Mn may be present in solid solution in the
galena. In addition, gold was detected in the galena
samples from Milos (average 0.6 ppm at Triades, 0.05
ppm at Galana, and 5.5 ppm at Profitis llias), but have
not been detected in samples from Kondaros, likely
because of later silicification and metal leaching. Gold
concentrations can reach up to 100 ppm in galena from
the Profitis llias drill core sample, where Au likely occurs
in Ag-Au-telluride inclusions, which was observed by a
positive correlation between Au, Te and minor Ag in the
profile trough a galena crystal. High Te concentrations
(average 440 ppm), together with elevated Au
concentrations suggest higher temperatures and
pressures for mineralization at Profitis llias than at other
epithermal deposits on Milos (Kilias et al. 2001).

5 Conclusion

Trace elements in galena from different deposits in the
Cyclades mineral district are indicative of the deposit
types, the conditions of mineralization, and the exposed
host rocks. Galena from shallow crustal base metal
deposits in the western Cyclades have similar
concentrations of trace elements, whereas galena from
vein-type deposits in the northern Cyclades have
generally higher precious metal contents. Galena from
Quaternary and recent mineralization along the active
volcanic arc is also enriched in precious metals. These
data highlight the potential of trace element
geochemistry in galena as an indicator for different
mineralization styles throughout the Cyclades mineral
district, where only a few occurrences may be exposed.
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Relations between matrix type and style of mineralization
in sandstone ore, Nowa Sél Cu-Ag deposit, SW Poland

Tomasz Bienko
Miedzi Copper Corp.

Abstract. Five types of cement have been recognized
within white sandstones (the BS unit, Weissliegend
sandstone) of the Nowa Sél deposit — anhydrite matrix,
sulfide matrix, carbonate matrix, clay minerals matrix
and silica matrix. A downward cement composition shift
from anhydrite and sulfide to clay is visible in
Weissliegend sandstones form the Nowa Sél deposit.
The pervasiveness of alteration of detrial grains (mainly
feldspar, detrial rutile and titanite) increases upwards,
reaching maximum range beneath the base of the
Kupferschiefer, regardless of its thickness. The
uppermost part of the white sandstones contain two
types of ore — massive sulfide cement and copper
sulfides replacing feldspars, which are associated with
ubiquitous anhydrite matrix. Chalcocite predominates
within the sandstone ore, but it may be accompanied by
other Cu-S-type sulfides, pyrite, galena, sphalerite and
Ag-phases at the top of the BS unit, where ore mineral
composition sharply increases.

1 Introduction

Sediment-hosted Cu-Ag deposits have been
documented on the Fore-Sudetic Monocline and North
Sudetic Through, Poland. Polymetallic mineralization is
developed within sedimentary rocks ranging from
terrestrial red beds to marine Weissliegend sandstones,
shales, carbonates and anhydrites (Pieczonka et al.,
2007). Historically, the richest copper mineralization was
recognized within copper-bearing, organic rich shale,
known as the Kupferschiefer. Thus, traditionally,
sediment-hosted deposits in Europe are called
Kupferschiefer-type. However, recently most of the
mining operations on the Fore-Sudetic Monocline have
focussed on three types of ore — carbonate (the Ca1
and Ca0 units), shale (the T1 unit) and sandstone (the
BS unit). As the mining goes deeper, the contribution of
the sandstone ore to the copper production in Poland
increases. Sandstone ore in the recently discovered
Nowa Sdl deposit is usually chalcocite-dominated and is
restricted to top of the BS unit.

2 Sediment-hosted Cu-Ag deposits on the
Fore-Sudetic Monocline

2.1 Geology

The European Permian basin extends from central
Poland to eastern coast of England. It is filled by a
sequence of terrestrial — red sandstones (the Rotliegend
Formation) — and marine sedimentary rocks -
Weissliegend sandstones, shales, carbonates and
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evaporates (the Zechstein Formation) (Borg et al,
2012).

The Polish Lower Permian formation is composed of a
thick sequence of terrestrial sediments intruded by
intermediate volcanic rocks. The Zechstein Formation in
Poland is developed in the form of 4 major evaporative
cycles (cyclothemes; PZ1 Werra, PZ2 Strassfurt, PZ3
Leine and PZ4 Aller). The oldest cyclotheme, Werra,
was deposited directly on the Rotliegend red beds or
white sandstones, which are the product of marine re-
deposition of terrestrial sandstones. Sediments of the
Werra cycle are developed upward as copper-bearing
shale (T1), which in some parts of the basin is underlain
by the basal limestone (Ca0), the Zechstein limestone
(Ca1), the lower anhydrite (A1d), the oldest salt (Na1)
and the upper anhydrite (A1g) (Oszczepalski, 1999).
The contact between clastic, mainly aeolian, sediments
and reduced marine strata is basin-wide and
concordant. The Zechstein sequence is covered by
Triassic (terrestrial Lower and Middle Bundsandstein,
marine Upper Bundsandstein, Muschelkalk and Keuper)
and, in eastern part of Fore-Sudetic Monocline, Jurassic
sediments of varying thickness. The uppermost part of
the Fore-Sudetic Monocline profile consist of Cenozoic
sands, silts, coals and clays (Fig. 3).

2.2 Types of ore and metal zonation

The north-eastward dipping Fore-Sudetic Monocline is a
region of great mineral potential. The base of the
Zechstein Formation, which in this area hosts 4 already
documented tier 1 stratiform Cu-Ag deposits, is of the
main exploration interest. Mineralization in the Polish
Kupferschiefer deposits is not restricted to the copper-
bearing shale. The position of the ore series is often
much wider. Copper sulfides are observed in the upper
part of Weissliegend sandstones, basal limestone,
copper-bearing shale, Zechstein limestone and in some
places also within the lower anhydrite (Pieczonka et al.,
2007).

Sediment-hosted deposits located on the Fore-
Sudetic Monocline exhibit metal zonation, which is
highlighted by the distribution of sulfides within ore
series (Oszczepalski, 1999; Alderton et al., 2016). Five
zones of different mineralogical and geochemical
features have been recognized within all copper
deposits in Poland: (1) oxidized copper-depleted
hematite-bearing zone (Rote Faule), (2) Au-PGE-
enriched transitional zone, (3) copper-bearing zone, (4)
lead-zinc zone and (5) pyrite zone. This continuous
transition from hematitic sediments to Cu-Ag-Pb-Zn-
mineralized rocks is both vertical and horizontal. High-
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grade copper ores are developed in the vicinity of large
oxidized fields, where reduced facies hosting copper
mineralization  contact with  hematite-dominated
sediments (Oszczepalski, 1999; Borg et al., 2012). The
mineral distribution and thickness of the ore zone
depends on the position of a transgressive, oxidizing
Rote Faule facies and the composition of the lower
Zechstein sediments.

The western part of the Fore-Sudetic Monocline is
considered prospective for documenting high grade
copper mineralization within the base of the Zechstein at
depths exceeding 2000 meters (Speczik, 1995;
Oszczepalski et al., 2016). This was proved by the
extensive exploration program led by Miedzi Copper
Corp. (Fig. 1), preceded by oil and gas industry drilling.
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Figure 1. Location of the Nowa Sdl deposit, Lubuskie voivodeship,
SW Poland

3 Types of ores within the Nowa Sél deposit

An upward transition from white sandstones to
evaporites marks the Zechstein sea transgression and a
few minor transgressive-regressive cycles, that can be
recognized within the Zechstein limestone. White
sandstones are interpreted as upper parts of sand
dunes that have been flooded by the Zechstein sea.
This formerly aeolian sediment was deposited in an arid
environment, then rapidly became the seafloor of the
Zechstein sea (reducing environment). The
Weissliegend unit is not always developed within the
Lower Zechstein profile — in some places copper-
bearing shale may be deposited directly on the
terrestrial red beds, which are sometimes white, due to
de-colorization processes.

Drilling program results show that different styles of
mineralization can be recognized within the Nowa Sdl
deposit (Fig. 1). Along the rim of the Zielona Goéra
Oxidized Field, carbonate ores predominate, while
northward, where the base of the Zechstein Formation
dips, shale and sandstone ores play more important
role. Copper-bearing shale, basal limestone and
Zechstein carbonate host mineralization of different
styles. Limestone ore is usually disseminated, but may
be accompanied by coarse-grained aggregates and
sulfide lenses. Shale ore is almost always of the highest

grade. Mineralization of the Kupferschiefer unit is
usually disseminated, but contains numerous lenses
and veinlets parallel to lamination surfaces. Sandstone
mineralization is wusually disseminated and it is
developed in the form of copper sulfides cement. On the
top of Lower Permian unit, where sandstones contact
with the copper-bearing shale, copper mineralization
within sandstone may be massive.

4 Results
4.1 Materials and methods

This study is based on examination of thin section
petrographic samples from deep exploration boreholes
Its aim is to recognize the main types of sandstone ore
within Nowa Sél deposit. All studied mineralized cores
have been reexamined and profiled in order to describe
CS/BS, BS/T1 and BS/Ca0 contact characteristics.
Moreover, macro trends in mineralization style within
white sandstone have been studied. All petrographic
samples have been examined under polarized light
optical Nikon Eclipse E-600 microscope and Zeiss
Sigma Field Emission Scanning Electron Microscope.

4.2 White sandstones petrography

White sandstones of the Nowa Sl deposit are gray and
light gray, fine-grained and subrounded. The cement is
usually blocky and syntaxial. Porosity is always low.
Rocks of this unit can contain thin argillaceous laminae,
which are usually organic rich. Beneath the uppermost
part of the BS unit, sandstones are composed of fine
and coarse-grained sand interbeds. Disseminated
copper mineralization can often be seen
macroscopically. Footwall Weissliegend sandstones are
medium and coarse-grained, often exhibit indistinct
cross bedding and can be patched with red-colored
cement. Thickness of white sandstones does not
exceed 10 meters — copper mineralization is restricted
only to upper few meters of that unit. The lower limit of
sandstone ore is marked by the hematitic zone of
oxidizing Rote Faule.

Quartz is a major detrital mineral in BS sandstones.
At the top of the BS unit well-sorted fine and very fine
rounded quartz grains are present. Downward, poorly
sorted subangular grains start to predominate.
Potassium feldspar is the second most abundant detrital
phase in the BS unit. It is usually subhedral or anhedral,
coarse-grained and exhibits disequilibrium textures —
feldspar grains are corroded, contain thin inclusions
filled with copper sulfides, galena and anhydrite. While
overall rock alteration is usually selectively pervasive or
non-pervasive, the alteration of feldspars is usually
pervasive (Fig. 2B). Alteration of feldspar to clay
minerals is characteristic for the top of the Weissliegend
unit. Biotite, zircon, apatite, garnet, ilmenite and
plagioclase are present in minor amounts. limenite from
white sandstones shows partial to complete conversion
into leucoxene-rutile and leucoxene. In the upper part of
mineralized interval, conversion of ilmenite into
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leucoxene is complete, while in the distal parts of the
sandstone ore ilmenite is partly replaced by the
aggregate of rutile and leucoxene (Fig. 2C). In high
grade copper zones leucoxene is associated with
aggregates of chalcocite grains, whereas in lower parts
of mineralized intervals, a leucoxene-rutile association
contain pyrite intergrowths.

4.3 Styles of mineralization

Disseminated copper mineralization predominates in the
Nowa Sol deposit sandstones. The main ore mineral is
chalcocite with minor digenite and covellite. Chalcocite
is the major constituent of sulfide cement. It can form
large, mono-mineral aggregates, filling voids between
quartz grains. Sometimes it is accompanied by
framboidal pyrite (Fig. 2A). In the uppermost parts of BS
sandstones, chalcocite replaces feldspars, forming
lenses and small intergrowths within these mineral
phases.

Digenite and covellite are associated with pyrite, in
which they are developed in form of thin intercalations.
These concentric, rosette-shaped pyrite-covellite-
digenite aggregates are ubiquitous in the upper parts of
white sandstones, which are enriched in organic matter
and contain ubiquitous framboidal pyrite. In the lower
part of white sandstones, near the base of the BS unit,
pyrite forms independent aggregates, which exhibit
similar shape, but lack Cu-S sulfides. Pyrite is the major
non-copper sulfide which is recognized throughout the
whole profile of white sandstones. Cu-S sulfides are
rarely associated with Cu-Fe-S sulfides, mainly
chalcopyrite and bornite. Within Nowa Sél deposit such
mineral paragenesis is uncommon, contrary to deep
Lower Zechstein profiles from the northern part of Fore-
Sudetic Monocline.

In  boreholes which intersected high-grade
mineralization both in Weissliegend sandstones and
copper-bearing shale, sandstone ore consists of a range
of mineral paragenesis. Chalcocite is the main Cu-S
phase. Locally it may form sulfide cement. It is usually
associated with minor digenite, covellite and pyrite.
Large chalcocite aggregates form intergrowths with Ag-
phases and pink bornite. Galena and sphalerite are
commonly present. Feldspars may be completely
replaced by chalcocite in massive copper mineralization
within Weissliegend sandstones.

