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Abstract

Framboidal pyrite is common in marine sediments and organic matter-bearing sedimentary rocks. It has
also been reported in many ‘sediment-hosted ore deposits’, such as shale-hosted massive sulfide
(SHMS) or clastic-dominated Zn-Pb deposits, volcanogenic massive sulfides (VMS), Irish-type Zn-Pb,
sediment-hosted stratabound copper (SSC), and sandstone-hosted Pb-Zn and U, as well as in coal
deposits, whereas it is absent or rare in some others (e.g., Mississippi Valley Type, MVT). Spherulitic
pyrites are more common in Cambrian pyrite-rich SHMS Zn-Pb deposits, hosted in organic matter-rich
black shales and siltstones. Framboid textures can be observed in other minerals as well, such as
magnetite, hematite, goethite, limonite, magnesium ferrite, chalcocite, cobaltite, digenite, and
arsenopyrite. However, it is possible that these non-pyrite framboids are either formed due to the
oxidation of pyrite or the replacement of pyrite by other minerals. The recognition of different
morphology types of pyrite framboids and spherulites and their relationship with other sulfides are useful
in determining the time of formation of these ore deposits, especially in sediment-hosted Zn-Pb
mineralizations. Although framboidal pyrite usually has a sedimentary origin, in some sediment-hosted
ore deposits (e.g., Koushk, Chahmir, Zarigan, Hossein-Abad, Eastern Haft-Savaran, Tiran, and Irankuh),
where it occurs in association with fine-grained sphalerite and galena, and also in the hydrothermal
alterations, its origin is influenced by hydrothermal fluid inputs. Whatever its origin, framboidal pyrite
allows us to approach the redox conditions of the sedimentary environment, based on a detailed
morphometric analysis in each (ore) facies. Suggesting an analogy with modern euxinic sedimentary
basins, the large number of framboidal pyrite indicates euxinic to anoxic conditions in the Chahmir,
Koushk, Zarigan, Hossein-Abad, Eastern Haft-Savaran, and Ab-Bagh ore deposits, which is consistent
with the geochemical proxies of the host rocks.
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Introduction

Pyrite is a common sulfide mineral in ore deposits, and displays different textures and shapes,
occurring in various geological environments associated with other sulfides. This mineral is
well known to geologists involved in the study of ore deposits, and different thermodynamic
and geochemical models are available to deduce its origin. Pyrite is formed in a wide range of
physicochemical conditions (e.g., Eh= -6 to +0.2 v, pH= 2 - 9.7, fO2 < -60 bar, fSz > -35 bar, in
Fe-O-S system at about 20° to 540° C; Rickard, 2006, 2012, 2019a) of sedimentary, magmatic,
metamorphic and hydrothermal environments. The occurrence and textures of pyrite in any
environment depend on the temperature, Eh, and pH conditions, and its abundance in the
availability of Fe and S to form pyrite. The presence of pyrite as the dominant or one of the
major sulfide minerals in ore deposits represents the different conditions governing the
formation of these mineralizations.

Pyrite could occur in different stages of mineralization in sediment-hosted ore deposits,
forming distinctive structures and textures as massive (Figure la,b), banded (Figure lc),
laminated (Figure 1d-f), vein-veinlets (Figure 1g), diagenetic nodules (Figure 1h), disseminated
(Figure 1i), colloform (Figure 1j), framboidal (Figure 1k), spheroidal (spherulite, Figure 1m,n),
bubble (Figure 1n,0), and replacement; each of them indicates special environmental conditions
or mineralizing processes. Among them, framboids (Figure 2a,b) and spherulites (Figure 2¢,d)
are the most common textures in many sediment-hosted ore deposits, as well as modern anoxic
marine sediments such as organic matter-rich muds, black shales and siltstones, and even in
some carbonates. The term "framboids" was first used by Rust (1935) for raspberry-like
aggregates of very fine pyrite grains, derived from the French word framboise. Pyrite framboids
in sediments commonly form by bacterial sulfate reduction (BSR), when iron is available in the
depositional environment (Ohfuji & Rickard, 2005). Jakobsen and Postma (1999) reported
framboidal pyrite in shallow sandy aquifers, where the BSR rate is lower than in marine
sediments.

Besides pyrite, framboids have also been reported for magnetite (Suk et al., 1990), hematite
(Lougheed & Mancuso, 1973), goethite, limonite, magnesium ferrite (Taylor, 1982), and even
chalcocite, digenite (Sawlowicz, 1990) and arsenopyrite (Sawlowiz, 1993). Most of the non-
pyrite framboids could be the result of oxidation products of pyrite (hematite, limonite), or
replacement of pyrite with other minerals (e.g., magnetite, chalcocite, digenite, and
arsenopyrite).