In the places where copper-bearing shale is present,
sandstone ore may be developed in form of rhythmic
sulfide bands. Each band is few centimeters wide and
its upper limit is blurred, composed of disseminated
copper sulfides, while its lower part is sharply-limited.
One mineralized interval may be composed of few
rhythmic sulfide bands composed of chalcocite.

44 Types of white sandstones and their
contribution to the style of mineralization

Five types of white sandstones from the Nowa Sél

deposit can be recognized: anhydrite-cemented,
carbonate-cemented, sulfide-cemented, clay-cemented
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and silica-cemented. Anhydrite and carbonate cements
are the most abundant types (Fig. 3). The former
predominates at the uppermost part of the BS unit, while
the latter forms matrix beneath the sulfate-dominated
zone. Sulfate matrix is present in sandstones regardless
of thickness of the copper-bearing shale.

Figure 2. (A) Chalcocite (Cct) mineralization — sulfide cement
associated with remnants of framboidal pyrite (Py) and pyrite-
covellite-digenite (Py + Cv) rosette-like integrowths. Upper part of
the sandstone ore; (B) Replacement of potassium feldspar (Kfs)
detrital grain by chalcocite (Cct) and anhydrite (Anh). Dissaminated
chalcocite (Cct) mineralization within illite-kaolinite (Il + Kin) matrix.
Upper part of the sandstone ore; (C) Rutile (Rt) and relict
leucoxene (Lx + Rt) associated with very fine-grained Cu-S
sulfides (Cct). Distal part of the sandstone ore. SEM images.

Sulfide-cemented sandstones, occur only in the areas of
thick T1 unit and are composed mainly of chalcocite.
Clay cement is well developed at the lower part of white
sandstones unit, but is abundant in subordinate
amounts along the whole BS profile. Silica matrix is
present only in the most pervasively altered parts of the
BS, where sulfides are the main constituent of the
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cement.

In the uppermost part of the Weissliegend unit, which
is usually copper-bearing, anhydrite predominates over
carbonate, illite-kaolinite cement and silica. Mineralized
sulfate-cemented sandstones exhibit pervasive feldspar
replacement. Chalcocite is the major sulfide phase
replacing potassium feldspar and it is usually associated
with anhydrite. Individual chalcocite aggregates exhibit
the crystal habit of feldspar. Thin lenses within feldspar
grains are filled with chalcocite as well as anhydrite.
Corroded feldspar grains are typically rimmed by
anhydrite in which chalcocite and minor digenite are
disseminated. Feldspars are also pervasively replaced
by the clay minerals — mainly kaolinite. Within
aggregates of kaolinite and illite anhydrite lenses are
being reported. Quartz grains does not exhibit
disequilibrium textures, but may be rimed by silica
cement in high grade copper intervals.
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Figure 3. Profile of the lower Zechstein copper-silver ore series
with particular reference to the white sandstone of Nowa Sdl
deposit (the BS unit).

Fine grained laminations are commonly reported
within coarse-grained sandstone. The style of the
copper mineralization is usually dependent on variability
of grain size and its spatial characteristics (continuous
lenses of fine-grained, sub angular material). Thus,
disseminated copper ore exhibit regular patterns in the
micro scale. In the coarse-grained zone sulfide phases
form small aggregates (<100 ym) which are usually
disseminated, while copper mineralization within fine-
grained lenses is characterized by more massive habit.

5 Summary

The sandstone ore within the Nowa Sol deposit is
almost mono-mineralic — composed almost entirely of
chalcocite. However, style of mineralization and grade of
copper ore varies throughout the profile of white
sandstones. In areas, where Rote Faule is developed a
few meters beneath the T1 unit, copper mineralization is

usually disseminated or may be represented by rhythmic
sulfide bands. In regions where the top of Rote Faule is
situated tens of centimeters beneath the Kupferschifer,
sandstone is chalcocite-cemented and mineralization is
massive. The variability of grain size seems to be more
important factor determining style of mineralization than
the type of cement. However, the fact that anhydrite
lenses and intergrowths within potassium feldspars and
ilmenite relicts have been documented in all examined
samples from the upper BS unit, suggests that the role
of cement composition in the formation of ore should be
taken into account. Leucoxene formation and the
pervasiveness of ilmenite replacement suggests
different intensity of mineralizing event (either in terms
of time of residence of mineralizing fluids and its
thermodynamic properties) at different parts of the BS
unit. The pervasive replacement of feldspar and ilmenite
by copper sulfides in the uppermost 20 centimeters of
white sandstones may be strictly correlated with the part
of the BS unit, which has been under the greatest
influence of the Zechstein sea reducing conditions.

The major conclusions are: (1) the upper part of
Weissliegend was deposited in reducing environment
(framboidal pyrite, which is commonly replaced by
copper sulfides); (2) organic-rich millimeter-wide clayey
interbeds may have acted as first red-ox barrier for the
ascending mineralizing fluid (Speczik, and Puttmann,
1987; Speczik, 1994); (3) anhydrite, which is present as
a cementing factor, might have been a substrate of
thermodynamic sulfate reduction (TSR), that may have
generated sufficient amounts of H2S to promote base
metals precipitation (Machel, 1998) and (4) layers of
variable grain size within coarse-grained sandstone may
have acted as permeable channels for both ascending
and descending fluids.
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Proposed re-Interpretation of hydrothermal alteration,
mineralization and host-rock oxidation to form the
Keweenaw native copper lodes, Northern Michigan, U.S.A.

Alex C. Brown
Pierrefonds, Quebec, Canada

Abstract. Native copper deposition in the Keweenaw
district, northern Michigan, is often said to have been
accompanied by the destruction of pre-ore hematite. This
contribution proposes instead that the pervasive deep-
red pigmenting hematite of the permeable host
sediments (and volcanic units) was deposited after
native copper deposition and that native copper behaved
as a chemical reductant which resisted the deposition of
post-ore hematite in the immediate vicinity of native
copper. Previous work proposed that native copper was
deposited in the Keweenaw rift basin from moderately
oxidized hybrid brines formed by mixing of downward
infiltrating meteoric water and deep metamorphogenic
water. The deposition of late hematite may have
occurred as the result of late subsurface circulations of
oxygen-rich, highland recharge-driven meteoric water.

1 Introduction

Early descriptions of the native copper ores of northern
Michigan have stated repeatedly that widespread deeply
reddish host rocks were hydrothermally bleached to
salmon-red colors in the immediate vicinity of native
copper (e.g., Butler and Burbank 1929; Cornwall 1956;
White 1968; Weege and Pollach 1972). As such, the
Keweenaw host-rocks would have attained their deep-
red colorings before copper deposition. This
communication notes however that, in areas of low-
grade disseminated native copper mineralization within
fine-grained clastic sediments, pervasive hematitic
reddening appears to have invaded and enclosed
previously native copper-mineralized sediment, and that
deep hematitic reddening is absent in aureoles
immediately surrounding isolated disseminated grains of
native copper. Native copper behaved as a chemical
reductant, equivalent to organic matter in redbeds
containing reduction spots.

2 Prior observations and interpretations

The sequence of Keweenaw hydrothermal alterations,
mineralization and reddening may be analogous to that
found in redbeds showing centimetric-scale reduction
spots: e.g., those of the Carboniferous redbeds of
eastern Canada (Poll and Sutherland 1976; Brown 1976,
1977) (Figs. 1 and 2) and in the fluvial Abo Formation,
New Mexico (Bensing et al. 2005). The reduction spots
in the Abo Formation have less total iron compared to
enclosing reddened (hematitic) fine-grained clastic
sediment. Petrographic and SEM analyses indicate that
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the reduc-tion spots have never been reddened.
Similarly, the

Figure 1. Carboniferous redbeds of Dorchester Cape district, New
Brunswick, Canada, showing abundant centimetric-scale reduction
spots with dark-greyish cores centered on organic matter. See
Figure 2 for closer details.

Figure 2. Close view of greyish reduction spots shown in redbeds
of Figure 1 (tip of geologic hammer for scale). Cores of reduction
spots contain organic matter (wood debris) and are the sites of
base-metal sulfide mineralization (especially copper sulfides,
partially oxidized to malachite). See text for further explanations.

reduction spots of Carboniferous redbeds in Maritime
Canada are typically circular or elliptical and are
commonly centered on remnants of organic matter
(wood fragments) which may be mineralized with pyrite,
base-metal sulfides and other metals (e.g., Ag, U, V)
(Brown 1976, 1977; Poll and Sutherland 1976). Organic
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matter observed at the centers of reduction spots is
interpreted to have maintained surrounding aureoles of
reduction where pigmenting hematite could never have
been chemically stable, as proposed by Bensing et al.
(2005).

3 Observations on Keweenaw native copper

Aureole effects similar to those found in redbeds are
recognized in the clastic sediments hosting native copper
in the Keweenaw district of northern Michigan, especially
where concentrations of native copper are low in fine-
grained sediments (Fig. 3); high-grade native copper
mineralization in coarse-grained host sediments is more
difficult to interpret because massive amounts of native
copper tend to mask hydrothermal alterations.

Figure 3 exhibits an apparent finger of “bleached” fine-
grained clastic sediment beneath massive native copper
in overlying coarse-grained sediment. The “bleached
finger” is defined by rusty-red ferric hydroxide alteration
immediately surrounding disseminations of native
copper, the whole otherwise enclosed by pervasively
deeply reddened sediment. In fact, each grain of native
copper within the finger defines the center of a hematite-
poor “knuckle” of hematite-poor sediment along that
finger, separated from surrounding hematite-rich
sediment by an approximately %2 cm aureole of
unmineralized ferric fine-grained
sediment.

hydroxide-altered

Barren deep-red (hematitized)
fine-grained sediment,
representing late pervasive

Conglomerate with heavy native copper
mineralization

Earlier reports (noted above) have attributed the so-
called bleaching of pre-ore hematite to hot cupriferous
hydrothermal solutions which altered the host sandstone-
conglomerates during the deposition of native copper;
hematite was destroyed by the ore-forming solution. That
interpretation has met with skepticism because the
cuprous chloride-bearing ore brines should have been
mildly oxidizing in order to have carried significant
amounts of copper (Brown 1971, 2006; Rose 1976,
1989); i.e., the ore solution should not have been
hematite-destructive during native copper deposition.

4 Interpretation of processes and timing of
Keweenaw native copper deposition

Most modern interpretations of the genesis of native
copper lodes in the Keweenaw district justifiably assume
that copper was leached from deep, hot, down-dip
extensions of thick rift-filing mafic volcanics and
interbedded sandstone-conglomerate host units during
or after their northward tilt as a result of Grenvillian
compression. Metamorphogenic fluids (Stoiber and
Davidson 1959; Jolly 1974; Bornhorst and Mathur 2017),
plausibly combined with deep highland-driven meteoric
water (Brown 2006, 2008, 2018), ascended along
permeable strata (e.g., amygdaloidal flow-top breccias
and sandstone-conglomerates) to mineralize cooler, up-
dip portions of those same permeable aquifers.

Native copper

oxidation (reddening)

“Finger” of sparse native copper

mineralization enclosed by aureoles of

ferric hydroxides, possibly representing
ore-stage leakage of ore solutions
downward into fine-grained aquifer

Figure 3. A cut and epoxy-sprayed slab of high-grade native copper ore from the Calumet and Hecla Conglomerate, Centennial no. 6 mine,
Keweenaw copper district, northern Michigan. Native copper (whitish pink) is abundant in the conglomeratic portion (upper two-thirds) of the
sample. In the underlying finer clastic portion of the sample, sparse grains of native copper are enclosed by hydrothermally “bleached” alteration.
The white dashed line (added) separates all native copper mineralized sediment from barren, heavily hematitized, deep-red sediment in the lower
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portion of the sample. See text for further explanations.

The addition of highland-driven meteoric water to form
a hybrid ore solution was proposed principally to explain
the transport of copper as chloride complexes in mildly
oxidized brines. Otherwise, metamorphogenic fluids
generated from mafic source rock should have had low
redox levels defined by the ferrous-ferric stability limit, at
which the maximum solubility of copper would have been
too low to have formed an ore-forming cupriferous
solution (Brown 2006).

5 Conclusion

The recommended explanation for the observed native
copper mineralization and associated alterations is: (1)
deep rift-basin leaching of copper by hybrid evolved
meteoric/metamorphogenic waters; (2) ascent of the hot
ore solution along Keweenaw aquifers and deposition of
native copper lodes at cooler levels (between approx.
280 and 180°C; Livnat et al. 1983), accompanied by
partial destruction of mafic minerals and deposition of
ferric hydroxides (Walker 1989); and (3) pervasive deep-
red oxidation of Keweenaw aquifers by late oxygen-rich
highland-driven meteoric waters.
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Abstract. The Dairi Zn-Pb-Ag deposit is the first SEDEX
deposit discovered in Indonesia thus understanding its
genesis is key to future SEDEX exploration in Sumatra.
Orebodies are hosted in Lower Carboniferous black
shales-siltstones (stratiform orebodies) and dolostones
(discordant  orebodies) representing  sag-phase
sequence in the Dairi basin. The discordant orebodies
are lower in stratigraphy and are conceptually
understood as feeder zones to the overlying stratiform
orebodies. The reduced and acid ore-forming fluid was
moderately saline and warm (18-25 wt% NaCl eq.,
~170°C) before being diluted by seawater (3 wt% NaCl
eqg., ~3°C). A geochemical halo around the stratiform
orebodies is accompanied by ankerite and hyalophane.
Reduced sulfur in the discordant orebodies is dominated
by hydrothermal S isotope signature, whilst there is
evidence of bacteriogenic sulfide in the stratiform
orebodies.

1 Introduction

Sumatra has long been known as a source of Au in SE
Asia. The ancient name of the island was Svarnadvipa
which means the gold island reflecting its high Au
endowment (Crow and van Leeuwen 2005). Gold occurs
in classic epithermal deposits associated with Mesozoic
and Cenozoic volcanic terrains covering nearly 75% of
the island.

A reconnaissance survey to explore Au and base
metal deposits in 1990s encountered an outcrop of
stratiform, massive sulfide in black shales and siltstones
as its immediate hanging wall and footwall along the Lae
Sopokomil, Dairi (Middleton 2003). Although carbonate-
hosted veins in North Sumatra were reported to be a
source of base metals in the Dutch colonial era (van
Bemmelen 1949), the discovery of the outcrop of
stratiform, massive sulfide, which later is classified as a
SEDEX deposit and the first of its kind in Indonesia, was
novel.

Subsequent exploration and in-house resource
modeling in Dairi indicated that the deposit hosts
approximately 25.1 Mt ore at 10.2% Zn, 6.0% Pb and
8.4 g/t Ag. This resource is considered to be a giant
SEDEX deposit (Singer 1995; Large et al. 2002). Only a
few other similar deposits with much smaller resources
have been discovered in Sumatra (e.g. Harahap et al.

2015). Therefore, the Dairi Zn-Pb-Ag deposit offers a
significant opportunity to develop model for SEDEX Zn-
Pb-Ag metallogenesis in Sumatra. This paper presents
the most recent results from Dairi, confirming a SEDEX
origin and offering insight into its broader genesis.

2 Geologic background

The Dairi Zn-Pb-Ag deposit is situated in the West
Sumatra Block which has an Indochina affinity (Barber
et al. 2005). The Indochina Super-Terrane was
detached from Gondwana in the Early to Middle
Devonian and had arrived at the equator by the Early
Carboniferous. The Sibumasu Block collided with the
Indochina Super-Terrane in the Late Permian. The West
Sumatra Block was displaced along the Medial Sumatra
Tectonic Zone and emplaced to the west of the
Sibumasu Block in the Triassic. The Woyla Arc was
thrusted over the West Sumatra Block in the Middle
Cretaceous completing the tectonic assembly of
present-day Sumatra (Metcalfe 2013).

The Dairi Zn-Pb-Ag deposit is located on the eastern
flank of the Sopokomil Dome which is a portion of the
Lower Carboniferous Kluet Formation (Fig. 1). From the
bottom of stratigraphy, the rocks in the Sopokomil Dome
consists of massive and brecciated dolostones (the
Jehe unit), interbedded black shales and dolomitic
siltstones (the Julu unit) and interbedded dolomitic
sandstones and siltstones (the Dagang unit). The main
composition of the Jehe unit is dolomite while that of the
Julu and Dagang units are quartz, dolomite, muscovite,
organic matter and K-feldspar. Diagenetic pyrite occurs
in trace amounts. These rocks were subject to sub-
greenschist metamorphism.

Structures in the Sopokomil Dome are predominantly
controlled by NW-SE-trending thrusts and an anticline.
NE-SW-trending normal faults are also present. These
structures are related to deformation events during
collisions of tectonic blocks and the current strike-slip
Sumatra Fault System (Reynolds and Geerdts 2012).
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Figure 1. Geologic map of the Sopokomil Dome and distribution of
prospects in the Dairi Zn-Pb-Ag deposit.

3 Dairi basin

Rocks in the Sopokomil Dome (the Dagang, Julu and
Jehe units) represent a sag-phase sequence known to
be favorable for SEDEX deposition (Lydon 1996).
Correlation with Paleozoic stratigraphy in the Indochina
Super-Terrane (Metcalfe 2017) suggests that the rift-fill
sequence in the Dairi Basin may be similar to its sag-
phase sequence. The similarity between the rift-fill and
sag-phase sequence in the Dairi Basin is comparable to
Phanerozoic SEDEX-hosting basins in North America
(e.g. Selwyn, Belt-Purcell; Cooke et al. 2000).

4 Orebodies

Orebodies in the Dairi Zn-Pb-Ag deposit are present in
four prospects (Anjing Hitam, Basecamp, Lae Jehe,
Bongkaras) extending from SE to NW in a 4-km strike
line (Fig. 1). The structurally highest Dagang unit hosts
no orebodies. The Julu unit (Fig, 2) hosts stratiform
orebodies consisting of three stacked layers: lower (LH),
main (MH) and upper (UH) horizons. LH is limited to Lae
Jehe and Bongkaras, MH is present in all prospects,
and UH occurs as lenses ore horizons in Anjing Hitam,
Basecamp and Bongkaras. The maximum thickness of
orebodies hosted in the Julu unit is 30 m in Anjing Hitam
while 5 m in Basecamp. The maximum thickness of
orebodies increases to 20 m in Lae Jehe and decreases
to 5 m in Bongkaras. In the Jehe unit, orebodies are
discordant, but stratabound at deposit scale.

According to textures and the abundance of ore
minerals, the orebodies hosted in the Julu unit are
divided into pyrite-rich massive sulfide (PyMs),
sphalerite-rich massive (SpMs), bedded sulfide (BS),
galena-rich breccia (GnBx) and vein (V-Ju) ore types.
PyMs is an ore consisting of abundant cubic
hydrothermal pyrite and sphalerite-galena intergrowths
filling their interstices. Cubic, hydrothermal pyrite
overgrew framboidal, diagenetic pyrite in the NW portion
of the deposit. In LH, pyrrhotite occurs as a dominant
iron sulfide intergrown with metamorphic pyrite. SpMs is
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an ore type consisting of abundant sphalerite-galena
intergrowths and trace pyrite. As lithic and rock layers
incorporated in the orebodies increase toward the NW,
the ore type changes from SpMs and PyMs to BS. GnBx
is an ore type consisting of abundant galena and large,
corroded, euhedral pyrite. Pyrite size is up to 3 mm.
Tetrahedrite and bournonite occur as inclusions in
galena. GnBx is only present in Anjing Hitam. V-Ju is
dominated by sphalerite-galena intergrowths. In LH, V-
Ju contains pyrrhotite as well. Gangue minerals consist
of quartz, dolomite, hyalophane, trace barite and calcite.

Unit Lithology Mineralization

Interbedded dolomitic siltstone,
Dagang | dolomitic sandstone, and minor| _
Unit carbonaceous shale

Concordant,
Julu Unit | Interbedded carbonaceous stratiform,
shale and dolomitic multi-horizons

siltstones orebodies
WA i Discordant,
(| Jehe Unit Arenaceous massive and stratabound
brecciated dolostone orebodies
Sookomil Silicified dolostone
D o‘i? OMIl intercalated by argillaceous
nit sediments
R Massive dolostone and
vBongkaras Zn-Pb oxide

Unit deeply weathered in the

surface ores

Dang | Magnetite-rich, feldspar-rich
Takkas | metasandstones; Green
Unit | phyllite

N

Figure 2. Stratigraphic column of sedimentary sequence present in
the Sopokomil Dome.

In the Jehe unit, the orebodies consist of vein (V-Je)
and disseminated (Ds) ore types. In contrast to V-Ju, V-
Je contains significant tetrahedrite, tennantite and
chalcopyrite in addition to sphalerite and galena. Trace
arsenopyrite coexists with tennantite. In Ds, sphalerite is
associated with cubic pyrite. Galena contains Ag-
sulfides and Ag-Cu-Pb sulfosalts: acanthite, pyrargyrite,
boulangerite, freieslebenite and diaphorite.

Chalcopyrite, Ag-sulfides and Ag-Cu-Pb sulfosalts are
abundant in the orebodies hosted in the Jehe unit. The
presence of Ag-Cu-Pb sulfosalts in Anjing Hitam
suggests that the SE portion of the deposit was more
proximal to the feeder zone. The distribution of Cu and
Ag which are less soluble in low temperature solutions
compared to Pb, and that of Pb which is less soluble
compared to Zn in low temperature fluids agree with the
flow direction of ore-forming fluid from SE to NW in
seafloor and sub-seafloor environments (Reed and
Palandri 2006). This paleoflow direction is also
supported by the decrease of orebody thickness and the
increase of abundance of bedded sulfide ore toward NW
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(Lydon 1996; Rajabi et al. 2015). In addition, the
presence of LH reflects the likelihood of another feeder
zone in Lae Jehe.

Deformation of orebodies are visible at mega-, hand-
specimen and micro-scales. Tilting (15-50°) and
disruption of ore horizons indicate deformation at mega-
scales. At hand-specimen scale, the deformation is
indicated by folding of ore horizons, piercement of
sulfide and durchbewegung textures. Recrystallization,
cataclastic deformation and fracturing of pyrite are
microscopic indications of deformation (Gilligan and
Marshall 1987; Vokes and Craig 1993). Fractures of
pyrite were healed by soft sulfides, such as bournonite,
chalcopyrite, galena, sphalerite and pyrrhotite (Barrie et
al. 2010).

5 Geochemical halo

A SEDEX Alteration Index (Al) is used to identify
geochemical haloes around SEDEX deposits. The
equation used in the Al is ((FeO + 10MnO) x 100)/(FeO
+ 10MnO + MgO) (Large and McGoldrick 1998). In the
Dairi Zn-Pb-Ag deposit, the Al from a barren area on the
western flank of the Sopokomil Dome ranges from 41 to
53. In Anjing Hitam, the Al systematically increases from
the Dagang unit (Al = 43-53) through the Jehe unit (Al =
51-75) to the stratiform orebodies (Al = 62-99). SEDEX
Al of orebodies was added to compare the values in the
host rocks and orebodies, although the index was
designed for host rocks.

Another indicator was introduced to reveal a
geochemical halo in the Dairi Zn-Pb-Ag deposit, i.e.
SEDEX Al-Ba. In this indicator, Ba is used as a key
enriched element and K as a key depleted element and
thus the equation used in the Al-Ba is ((Ba/1000) x
100)/(Ba/1000 + K20). The Al-Ba in the barren area
ranges from 8 to 10. In Anjing Hitam, the Al-Ba
increases from the Dagang unit (7-11) through the Julu
unit (9-73) to the stratiform orebodies (54-99). The
increasing Al coupled with Al-Ba in the immediate
hanging wall and footwall suggests that the geochemical
halo in the Dairi Zn-Pb-Ag deposit is controlled by
compositional change of dolomite and K-feldspar to
ankerite and hyalophane, respectively.

6 Ore-forming fluid
6.1 Salinity, temperature and density

Salinity of the ore-forming fluid in the Dairi Zn-Pb-Ag
deposit is distributed over three main intervals: 18-25
wt%, 3-7 wt% and 1-3 wt% NaCl eq. The saline fluid
(18-25 wt% NaCl eq.) allowed the fluid to leach metals
from the rift-fill sequence and to carry them to the
depositional site as chloride complexes (Seward et al.
2014). Dilution by seawater reduced salinity (3-7 wt%
NaCl eq.) and led to precipitation of metal sulfides and
sulfosalts. The origin of the much-diluted fluid inclusions
(1-3 wt% NaCl eq.) remains unexplained.
Homogenization temperatures (Th) of fluid inclusions
hosted in the Julu unit are distributed over a wide range

from 110° to 350°C (no distinguishable modes) which
may have been affected by metamorphism. Unlike their
counterpart in the Julu unit, fluid inclusions hosted in the
Jehe unit range from 117° to 195°C with a distinctive
mode at 160°-170°C. Probably, higher confining
pressures due to deeper position of the Jehe unit could
have inhibited the stretching of fluid inclusions (e.g.
Leach et al. 2004).

Density of the evolved solution due to dilution was
estimated using a formula proposed by Sato (1972). The
end-members include ore-forming fluid (T = 170°C,
salinity = 25 wt% NaCl eq.) and seawater (T = 3°C,
salinity = 3.5 wt% NaCl eq.). The density model
suggests that the ore-forming fluid was denser than
seawater. The density of the fluid decreased to that of
seawater as the fraction of seawater reached infinity.
The density of the evolved fluid, which was consistently
higher than that of seawater, implies that the ore-
forming fluid may have formed a bottom-hugging fluid
upon its discharge on the paleo-seafloor. Conceptually,
capacity of the fluid to carry metals was maintained as it
flowed to a local topographic depression. The density
barrier then disappeared due to contact between the
stagnant fluid and seawater allowing mixing to occur.
The mixing resulted in the precipitation of metal sulfides
to form stratiform orebodies hosted in the Julu unit.

6.2 Redox state and pH

The redox state and pH of the ore-forming fluid were
strongly controlled by those of rift-fill sequence (Cooke
et al. 2000). The similarity between the host rocks and
rift-fill sequence in the Dairi basin may have equilibrated
the ore-forming fluid to reduced and acidic conditions.
The presence of pyrrhotite in LH and lack of hematite in
the orebodies and immediate hanging and footwall rocks
also suggest that the ore-forming fluid was reduced.
Assuming total S content, dominated by H2S(g), in the
ore-forming fluid was 10* m, the temperature of
pyrrhotite and pyrite equilibrium was 125°-175°C. At
170°C, >1 ppm Zn and >1 ppm Pb can be transported
by a reduced fluid at pH 3 in forms of metal-chloride
complexes.

6.3 Sources of sulfur

Sulfur isotope ratios systematically increased from
barren sedimentary rocks (6%S = -4.1 to +9.7%.) to
orebodies in the Jehe unit (5*S = +3.5 to +8.0%0), LH
(6%4S = +6.4 to +18.1%0), MH (6*S = +13.5 to +28.8%0)
and UH (6*S = +18.7 to +26.7%o). Sulfur isotope ratios
in the barren sedimentary rocks suggest that reduced
sulfur in diagenetic pyrite was generated via bacterial
sulfate reduction of Carboniferous seawater sulfate. In
the stratiform orebodies, the much isotopically heavier
sulfides could have possibly resulted in restricted basin
and anoxia development prior to mineralization, and
more active bacterial systems during the discharge of
ore-forming fluid into the seafloor. Distinctive isotopically
light sulfides in the orebodies hosted by the Jehe unit
may have been influenced by hydrothermal H2S(aq
carried by the ore-forming fluid.
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7 Genetic processes

Genetic processes for the formation of the Dairi Zn-Pb-
Ag deposit are divided into precursor and mineralization
stages. In the precursor stage, saline ore-forming fluids
were generated within the rift-fill sequence and
equilibrated with rift-fill sequence in reduced and acidic
conditions. On the seafloor, microbes actively reduced
Carboniferous seawater sulfate and precipitated
dissolved ferrous ions as diagenetic pyrite along with
other marine sediments. However, limited ferrous ions
resulted in trace amounts of diagenetic pyrite and led to
build-up of reduced sulfur concentrations in the bottom
waters (anoxia development).

The onset of deeply penetrated syn-sedimentary
Carboniferous faults initiated the mineralization stage by
providing a pathway for the ore-forming fluid to ascend
to the seafloor. The ore-forming fluid encountered
descending seawater along the pathway to the seafloor
thereby lowering salinity and temperature of ore-forming
fluids. This encounter eventually led to the decreased
solubilities of metal as chloride complexes in the ore-
forming fluid. Reduced sulfur carried by the ore-forming
fluid fixed metal ions to precipitate sulfide within the
fractures of the Jehe unit. The amount of reduced sulfur
transported in the ore-forming fluid had to be low in
order for the ore-forming fluid to transport significant
amounts of metals. Reduced sulfur served as the
limiting reactant in sulfide precipitation within the
fractures and therefore excess metal ions were
transported to the seafloor by the remaining fluid.

Upon its discharge on the seafloor, the remaining ore-
forming fluid, which was denser than seawater (even
though it had been diluted), flowed to a local
topographic depression on the seafloor. A density
barrier preserved the carried metals during the flow.
After the fluid was settled on the local depression, heat
exchange between the ore-forming fluid and seawater
decreased the temperature of the ore-forming fluid.
Incorporation of biologically reduced sulfur allowed
precipitation of metal sulfides forming stratiform
orebodies hosted by the Julu unit.
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Abstract. The largest uranium and base metal deposits
in the world are hosted in sedimentary basins. Although
intra-basinal processes play important roles in
mineralization, the formation of many of these deposits
appears to be also related to deep-seated geologic
processes. This paper provides two case studies of
such coupled control of mineralization.

The unconformity-related uranium deposits in the
Proterozoic Athabasca Basin, including several super-
large (and high-grade) ones, are closely associated with
reactivated basement faults crosscutting the basal
unconformity. Despite the involvement of the basement,
the mineralization processes have been general
considered of basinal nature (the diagenetic-
hydrothermal model), as the mineralizing fluids were
basinal brines. However, the elevated fluid temperatures
(up to 200 °C) at a relatively shallow burial environment
(3 km or less), thus abnormal geothermal gradient,
suggests that deep-seated geologic processes were
involved in the mineralization.

The super-large Jinding Zn-Pb deposit in the Meso-
Cenozoic Lanping Basin (China) displays many geologic
characteristics similar to those of Mississippi Valley-type
deposits, such as epigenetic features and association
with hydrocarbons. However, the tectonically active
nature of the basin, evidence of strongly overpressured
mineralizing fluids, and mantle-derived noble gas and
Pb isotope signatures, suggest that deep-seated
processes were also involved in the mineralization.

1 Introduction

Some mineral deposits are mainly controlled by deep-
seated geologic processes (e.g., diamond deposits
associated with kimberlite), and some are mainly
controlled by shallow or surficial processes (e.g., potash
deposits in sedimentary basins), whereas some are
results of coupled control of both shallow and deep-
seated processes (e.g., Cu-Ni sulfide deposits
associated with mafic-ultramafic magmatic rocks) (Robb
2005). For mineral deposits hosted in sedimentary

basins, it is generally believed that they were formed
from intra-basinal processes, although the driving forces
of fluid flow may still be from outside the basin (e.g.,
Mississippi Valley-type Zn-Pb deposits) (Garven and
Raffensperger 1997).

However, some mineral deposits in sedimentary
basins, including super-large ones, appear to be
controlled by both intra-basinal and deep-seated
geologic processes. In such deposits, the basinal
processes are relatively well manifested, whereas the
effects of the deep-seated processes, concealed at
great depths, are generally cryptic at the sites of
mineralization, requiring careful examination of various
geologic, geochemical and geophysical signatures (Fig.
1). The actual deep-seated geologic processes may be
variable depending on the tectonic setting, and their
contributions to mineralization may include providing
fluid, metals, and heat driving fluid flow. The approaches
to decipher the relationship between mineralization and
the deep-seated processes thus include geochemical,
geophysical, structural and hydrodynamic studies (Fig.

1),

Basin
Mineralization

A

Approaches:

Contributions: Geochemistry

Fluid Structural geology

Metals Geophysics
Heat Hydrodynamics

Figure 1. A sketch showing potential relationship between
mineralization in the basin and deep-seated geologic processes.

This paper provides two case studies of
mineralization associated with sedimentary basins that
are jointly controlled by basinal and deep-seated
geologic processes: the unconformity-related uranium
deposits associated with the Proterozoic Athabasca
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Basin in Canada and the sandstone-hosted Jinding Zn-
Pb deposit in the Meso-Cenozoic Lanping Basin in
China. In both cases, the traditional views are that the
mineralization is mainly related to basinal processes, but
we propose that deep-seated processes played a critical
role in their formation.

2 Unconformity-related U mineralization in
the Proterozoic Athabasca Basin (Canada)

The unconformity-related U deposits in the Proterozoic
Athabasca Basin, including several super-large ones
with reserves of >100 million pounds of UsOs and
grades of >10 wt.% UsOs (IAEA 2018; NEA and IAEA
2018), are among the largest and richest U deposits in
the world. These deposits have the following common
characteristics: 1) they occur near the unconformity
between the sedimentary basin fill and the underlying
crystalline metamorphic basement rocks (thus the name
“‘unconformity-type” or “unconformity-related”); 2) they
are located at the apex of basement-hosted graphitic
lithologies or shear zones marked by large low resistivity
anomalies at the crustal scale; and 3) they are
associated with illite + chlorite + tourmaline alteration
halos in both the sedimentary cover and basement
(Hoeve and Sibbald 1978; Hoeve and Quirt 1984;
Kotzer and Kyser 1995; Fayek and Kyser 1997;
Jefferson et al. 2007; Kyser and Cuney 2015).

It has been generally agreed that the mineralizing
fluids were basinal brines of evaporated sea water origin
derived from the Athabasca Basin (Hoeve and Sibbald
1978; Hoeve and Quirt 1984; Kyser et al. 2000; Richard
et al. 2011, 2014; Mercadier et al. 2012). The uranium is
inferred to be sourced either from the basin detritus
(Hoeve and Sibbald 1978; Hoeve and Quirt 1984;
Kotzer and Kyser 1995; Fayek and Kyser 1997; Kyser et
al. 2000), or from the basement rocks (Dahlkamp 1978;
Annesley and Madore 1999; Hecht and Cuney 2000;
Cuney et al. 2003; Richard et al. 2010, 2016; Mercadier
et al. 2013; Martz et al. 2018).

Both fluid mixing and fluid-rock interactions have
been proposed as mechanisms for ore precipitation,
with graphite and ferrous iron-rich minerals being
invoked as the main sources of reducing agents, either
in the form of mobile hydrocarbons and dissolved
species in solutions, or as solid reactants (Hoeve and
Sibbald 1978; Hoeve and Quirt, 1984; Alexandre et al.
2005; Yeo and Potter 2010). More recently, fluid boiling
or phase separation has been suggested to have also
played a role based on observation of vapor-rich fluid
inclusions in many uranium deposits (Chi et al. 2017;

Wang et al. 2018). The fluid flow related to
mineralization has been inferred to be caused by
thermal gradient-induced fluid convection and/or

deformation-driven fluid flow (Raffensperger and Garven
1995; Cui et al. 2012; Li et al. 2016, 2017, 2018).

The above geological characteristics and
interpretations appear to support a general model in
which the ore-forming fluids, the metals and the driving
forces of fluid flow are derived from within the basin or
its immediate basement rocks, as described in the
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conventional diagenetic-hydrothermal model (Pagel
1975; Hoeve and Sibbald 1978; Pagel et al. 1980;
Hoeve and Quirt 1984; Kotzer and Kyser 1995). It is
inferred that the mineralization took place at burial depth
>5 km in order to explain the elevated fluid temperatures
of > 200 °C, which seems to be supported by elevated
fluid pressures (up to 1500 bars) calculated from fluid
inclusion data (Pagel 1975). In such a model, the
thermal gradient in the basin and basement would be
about 35 °C/km, which is normal for an intracratonic
basin or foreland basin. The mineralization processes
can thus be linked with normal diagenesis within the
basin and infiltration of the basinal brines into the upper
part of the basement, without the need to invoke deep-
seated processes.

However, as discussed in Chi et al. (2018), the high
fluid pressures estimated by Pagel (1975) are
inconsistent with a hydrostatic fluid pressure regime as
predicted for a sand-dominated basin (Chi et al. 2013).
Furthermore, based on regional geochronological and
stratigraphic data and the interpretation that the ore-
forming fluids originated from evaporated sea water
(Richard et al. 2011), Chi et al. (2018) inferred that the
primary uranium mineralization in the Athabasca Basin
took place during the deposition of the stromatolitic
carbonates of the Carswell Formation, which contains
evidence of development of evaporites (Ramaekers et
al. 2007). At this time of the basin history, the burial
depth of the basal unconformity was likely less than 3
km (Chi et al. 2018) (Fig. 2).

Carswell Formation — evaporitic carbonates
Brine development from sea water evaporation

Brine infiltration Brine infiltration

Mineralization /

3km Basin
Mineralization
¥
\& Basement /

Deep-seated structures tapping heat sources?

Magmatic heat source?

Figure 2. A schematic model showing potential relationship
between unconformity-related uranium mineralization associated
with the Athabasca Basin and intra-basinal processes (especially
development of basinal brines) as well as deep-seated processes,
which may have played an important role in driving fluid flow
leading to mineralization.

Based on this shallow-burial hypothesis, and in order
to explain the elevated fluid temperatures of > 200 °C
(Chu and Chi 2016), the geothermal gradient during the
time of mineralization may be up to two times higher
than the normal geothermal gradient. This abnormal
geothermal gradient is likely caused by some deep-
seated geologic processes, although their nature (e.g.,
magmatic or structural) remains to be investigated (Fig.
2). ltis interesting to note that the basement architecture
inherited from the Paleoproterozic orogenes is
characterized by steeply dipping, large shear zones
separating continental-scale blocks exhumed from the
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lower granulitic crust prior to the deposition of the basin.
These deeply rooted fault systems have been
reactivated several times due to far field tectonic events
after the deposition of the basin, and may have served
as conduits of crustal-scale fluid flow transferring fluids
from deep crustal level to shallow basement structures
near the unconformity, some of which host uranium
mineralization. In summary, based on the above
discussion, it is proposed that the unconformity-related
uranium deposits associated with the Athabasca Basin
resulted from the coupling of basinal processes
(especially development of basinal brines) and deep-
seated processes (Fig. 2), the latter of which may have
played an important role in driving fluid flow.

3 Sandstone-hosted Jinding Zn-Pb deposit
in the Meso-Cenozoic Lanping Basin
(China)

The Jinding Zn-Pb deposit is hosted by Cretaceous to
Tertiary sandstones and conglomerates in the Lanping
Basin in southwestern China (Xue et al. 2007). It has a
reserve of approximately 220 million tons of ore grading
6.1% Zn and 1.3% Pb, and represents the largest
sandstone-hosted Zn-Pb deposit in the world (Xue et al.
2007).

The deposit shares many geological characteristics
with the Mississippi Valley-type deposits, however it
differs from the latter not only in terms of host rocks, but
also in terms of tectonic setting in that the Lanping Basin
is a tectonically active basin linked with tectonic
processes at depth, as evidenced by strong deformation
of the strata in the basin and development of deep-
penetrating faults and mantle-derived magmatic
intrusions (Xue et al. 2007).

Fluid inclusion studies indicate that the deposit
formed from interaction between hot, metal-carrying
brines and H2S generated by bacterial sulfate reduction
(BSR) through reaction with hydrocarbons in a reservoir
hosted by the Jinding dome (Chi et al. 2017). Although
this may appear to be a typical intra-basinal process,
noble gas isotopes of fluid inclusions and Pb isotopes of
sulfides in the ores suggest that a significant amount of
the ore-forming fluid may have been derived from a
mantle source (Xue et al. 2007).

Furthermore, fluid inclusion data, coupled with field
observations such as sand injection structures (Chi et al.
2007), suggest that the mineralization system was
episodically overpressured, which cannot be explained
by intra-basinal processes (e.g., sediment compaction;
Chi et al. 2006) and requires extra-basinal input (e.g.,
volatiles from the mantle) (Fig. 3).

In addition, the inference that H2S accumulated in the
gas cap of the paleo-oil and gas reservoir participated in
the mineralization necessitates that the ore-forming
fluids were overpressured and able to penetrate the oil
in the reservoir and reach the gas cap (Fig. 3),
supporting the hypothesis that the ore-forming fluids
were driven by deep-seated driving forces.

Therefore, the Jinding deposit represents another
example of mineralization that resulted from joint action

of intra-basinal processes (development of oil and gas
reservoirs and basinal brines), which provide part of the
ore-forming fluids and metals as well as geochemical
traps, and deep-seated geological process which may
have provided additional ore-forming fluids, metals and
fluid flow driving forces.
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Figure 3. A schematic model showing potential relationship
between the Jinding Zn-Pb deposit, intra-basinal processes
(especially development of basinal brines and an oil-gas reservoir
with a sour gas cap) as well as deep-seated processes, which may
have played an important role in driving fluid flow and contributing
part of the ore-forming fluid and metals.
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Abstract. Ore deposit formation requires the
synchronisation of multiple processes with
transportation of fluids and heat. Ancient inherited
structures found within the basement of the Athabasca
Basin were formed as a result from of orogenic
processes (i.e nucleation and accretion processes). It is
established that their reactivation played a significant
role for the formation of the unconformity-related
uranium deposits. The time gap between the inherited
structures' inception and mineralisation event is
sufficient for any traces of hydrothermal systems to
reach steady state. The aim of this study is to determine
the role for these inherited structures affecting the
hydrothermal dynamics, by using a pre-existing tectonic
structure generated from a thermo-mechanical study
and incorporating fluid-thermal processes until steady-
state conditions. The models are then experimented
with permeability fields of increasing complexity in three
types of tectonic scenarios. Results indicate that deep-
seated structures operate as fluid-thermal conduits that
bring fluids and heat towards the upper portions of the
crust. In addition, thermal convection occurs at
favourable permeability conditions. The experimentation
of models in different permeability fields provides a
general framework for the Athabasca Basin suggesting
the transportation of basement-associated fluids and
heat to the surface.

1 Introduction

The formation of ore deposits is related to hydrothermal
systems at depth in order to precipitate and concentrate
minerals (McCuaig and Hronsky 2010 and references
therein). One of the known vehicles for fluid-flow, a
favourable whole lithosphere architecture, is capable of
pre-determining location of future ore deposits (e.g.
Cathes and Adams 2005, Cox 2005). The extent of
these lithospheric-scale structures can be masked from
subsequent geological events and would require the use
deep sub-surface imaging techniques (seen in the
Indian orogeny in McCuaig and Hronsky, 2010). These
deep-seated inherited structures were formed as the
result of orogenic processes (Audet and Burgmann
2011).

Similarly, the nucleation of the western Canadian
Shield and its subsequent Proterozoic accretion (such
as the Trans-Hudson Orogeny (THO), Alexandre et al.

2007) led to the formation of steeply-dipping shear
zones within the Archean Basement of the Athabasca
Basin. In between the Archean Mudjatik and
Paleoproterozoic Wollaston domains lies a NE-SW
trending structural corridor characterised by a highly
strained zone presenting steeply dipping anastomosed
shear zones that extends over several hundred
kilometres along strike (i.e the Wollaston-Mudjatik
Transition Zone). This tectonic evolution has been
sealed from around 1.75 Ga with the deposition of the
Athabasca Basin that rest unconformably over these two
deeply eroded domains. Recent geochemical analysis
along the structural corridor established that uranium
mineralisation was coeval with the reactivation of those
fore-mentioned structures (e.g. Mercadier et al. 2013)
and is later confirmed in recent numerical experiments
(e.g. Li et al. 2018). This event occurred 150 Ma after
the deposition of the Athabasca Basin (e.g. Jefferson et
al. 2007). Additionally, there was a period of 190 to 240
Ma of tectonic silence between peak-metamorphic THO
and the deposition of the Athabasca Basin.

With such long durations between significant tectonic
events, any potential fluid-flow activity will eventually
reach steady-state conditions. Using a pre-generated
tectonic model in relation to the basement of the
Athabasca Basin, three types of fluid-thermal modelling
scenarios leading up to the deposition of the Athabasca
Basin are then constructed to determine hydrodynamic
behaviour and ascertain the role of these deep-seated
structures in multiple permeability configurations. The
implications to how the geological environment prepares
for mineralisation is discussed.

2 Modelling Approach

2.1 MDoodz and FLAC3D - Adding fluid-thermal
processes to regional lithospheric settings

The experiments were conducted using a numerical
code that solves Darcy's law equation to compute the
fluid flow rate anytime in a solid matrix controlled by its
given permeability (e.g. a tectonic structure prior to
tectonic reactivation). The initial geological and
structural geometry input (MGeol in Fig. 1) was the
outputs taken from a 2D thermo-mechanical study made
to understand Precambrian orogenic processes under
hot lithospheric conditions (Poh et al. in prep). The
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reference model was chosen from the parametric study
according to its agreement with the available geological
and metamorphic observations of the Trans-Hudson
Orogeny, West Canadian Shield. The fluid-thermal code
used here is the Fast Lagrangian Analysis of Continua
in 3 Dimensions (FLAC3D, Itasca 2012) that has been
widely applied to low-temperature geothermal and
mineral system simulations (e.g. Li et al. 2018).

2.2 Model setup and boundary conditions

The vertical structures marking the Wollaston-Mudjatik
Transition Zone correlates to large shear zones that
could predetermine the locations for mineral deposits
(e.g. Jefferson et al. 2007). The selected geological and
associated geometry is used as inputs and permeability
values are assigned to the different rock units (Fig. 1).
All models M1 to M4 Topo have the rocks assigned with
constant permeability values. The meta-sediments are
assigned as permeable (k = 1.e-14 m?) whereas the
basement is assigned as impermeable (k = 1.e-18 m?).
Models M2 and M3 employ a simplified depth-
dependent permeability in the basement and in the
meta-sediments. Models M4 and M4 Topo introduce the
deformed rocks (deformed basement at k = 1.e-16 m?
and deformed meta-sediments at k = 2.e-14 m?) as
regions of slightly higher permeability. M4 Topo has the
same permeability configuration as M4 but also takes
into account the effect of topography. The third scenario,
M5 (not shown here due to lack of space), consider the
tectonic events leading to the deposition of the
Athabasca Basin and the model design is inspired from
Li et al. (2018). The geometry for the deformed zones
were taken from the accumulated strain profile in the
thermo-mechanical study. These strains were recorded
in the preceding period of orogenic build up.

For all the experiments, the horizontal and vertical
boundary conditions were set to no fluid flow across the
boundary. The entire model box is initially saturated in
fluids. The initial thermal profile is made in two parts
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[ eee— ]
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Figure 1. Geological model (MGeo) and the permeability fields for
models M1 - M4 Topo of increasing levels of complexity. See text for
description
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depending on depth. The surface temperature is set at
20°C and is then computed as a linear geothermal
gradient of 30°C/km until 600°C (i.e. z ~ 20 km depth).
Below, the thermal gradient is such as it reaches
1300°C at the bottom boundary. This thermal profile
hence corresponds to a standard geothermal gradient
for Precambrian craton.

The estimation of rock permeability, k (m?), in any
geologic model is a requirement for any fluid flow
processes. Assigning permeability values to rocks is a
challenge considering its wide range and sensitive to
physical processes to either enhance or degrade its
value (Rutqvist and Stephansson 2003). Here we use
an initial background permeability field in which rock
permeability is assumed to be homogenous and it
undergoes an exponential decay according to depth,

expressed as: log k = -14 - 3.2 log z where z
corresponds to depth in km (Manning and Ingebitsen
1999).

The width for the deformed zones (seen in Fig. 1) is
perhaps the most controversial. Previous fluid-thermal
modelling simulations on the Ashanti belt had the
dimensions of 10 km (x) by 15 km (z) with an assigned
constant permeability of 1.e-15 to 1.e-14 m? (Harcouét-
Menou et al. 2009). The dimensions for the deformed
zones in our models have 5 km as maximum width (M4
and M4 Topo in Fig. 1) and 3 km width for the deep-
rooted structures (M1 and M2 in Fig. 1). The assigned
permeability values are similar with what Harcouét-
Menou et al. (2009) used and is considered as
conservative.

3 Results

3.1 Fluid-thermal reference models (M1 - M3)

o M1 - Bimodal Permeability Scenarios

T

z [km]

-60 -40 -20
Fluid Velocity Magnitude (u) [m.s™]
1011

1070 10°

Figure 2. Fluid flow results are shown as fluid velocity magnitude
and their corresponding vectors at steady state for M1 models with
their variations in A, B, and C. White lines represent isotherms.
Red and blue arrows correspond to the vertical direction of fluid
vectors. A pair of blue and red arrows indicate fluid-thermal
convection occurrence.
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The reference model (M1 in Fig 2) shows thermal
anomaly outputs (up to 800 °C) and fluid velocities up to
2 orders of magnitude within the tectonic structures
when compared to the rest of the model. Occurrence for
convection currents is represented by the cycle shape of
the 200 °C isotherms within the meta-sediments and
vector outputs (illustrated by red and blue arrows in Fig.
2). The results in the model variations of M1 (Fig. 2A, B
and C) reinforce the fact that deep-seated structures
operate as fluid-thermal conduits in all model variations
(i.e. high thermal upwelling anomaly and fluid velocities).
When the permeability in meta-sediments was changed,
two notable changes ensured; 1) fluid-thermal
convections did not occur and 2) the change of the
permeability reflects the corresponding increase (Fig.
2A) and decrease (Fig. 2B) in fluid velocity by an order
of magnitude. The thermal anomaly distribution in Fig.
2B is more gentle compared to Fig. 2A. An additional
scenario was conducted by making the basement more
permeable (Fig. 2C). The results for the fluid patterns
are comparable with M1 except for the fluid velocity
within the basement increased by an order of
magnitude.

Depth-dependent permeability fields were applied
within the basement for M2 (Fig. 3) and the meta-
sediments in M3 (Fig. 4). The permeability for the
basement in M3 is set to impermeable (1.e-18 m?). In
M2, the fluid-thermal patterns are similar to the results in
M1 but with increasing in the number of fluid-thermal
convection cells. Fluid velocities near the contact
between the basement and the meta-sediments at 10
km depth are increased by an order of magnitude. The
simplified depth-permeability of the basement gave
additional 'space' for the fluid-thermal convections to
occur. When the permeability of the meta-sediments
changed (Fig. 3A and B), the corresponding changes to
the fluid velocities are observed. However, in in both
permeability cases, occurrence for convection currents
did not occur. Instead, a secondary build-up of
temperature within thermal anomaly (black arrow in Fig.
3A). Additionally, the chaotic thermal anomaly did not
occur under when the meta-sediments are less
permeable by an order of magnitude (Fig. 3B).

The power-law permeability-decay function was
applied within the meta-sediments while maintaining an
impermeable basin in M3 (Fig. 4). Overall fluid velocity
was significantly reduced within the vertical structures.
However, the 200 °C isotherm's cyclical behaviour
suggest micro-circulation of fluids closer to the surface,
which can be viewed by plotting a line plot of the
horizontal component of the fluid velocity. The model
variation to a more permeable basement (Fig. 4A), the
thermal profile became more homogeneous without any
fluid convections. Implementing a less permeable
basement resulted in a periodic 200 °C isotherm with the
observable instance of circulation of fluids (Fig. 4B).

3.2 M4 and M4 Topo: retrograde metamorphic
THO tectonic setting

The results obtained for M4 and M4 Topo are consistent
with previous scenarios, by displaying high fluid-thermal
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Figure 3. Fluid flow results shown as fluid velocity magnitude and
their corresponding vectors at steady state for M2 models with their
variations in A and B. Legend is as for figure 2.
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Figure 4. Fluid flow results shown as fluid velocity magnitude and
their corresponding vectors at steady state for M3 models with their
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Figure 5. Fluid flow shown as fluid velocity magnitude and their
corresponding vectors at steady state for M4 and M4 Topo. Fluid
velocity magnitude colour scale follows the scale in Figure 4.
anomalies as a result of large permeable zones (Fig. 3).
Fluid velocities within the pre-deformed meta-
sediments and basement were observed to have half

42 Life with Ore Deposits on Earth — 15" SGA Biennial Meeting 2019, Volume 1



and 2 times order of magnitude greater than their parent
rocks respectively.

Under this permeability setting, fluid-thermal
convection did not occur in these scenarios. When the
geometries of the deformed zones were included, this
not only increases the overall area of more permeable
zones, but the rate of fluid-thermal advection is
increased as well. The numerical simulation became
more unstable as simulation progressed. The difference
between the upper thermal boundary (20 °C) and the
thermal-fluid anomaly (~ 800 ‘C at u > 1.e-7 m.s™)
resulted from a chaotic distribution of thermal advection
close to the surface. An additional test was conducted at
reduced permeability for the meta-sediments and
deformed counterparts, chaotic thermal anomalies did
not occur.

M4 Topo included the topography seen in the MGeol
(Fig. 1) in which to simulate the effects of topography
(max topography ~1 km). Previous fluid-thermal results
indicate topography enhances the lateral distribution of
the fluids (Hayba and Ingebritsen 1987). However, we
did not observe the enhancement of lateral distribution
due to the high fluid-thermal advection at depth.

3.3 Mb5: initial Athabasca basin formation prior to
tectonic reactivation setting

The fluid-thermal results for M5 (not shown here)
continue to be consistent with the previous scenarios
that the deep-seated structures operate as fluid-thermal
conduits. Above each aperture of the permeable deep-
seated structures, the assigned permeability was
conducive for fluids to undergo free convection. The
main convection cells found within the basin and
permeable deep-seated structures has a wavelength of
5 km, accompanied with fluid velocities of 107 m.s™.
Elevated thermals were also observed at the contact
between the permeable deep-seated structures and
basin reaching at least 250 ‘C at 6 km depth (~ 41.67
°C.km™).

4 Discussion

In every tested scenario, these deep-seated structures
provides the necessary infrastructure to transport fluids
and heat to the surface through the form of elevated
thermals and faster fluid velocities. The elevated
temperatures at the permeable deep-seated structures
in M5 correlates well to the fluid inclusion data for
uranium mineralisation (e.g. Mercadier et al. 2013) as
well as meeting the thermal requirements for the
chloritisation of biotite during retrograde metamorphic
THO. This particular alteration pattern is essential for
the precipitation of graphite, a key chemical reductant
for precipitating uranium. Together with the physical
conditions required for convection currents is essential
for the mixing of basinal and basement fluids, will
increase fluid-rock interactions.

5 Conclusion

The fluid-thermal results from the experimentation of
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different permeability configurations of increasing
complexity generate two main conclusions: 1) the deep-
seated inherited structures (up to 30 km depth) function
as fluid-thermal conduits, bringing fluid and heat towards
the upper portions of the crust, and 2) convection cells
appearing laterally away from the structures under
favourable permeability configurations. The presence for
these permeable deep-seated structures are hence
instrumental in providing the necessary physical
conditions as well as the structural infrastructure to
enhance fluid-rock interaction and form regions of key
chemical reductants essential for uranium
mineralisation.
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Abstract. Uranium mineralization is common in
geological environments where oxidized uranium-
bearing fluids interact with reduced lithologies. This was
the case for Variscan detachments in the South
Armorican Massif, France. Numerous syn-tectonic
peraluminous granites were emplaced in the footwall of
detachments during the Carboniferous. Surface-derived
fluids infiltrated the detachment planes and leached out
the uranium from the magmatic uraninite that
crystallized in these granites at the end of magmatic
differentiation. On their way back to the surface, these
fluids interacted with reducing black schists, which
triggered precipitation of hydrothermal uraninite. This
conceptual model serves as a basis for thermal-
hydraulic-mechanical modeling.

Introduction

Detachments are syn- to -post-orogenic, crustal-scale
extensional shear zones. The lower crust is exhumed at
their footwall, and the upper crust is stretched at their
hangingwall.  Numerous  fluid circulations are
documented in these detachments, originating
from deep crustal levels up to the Earth surface.
Detachments also control the emplacement of syn-
tectonic granites and the geometry of sedimentary
basins. Most of these syn-tectonic granites form from
partial melting of crustal sources, and, as such, are
enriched in Large lon Lithophile and High Field Strength
elements, among which uranium. Where magmatic
differentiation was sufficiently advanced in peraluminous
granitic liquids, uranium may have reached contents
large enough to crystallize uraninite. Detachment zones
are thus the place where reduced uranium in
crystallizing granite may interact with oxygenated
aqueous fluids derived from the surface.

This situation occurred at the end of the Variscan
orogeny in the south Armorican Massif, western France.
In this contribution, we present a general model of
uranium mobilization from fertile granites by surface-

derived fluids followed by uranium precipitation where
these fluids interacted with reducing lithologies. The
conceptual model presented here serves as a basis for
a thermal-hydraulic-mechanical numerical modeling.

2 Regional geology

The Armorican Massif is divided in three domains
separated by two dextral crustal-scale shear zones, the
North (NASZ) and South (SASZ) Armorican Shear
Zones that were active during the Carboniferous
(Gumiaux et al. 2004). The Central Armorican Domain is
mostly made of weakly deformed and low-grade
sediments of Neoproterozoic to Carboniferous ages.The
south Armorican Domain is made of high grade
metamorphic rocks, including migmatites, and crustal-
derived peraluminous granites. Migmatites have been
exhumed due to vertical displacements along the
detachment zones from ca. 310 to 310 Ma while the
South Armorican Shear zone was also active (Tartése et
al. 2011, 2012, 2013; Ballouard et al., 2015; Gapais et
al. 2015). Numerous syn-tectonic highlyperaluminous
two-mica leucogranites were emplaced within the SASZ
and detachments. Several metal deposits, mainly Sn
and U mineralization (Chauris 1977), are spatially
associated with the peraluminous leucogranites.
Uranium represents the most important resource in the
region and has been mined within the three uraniferous
districts of Pontivy, Mortagne and Guérande (Ballouard
et al. 2017, 2018; Cathelineau et al. 1990; Cuney et al.
1990).
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Field observations

The most interesting outcrops showing the syn-tectonic
granites emplaced in detachment zones are located
along the coastline, near Quiberon and Guérande (Fig.

1).

Figure 5. Field view of a panel of micaschist wrapped in the upper
levels of the Quiberon granite. The foliation is dipping toward the

West (left side of the picture).

Both the Guérande and Quiberon granites display a
strain gradient with deformation increasing toward the
top of the detachment zone footwall.

In the Quiberon granite, the width of the deformed
zone reaches tens of meters. The strain pattern is rather
heterogeneous, with deformation being localized in syn-
tectonic pegmatites transposed into the foliation (Gapais
and Laouan Brem Boundi 2015), leaving volumes of
granites much less deformed. Where granite is more
homogeneous, typical C/S structure developed.
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In the Guérande granite (Fig. 3), a kilometric scale
strain gradient is visible towards the detachment zone.
Decametric normal faults cut the ductile fabric; this is
clearly visible between the cities of Piriac and La
Turballe (Fig. 3). The resulting graben-like structure
exposes country rocks, comprised of metavolcanic rocks
of Ordovician age and black schists. .

+ Deformation
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Figure 3. Schematic cross-section of the Guérande granite
showing an increase of the strain gradient toward the detachment
zone to the NW, and the location of a graben between Piriac and
La Turballe.

4 Magmatic differentiation vs. hydrothermal
alteration

In the Guérande leucogranite (Ballouard et al. 2015,
2017), magmatic and magmatic-hydrothermal
differentiation progressed toward the apical zone of the
intrusion, namely toward the detachment. There,
tourmaline-bearing highly peraluminous granites reach
extremely high content in highly incompatible
hygromagmaphile elements such as Sn, Cs and Rb but
are paradoxically depleted in U compared to the biotite-
bearing samples from the deeper levels of the intrusion.
Also, the oxygen isotope composition of the apical
samples is lowered by several per mil compared to
unaltered samples (Ballouard et al. 2017). This peculiar
signature is interpreted to reflect an influx of meteoric
water as also supported by low hydrogen isotope ratios
of syntectonic muscovite in the upper part of
detachment footwalls (Dusséaux et al. in press).
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Figure 6. Bivariant diagrams showing that uranium is well
correlated with highly incompatible elements for samples from the
deep parts of the Guérande granite, and deoupled from them in the
apical parts of the intrusion.

The petrographic characterization of the Quiberon
granite is currently in process. First results show that the
granite close to the detachment is more evolved than
the deeper levels. Interestingly, the hydrothermal
alteration seems well recorded by apatite grains (Fig. 5).
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Figure 5. Chondrite-normalized REE patterns of apatite grains
from the Quiberon granite. To the left, the sample is deformed; to
the right, the sample is undeformed. The uranium content is lower
in the deformed, and altered, sample. Note also that the U-Pb age
of the deformed facies is 10 Ma younger than the undeformed one.

As a summary, the petrological and geochemical
characteristics of syn-tectonic granites emplaced in the
footwall of detachment are as follows: the most evolved
facies and the most altered facies are those emplaced in
the higher structural levels of intrusions, close to
detachments. Hydrothermal alteration thus affected the
most differentiated granitic rocks.

5 Uranium mineralization

The Guérande granite is the only hosts of uranium
mineralization. The main mineralization occurs in a fault
zone of the graben affecting the apical zone of the
granite. There, quartz-uranium oxide bearing veins
crosscut the foliation of metavolcanics rocks and are
blocked at the contact with black shales (Cathelineau
1981). The age of mineralization is somewhat variable,
and comprised between the age of the last magmatic
events (around 300 Ma) and Permian times (around 270
Ma; Ballouard et al. 2017).
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Figure 6. Chronological sequence comparing the timing of U
mineralization in the Variscan belt and the emplacement ages of
the associated granites.

It is thus clear that uranium mineralization immediately
follows magmatic activity; this relationship is also visible

Massif E

for several other magmatic systems in the Variscan belt
(Fig. 6).

From all these observations, a conceptual model of
uranium mineralization has been derived (Fig. 7;
Ballouard et al. 2017). Fertile granites emplaced below
detachment zones. Magmatic differentiation promoted
magmatic uraninite crystallization in the apical zone of
the granites. The flow of surface-derived fluids induced
leaching of uranium from magmatic uraninite. On their
way back to the surface along permeable pathways,
such as steeply dipping normal faults that control the
geometry of the graben in the Guérande granite, these
fluids interacted with reducing lithologies (black schists),
which triggered precipitation of hydrothermal uraninite.

(b)
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Figure 7. Conceptual model of uranium mineralization associated
with granitic magmatism at the footwall of Variscan detachment
zones (Ballouard et al. 2017).

6 Numerical modeling

Such a heuristic conceptual model can be tested
through hydro-thermal simulations accounting for
darcyan flow. Preliminary simulations have been
realized in order to test and combine the effect of
different driving forces for fluid flow (e.g. thermal
convection, topographic gradient). The permeability of
the detachment is assumed to be temperature-
dependent. This relationship was designed by analogy
with ductile rheology, which is at first order controlled by
the temperature. The first results indicate that (i) pluton
emplacement and cooling are unfavorable periods for
infiltration of surface-derived fluids along detachment.
Topographic gradients have to develop in order to
create  strong pressure gradients that can
counterbalance thermal convection triggered by
magmas; (ii) after cooling of the pluton, uplift and
erosion, the pluton apical zone (source of U, Fig. 7) is in
the brittle field strain which implies higher permeabilities
along the neighbouring detachment segment. Here, in
this internal zone of the Variscan belt, topographic
gradients were large enough to promote downward flow
circulation of fluids that could be responsible for
supplementary cooling (Fig. 8). A next step in the
modeling will consist in integrating solute transfer
equation for U flux and mass balance calculation. In
addition, future models will account for the role of solid
rock deformation on the patterns of fluid circulation.
Brittle and ductile deformations have different impacts
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on the distribution of permeability. Detachments thus
appear as ideal geological objects to study the role of
hydro-thermo-mechanical processes on the genesis of
mineralizations.
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Figure 8. Snapshot of a detachment model with thermal
convection and topography as driving forces. Advective downward
flow of surface-derived fluids is efficient to cool down deeper parts
of the detachment.

7 Conclusion

In the southern part of the Armorican Massif, Variscan
Belt (France), detachment zones worked during the late
Carboniferous. In this context, lower crustal units were
exhumed, syn-tectonic peraluminous granites emplaced
in the footwall of these structures and downward
infiltration of meteoric fluids occurred. Magmatic
differentiation of the peraluminous granites led to the
crystallization of magmatic uraninite. This crystal was
leached through the interaction with oxidized surface-
derived fluids. These fluids were then focused on high-
permeability zones, like the steeply dipping normal faults
associated with the regional extension. Where the faults
crosscut black schists in the haningwall of the
detachment, uranium precipitation occurred as
hydrothermal uranitite. This conceptual model allows
building the set up for a dedicated thermo-hydro-
mechanical numerical modeling.
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Abstract. In roll front (RF) deposits across the world,
complex ore-stage pyrite textures associated with
extreme changes in isotopic and trace element
compositions reflect the dynamic internal evolution of
the biogeochemical processes responsible for sulfate
reduction, thus demonstrating the cyclical development
of roll front systems. Upon percolation of oxidizing fluids
into the reduced sandstones, RF systems become self-
sufficient, with a systematic repetition of their activity
cycle. Reducing-dominant conditions at the redox
interface favor the formation of biogenic framboidal
pyrite by bacterial iron and sulfate reduction (5*S from -
30.5 to -12.5 %) and the genesis of the uranium
mineralization. When the redox interface becomes
oxidizing-dominant, RF systems enter in a translation
stage characterized by the re-oxidation of reduced sulfur
minerals inducing an increased supply of sulfate and
metals in solution to the bacterial sulfate reduction
(BSR) zone. Hence, this stage is marked by increased
rates of the BSR associated with the crystallization of
variably As-Co-Ni-Mo-enriched concentric pyrite with
moderately negative &*S values. A final stage of pyrite
cement with low trace element contents and heavier
8%4S signatures marks the end of the RF activity cycle
and the transition from open to closed system behavior.

1 Introduction and geological setting

Sandstone-hosted RF type uranium deposits represent
the most cost-effective type of uranium resource (30%
of the world annual production; OECD-NEA-IAEA 2016),
as they are amenabile to in-situ recovery. Studies on roll
front deposits from the U districts of Wyoming and South
Texas, U.S.A; the Central Asia Uraniferous Province
(CAUP) extending from Kazakhstan to North China; and
Lake Frome Embayment, South Australia, show
evidence for biogenic mechanisms for both sulfate
reduction and uranium mineralization that were
mediated by sulfate-reducing bacteria (SRB) (Fig. 1;
Reynolds and Goldhaber 1982, 1983; Min et al. 2005;
Cai et al. 2007; Ingham et al. 2014; Bonnetti et al.
2015a, 2015b, 2017, 2018; Lach et al. 2015). They also
revealed that RF deposit ore-stage pyrites share
remarkably similar evolution of their textures (i.e., early
framboidal, followed by concentric overgrowth, and
finally idiomorphic cement), with extreme variations in
trace element and &S signatures (i.e., from -72.0 to

+32.4 %o), up to the maximum theoretical value of sulfur
isotope fractionation for microbial sulfate reduction (i.e.,
about -70 %o; Brunner and Bernasconi 2005). To date,
these features have been interpreted as reflecting
protracted geological histories and multiple sources of S
(e.g., Ingham et al. 2014). Strongly negative 84S values
recorded in pyrite are an unambiguous indicator of
bacterial sulfate reduction (BSR) producing reduced
sulfur species (H2S, HS; Machel 2001) that are strongly
enriched in %S (i.e., isotopically light) compared to the
initial sulfate (Habicht and Canfield 1997; Brunner and
Bernasconi 2005). Pyrite also incorporates a number of
trace elements; uptake is controlled by a combination of
equilibrium (P, T, solubility composition) and kinetic
processes (Large et al. 2009; Morin et al. 2017). Recent
experimental and numerical modeling studies (e.g.,
Druhan et al. 2014) have demonstrated that large
variations in %S values (-4 to +12 %o in experiments; up
to +30 %o in the model) of bisulfide formed via BSR
occur during steady injection of nutrient- and sulfate-
bearing water through a meter-long sediment column
over 43 days. Such a steady flow of oxidized waters
defines an open system that closely matches the well-
accepted model for roll front deposit formation.

Here, we demonstrate that a dynamic BSR-driven
model explains the distribution of S isotopes and trace
elements in RF system ore-stage pyrites. We show for
the first time that the observed complexity of pyrite
signatures reflects the successive stages characterizing
the activity cycle of uranium RF systems and their
biogeochemical internal dynamic setting, rather than
external forcing and multiple element sources. The
variations in the signatures of ore-stage pyrites,
interpreted as a continuum reflecting the evolution of the
processes responsible for RF ore genesis, were
examined based on the study of ore-stage pyrites from
the Bayinwula deposit, a typical RF uranium deposit
located in the southeastern part of the CAUP (Bonnetti
et al. 2015b, 2017).

The Mesozoic sedimentary basins of northeast China
and southeast Mongolia (e.g., the Ordos, Erlian,
Songliao and East Gobi basins) host numerous RF
deposits (Cai et al. 2007; Bonnetti et al. 2015b, 2017).
RF deposits in the Erlian Basin are mostly hosted by
confined reduced braided river sandstones (Bonnetti et
al. 2015b). The Bayinwula deposit, located in the north
of the Basin, is characterized by disseminated P-rich
coffinite, ningyoite and pitchblende in association with
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ore-stage pyrite, inherited organic matter (OM) and
altered Fe-Ti oxide.
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Figure 1. Model section with geochemical and mineralogical
zoning of the Bayinwula deposit (modified from Devoto 1978;
Bonnetti et al. 2015b). The yellow diamonds indicate the location of
the two representative samples used for the study. BSR = bacterial
sulfate reduction; Sst = sandstone; Approx. = approximate; U min.
= uranium mineralization; Pitch. = pitchblende; Molyb. =
molybdenite; Alt. = altered.

2 Material and methods

As the signature evolution of ore-stage pyrites that
defines the model presented in this study occurs at the
mineral scale, we selected two samples for detailed
characterization. These samples were selected based
on the detailed geochemical and mineralogical study
conducted by Bonnetti et al. (2015b) on the Bayinwula
deposit from an extensive sample set comprising sixty-
three samples collected on several drill holes distributed
along a profile oriented perpendicular to the main
geochemical/mineralogical zoning of the deposit. These
two samples represent the wing and nose of the deposit
(Fig. 1); they are representative of the signatures
observed throughout the deposit and display the most
complete paragenetic relationships of ore-stage pyrite
populations.

Ore-stage pyrite populations from the Bayinwula
deposit were characterized by: (i) petrographic
observations using a reflected-light optical microscope
and a Scanning Electron Microscope (SEM), (ii) in situ
mineral analysis using an Electron Microprobe Micro-
Analyzer (EPMA) to determine their major and minor
elements chemical composition and high-resolution
trace element mapping by Laser Ablation Inductively-
Coupled-Plasma Mass-Spectrometry (LA-ICP-MS), and
(i) in situ measurements of sulfur isotopes by
Secondary lon Mass Spectrometry (SIMS).

Advances in Understanding Hydrothermal Processes

3 Results
3.1 Morphology and texture

Ore-stage pyrites were formed in the pyrite zone
(Fig. 1), identified as the BSR zone by Bonnetti et al.
(2015b), either located at the nose or at the wings of the
RF. Ore-stage pyrite morphologies display the following
sequence of crystallization: (i) framboidal, (ii) concentric
overgrowth and (iii) sub-idiomorphic to idiomorphic
cement (Fig. 2a-a). Clusters of authigenic framboidal
pyrite, predominantly replacing OM fragments and Fe-Ti
oxides, are the most widespread type of pyrite observed
in the BSR zone. The concentric pyrite forms
overgrowth rims around the framboids in either colloform
or idiomorphic textures. The framboids and the
concentric overgrowth were both cemented by a final
stage of sub-idiomorphic to idiomorphic pyrite. These
three generations of pyrite were then partly to totally
replaced by uranium minerals that occur in the ore zone
(Fig. 1) during the downward translation of the RF
(Bonnetti et al. 2015b). In the oxidized sandstone, ore-
stage pyrites were re-oxidized into hematite or limonite
by fresh batches of oxygenated groundwater.

3.2 Trace element distribution in pyrite

LA-ICP-MS trace element maps of As, Ni, Co and Mo
revealed highly contrasted compositions of ore-stage
pyrites (Fig. 2). As a general trend, the trace element
contents of pyrite located at the nose of the RF are one
order of magnitude higher than pyrite from the wings. At
the wings, the framboids have Ilow to high
concentrations of As, Ni and Co (10’s to 1000’s of ppm)
but relatively low Mo content (< 100 ppm; Figs. 2c-c to
f). The first rim(s) of concentric pyrite has almost
systematically higher Ni, Co, Mo and in particular As
contents (10’s to 1000's of ppm) relative to the
framboids (Fig. 2c-a). Moving outwards, the concentric
pyrite shows variable and rim-dependent As, Ni, Co and
Mo contents, but generally the most abundant for the
first rim (Fig. 2c-a). The final stage of pyrite cement is
low in As, Ni and Co (several ppm to 100’s of ppm) but
can contain moderate Mo concentrations (up to 500
ppm) locally. At the nose of the RF, the variations of
trace element concentrations in the three populations of
pyrite are similar to pyrites at the wings. However, here
the framboids and the concentric pyrite have moderate
to very high concentrations of Ni, Co and Mo (100’s to
10,000’s of ppm), and especially high As contents (to
50,000 ppm). The higher trace element concentrations
in pyrite from the nose compared with pyrite from the
wings is mainly related to higher permeability of the host
sediment at the nose (Fig. 1), hence more fluid-mobile
trace metals transported by the fluid will be concentrated

at the nose.
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Figure 2. Petrographic, chemical and isotopic signatures of ore-stage pyrites characterizing the activity cycle of the Bayinwula roll front
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Bayinwula deposit (sample 1). (i) = framboidal, (ii) = concentric, (iii) = cement; (b) The main stages of the roll front activity cycle. BSR =
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3.3 Sulfur isotopes signatures

The &S signatures for the three ore-stage pyrites
measured from samples throughout the deposit range
from -30.5 to +18.8 %o (Fig. 2B): (i) the framboids have a
very light signature ranging from -30.5 to -12.5 %o (mean
-18.4 %o), (ii)the concentric overgrowth presents
moderately negative values ranging from -13.7 to -7.5 %o
(mean -9.6 %o), and (iii) the late stage of pyrite cement
has a heavier signature from -6.9 to +18.8 %o (mean
+4.0 %o).

4 Discussion and conclusions

The well-accepted model for RF deposits involves
formation of a translating redox interface under the
influence of oxidizing groundwater flow within a
confined, reduced aquifer. Based on ore-stage pyrite
signatures from the Bayinwula deposit, we propose for
the first time that the complex textural, chemical, and
isotopic signatures observed in ore-stage pyrite from RF
deposits are a directed result of the dynamic, continuous
and cyclical nature of these systems, which generally
form from a single fluid. The biogenically driven
evolution of sulfate reduction at the redox interface
defines their activity cycle, which can be subdivided into
four main stages (Fig. 6a-b): (0) the initiation stage, (1)
the mineralization stage, (2) the translation stage and
(3) the end stage. Upon percolation of oxidizing
meteoric water, RF systems become self-sufficient in
their development with a repetition of the sequence
Stage (1) to (3) for each new influx of oxidizing
groundwater, until the reservoir is completely oxidized,
or major tectonic uplifts disrupt the system. The cyclical
development of roll front deposits is characterized by
alternating reducing and oxidizing conditions at the
redox interface and transitional open to closed system
behavior. In this context, ore-stage pyrite signatures in
RF systems reflect the internal dynamic evolution of the
biogeochemical processes responsible for sulfate
reduction with sulfur derived from a single source, rather
than externally driven changes in fluid or sulfur sources
through time. The remarkable wide range of their
chemical and isotopic signatures recorded during roll
front activity cycles originated from BSR-mediated
extreme S isotopes and trace elements fractionation.
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Abstract. The reduction process of uranyles and the
graphitic faults dynamics are still unconstrained in the
formation of giant unconformity-related uranium deposit
of Athabasca. Previous and new data on graphitc faults
and mineralization are suggestive of paleo-seismicity,
possibly during the mineralizing event. Highlighted by
data from current active methaniferous fault, we
proposed a new model based on seismic cycle for that
mineralization, implying seismic pumping, methane
production and discharge. Numerical modeling shows
that consequences are of first order on paleo-
hydrodynamics.

1 Introduction

The Athabasca Paleo- to Mesoproterozoic basin in
northern Saskatchewan hosts the largest reserves of
high-grade unconformity-related uranium deposits in the
world. The major U deposits from the eastern part of the
basin (e.g. Mc Arthur, Cigare Lake) are located at the
intersection between graphitic shear zones and faults
(GSZF) within the basement and the basal
unconformity, frequently in the apical zone of basement
structural highs. The GSZF are inherited from the Trans-
Hudsonian orogen (ca. 1800-1720 Ma) and are localized
where Paleoproterozoic carbonaceous sediments have
been buried, deformed and metamorphosed between
orthogneisses slices during thickening and tectonic
escape at crustal scale (Jeanneret et al., 2016)

Updated metallogenic models postulate that (Fig. 1):
(i) concerning U source-extraction, the mineralizing
fluids were brines, derived from primary brines issued
from seawater evaporation. These brines percolated in
the Trans-Hudsonian basement and leached U from U-
bearing bearing minerals like monazite. The infiltration
of brines was favored by an high-permeability paleo-
weathering horizon at the top of the basement; (ii)
concerning U trap-deposit, driven by free convection
within the basin/basement interface, reduction of
uranyles-bearing brines and precipitation of UO:2
occurred in spatial relation with GSZF. Mineralization
occurred at 120-200°C and under fluid pressure close to
hydrostatic regime below a maximum basin thickness of
about 5-6 km (Pagel, 1975; Hoeve and Sibbald, 1978;
Richard et al., 2013). Duration of a single mineralizing
event is about 0.1-1 Myrs (Richard et al., 2012); (iii)

primary mineralization events were post Athabasca
sedimentation and spanned at least the 1600-1300 Ma
period during uplift, tilting and unroofing of the basin
(Jefferson et al., 2007)
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Figure 1.

At least two major points still deserve better
understanding: (i) The reducing agent and process for
uranyles is not clearly identified. In fluid inclusions,
traces of methane have been measured (Derome et al.,
2003); methane has been therefore proposed as a
possible reducing agent. Also, whether the reducing
agent, like methane, was derived from “internal’
sources, through the reaction between the infiltrated
brines and a local reducing lithology (graphite precursor,
sulfides... Derome et al., 2005; Fig. 1a) or corresponded
to the upward flow of a deeply-originated “external’
reducing fluid, (Dargent et al., 2015, Fig. 1b), is a matter
of debate (Fig. 1); (ii) Although recognized as a major
exploration guide (e.g. conductors), little is known about
the mechanical behavior and fluid flow dynamics of
GSZF within the basement, particularly during the
mineralizing events.

Here, we address these two points. We compile and
present recent data allowing discussing the dynamics of
the GSZF to better understand their role in the
metallogeny of uranium. In the light of the studies
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dedicated to methaniferous active faults, we propose a
new conceptual model for the Athabasca-like giant U
deposits involving a seismic cycle for the GSZF and the
influx of externally-derived methane. Thereafter, we
develop numerical hydro-thermal simulations to test this
mechanism and discuss the implications on paleo-
hydrodynamics of the mineralizing system

2 Dynamics of graphitic shear zones and
faults (GSZF)

2.1 Overview through geological times

The graphitic shear zones and faults (GSZF) are
distributed following an anastomosing pattern of steeply
dipping structures within the basement (Jeanneret et al.,
2016). Since the Trans-Hudsonian ductile shearing HT
metamorphic conditions, the GSZF have had a long-
lasting history as they record multiple brittle
reactivations (Jefferson et al., 2007; Martz, 2017): (i)
during the late Trans-Hudsonian orogen exhumation
and uplift. Graphite enrichment of the faults is supposed
to have occurred at this stage through precipitation of
hydrothermal graphite; (ii) during the Athabasca basin
deposition and subsidence (not well documented); (iii)
durin the basin border “inversion” uplift and unroofing
through reverse faulting, a period corresponding to the
main mineralization stage (between ca. 1600 and 1300,
Alexandre et al., 2007); (iv) during multiple post-
Athabasca reactivation increments depicted through late
U mineralization and remobilization events (up to 200
Ma at Cigar Lake; Martz, 2017). The successive
reactivations of the GSZF resulted in basement highs
associated with reverse offsets (Fig. 2a) as frequently
observed for major U deposits (e.g. McArthur).
Therefore, the GSZF represent weak inherited crustal
structures which have been reactivated several times
during late and Post Trans-Hudsonian events.

2.2 Structural and textural fingerprint, links with
the mineralization

From damage zone to fault core, fault-rocks present
nearly all the textural facies produced by cataclastic flow
(Fig. 2b). In the graphite-rich fault core foliated
ultracataclasites display rounded clasts in a gouge
matrix composed of fine-grained white micas, crushed
carbonaceous material, pyrite and quartz (Fig. 2c, d).
Timing of that cataclastic flow is attributed to late Trans-
Hudsonian brittle reactivation and exhumation near
450°C coeval with hydrothermal graphite precipitation
(Martz et al., 2017).

Some GSZF are mineralized, some are not. In a
fertle GSZF with various aligned branches, the ore
bodies are restricted to few segments. Ore is basically
massive and/or disseminated but is also present in veins
(Khairallah, 2017) in fault damage zone. Primary ore is
abundantly reworked, fractured, and brecciated by
sulfides and secondary U deposition.

During the mineralization stage at Cigar Lake, Martz
et al. (2018) demonstrate that mineralizing brines
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percolated within the GSZF by re-opening of previous
cracks during a bulk brittle reactivation of the faults.
They suggest that during this reactivation, methane
traces detected in mineralizing brines fluid inclusions
were issued from the release of former Late Trans-
Hudsonian  volatile-rich  fluids  responsible  for
hydrothermal graphite precipitation (from re-opened fluid
inclusions or from desorption from minerals surfaces
like chlorite). To summarize, GSZF were active during
mineralization and part of the cataclastic flow observed
(Fig. 2) is coeval with mineralizing brines circulation and
methane mobility.
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Figure 2. Cross section (A) and fault rocks textures of the Cigar
North conductor (Cigar Lake trend, from Khairallah, 2017).
Between fractured damage zones, the GSZF core present
ultracataclasites (B) and foliated gouges (C) in a white micas
matrix (W.m) supporting rounded clasts (D). Former hydrothermal
graphite is reworked, crushed and brecciated in faults rocks.

The fact that GSZF were active does not imply that
these structures were seismogenic during the
mineralization history. Rowe and Griffith (2015)
performed a detailed review of fault textures diagnostic
of different slip rates over the course of the seismic
cycle. Even though no pseudotachylite has been
unequivocally identified in drill cores crossing GSZF, the
zonation of fault-rocks types, the rounded clasts within a
fined-grained matrix, the degree of tectonic comminution
in foliated gouge (Fig. 2) are significant of high
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(ultracataclasites) and low (protocataclasites) slip rates
along active faults. Therefore, activity of GSZF during
mineralization might record seismic cycles.

3 Lessons from current

methane seepage

seismogenic

Fluid venting, gas and specially methane cold seeps in
seawater or sediments above active fault systems are
known for a long time and currently receive much
attention for seismic hazard monitoring/forecasting.
Submarine dives and acoustic techniques indicate that
seismogenic fault segments release more gas than non-
seismic ones (Géli et al., 2008). Moreover, Gasperini et
al. (2012) demonstrate that methane seepages are
persistent (up to tens of years) after the seismic event.
In those studies dealing with the Marmara Sea the
methane is microbial in origin and derives from young
sediments lying close to the seafloor. However, deeper
methane reservoirs participating to seismic methane
venting have also been identified (Geersen et al., 2016).
In spite of those assessments, the dynamics of methane
seeps and generally the fluid venting above active fault
still remain unclear relatively to the seismic cycle itself.

4 A new conceptual model

The GSZF in the Athabasca systems were active, likely
seismogenic, and in the meantime the locus of methane
influx. We thus propose that U deposits of Athabasca
may results from fossils seismogenic methane-rich flows
along GSZF (Fig. 3).

Actually, the distribution of mineralized bodies itself,
restricted to peculiar segments of the GSZF also argues
for seismicity. Indeed, If hydrodynamics of the
mineralizing brines was likely controlled by large
convections cells (Li et al., 2016), this 3D mineralized
pattern implies channeling of flow within reactivated
high-permeable segments of GSZF. Among other
explanations, the seismic failure of loaded segments of
an active fault and its associated fluid discharge is a
good candidate.

Two main sources of methane can be envisaged: (i)
the thick GSZF are vertical fractured structures that can
be viewed as reservoirs at depth with residual methane
trapped in microcracks and/or adsorbed on phyllitic
minerals. In the case permeability increased through
seismic reactivation of GSZF would be quite similar to
the effects of hydraulic fracturing used in gas shale
recovery exploitation. Nevertheless, the probability to
trap methane from Trans-Hudsonian HT metamorphism
to basement uplift and erosion is low, and this scenario
may not be favored; (ii) methane may have been
produced at depth by downward flows of diagenetic
aqueous fluids (not necessary the mineralizing brines
themselves even if they represent a good candidate)
which reacted with graphite. Production of such
reducing agent through consumption of graphite by
water has been extensively invoked in metallogenic
models. One could argue that textural evidence of
graphite consumption are very scarce within and around

the U deposits (Martz et al., 2018). Note then that in the
present scenario methane generation occurred in the
basement much deeper than the actual sites of
mineralization. Abrupt permeability increase of GSZF
during seismogenic reactivation may have induced
seismic pumping of basinal aqueous fluids and
subsequent methane production at depth (Fig. 3). This
downward flow was possibly favored by pre-existent
high-permeability funnels or corridors around GSZF
issued from the weathering of the basement before the
deposition of the Athabasca sediments.

No structural and textural evidence of fluid
overpressure regime has been reported during the U
mineralizing stage. Therefore, GSZF might not behave
as “classical” seismic valve implying a permeability
barrier. Fault-induced pressure gradients (compaction,
dilatancy) have been addressed for the U deposits
through numerical modeling (Li et al., 2017). Such
compaction might induce successive methane pulse
during inter-seismic reloading of active segment (Fig. 3).
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Figure 3. Proposed model for the formation of Athabasca giant U
deposits implying seismic cycle and methane production and flow.

5 Numerical modeling

We performed transient numerical simulations in order
to investigate impacts of such conceptual model on bulk
hydrodynamics and thermal pattern. At this stage, the
models were not designed to simulate brines
penetration within the basement. We used a darcyan
hydro-thermal coupling accounting for topography and
buoyancy (temperature dependent fluid density) as fluid
driving forces. The fault domains are vertical and extend
through all the basement thickness. Seism’s along faults
and subsequent methane-rich fluid discharges have
been simulated through successive and abrupt fluid
pressure variations of low amplitude at the basal limit of
faults domains. Such single set up allows to roughly
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reproduce successive seismic cycle and to explore how
hydrodynamics are modified near the unconformity (Fig.
4). Benchmarks have been run based on the works of Li
et al. (2016).

We found that for the cases in which topographic
gradient controls the fluid flow in the basin, abrupt
methane discharge from faults triggers thermal
convection cells which tend to regulate the thermal and
fluid flow regime. This result has important implication
on brines availability and the extraction of U(VI) from
basement through hydrothermal alteration. Indeed,
convection cells likely increased the time integrated
water/rock ratio and thus increased the mass transfer

between fluids and rocks.
topographic slope
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Figure 4. 2D Hydro-thermal modeling simulating seismogenic
methane discharge near the basin/basement unconformity. Black
arrows: | fluid velocity (normalized), red lines are streamlines.
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