Pyrite in the form of framboids is one of the most common sulfides in many sediment-hosted
ore deposits, especially in shale-hosted massive sulfide (SHMS) or clastic-dominated Zn-Pb
(e.g., HYC and Mt Isa, Australia), Irish-type Zn-Pb (e.g., Tara Deep, Navan, and Island Pod,
Ireland; Irankuh and Mehdiabad, Iran), sediment-hosted stratabound Cu (SSC), sandstone-
hosted U (SSU), sandstone-hosted Pb-Zn, as well as in volcanogenic massive sulfide (VMS)
deposits (like Rio Tinto, Spain), where the relationship between framboidal pyrite and ore
genesis generated considerable interest (e.g. Sangster & Bajocine, 1996; Large et al., 1998;
Wilkinson, 2003; Wilkinson et al., 2005; Mahdavi, 2008; Rajabi, 2008; Rajabi et al., 2012b,
2015a,b, 2020, 2023; Piercey, 2015; Gadd et al., 2016; Magnall et al., 2016; Yesares et al.,
2019; Movahednia et al., 2020a,b; Mahmoodi et al., 2018, 2021, 2023; Mahdavi and Rajabi.,
2023). The presence of framboidal pyrite in non-sedimentary environments is not unusual; even
the presence of this particular pyrite textural variety has been reported in some igneous rocks
(Steinike, 1963; Love & Amstuts, 1969) and some non-sedimentary ore deposits, such as
epithermal Au-Ag deposits (Rosua et al., 2003).

Various genetic models for the formation of sedimentary ore deposits have been developed.
A key aspect of these models is the textures and mineral assemblages that help us to determine
the evolution and relative timing —paragenesis- of ore minerals deposition.
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pyrite which is replaced with sphalerite, Chahmir (a) and Koushk (b) deposits; ¢) Banded massive pyrite
in bedded ore of the Koushk deposit. d, e, f) Laminated pyrite in black siltstones of the Chahmir (d) and
Koushk (e, f) deposits; g) Pyrite veins in dolomitic limestone of the Ab-Bid deposit. h) pyrite nodules
and laminated pyrite in black shale, Chahmir deposit; 1) disseminated coarse-grained pyrite in siltstone,
Central Iran; j) Replacement of colloform pyrite with sphalerite, Chahmir deposit; k) Framboidal pyrite
in the host black shale of the Chahmir deposit. m, n) Bubble texture of pyrite (1) and pyrite spherulites
(2) in Chahmir deposit. 0) Bubble texture of pyrite in a lamina, Koushk deposit. py: pyrite, gn: galena,
sp: sphalerite
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Figure 2. a) Microscopic photograph of pyrite framboids in the Hossein-Abad deposit. b) Back-scattered
electron (BSE) photographs of framboidal pyrite in the Eastern Haft-Savaran. ¢ and d) Pyrite spherulites
in the Chahmir deposit. py: pyrite, gn: galena

Also, determining the redox conditions controlling mineralizing processes is particularly
relevant in investigating the genesis of sediment-hosted ore deposits. In this contribution, an
attempt has been made to investigate the morphology and textural relationship of framboidal
pyrite as a tool in determining the conditions governing the formation of some selected sediment-
hosted Zn-Pb and Cu deposits of Iran and the role of pyrite framboids in the formation of ores.

Methods

For this study, 85 samples were collected from the sulfide-bearing facies of Iranian sediment-
hosted ore deposits grouped in five different types: (a) Koushk, Zarigan, and Chahmir, Hossein-
Abad, Ab-Bagh and Western Haft-Savaran, SHMS Zn-Pb type; (b) Ab-Bid, Tarz, Ahmadabad,
Talkhab, and Zenoghan, MVT; (c) Mehdiabad, Farahabad, Mansourabad, Anjireh-Tiran,
Robat, Lakan, Eastern Haft-Savaran, and Irankuh, Irish type; (d) Markesheh, Bagh-Pahlevan,
Esmaeil-Abad, Kuh-e-Sargerd, Chahbouk and Ark, SSC (Figure 3). Weathered intervals and
samples were avoided during sampling.

Pyrite textural characteristics were examined in polished and thin[Ipolished sections using
an optical microscope, scanning electron microscopy (SEM) with back-scattered electron
(BSE), and electron microprobe analysis (EPMA) at the University of Tehran, and the National
University of Mexico (UNAM). A total of 4188 pyrite framboids have been sized and
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photographed. Framboidal pyrite's diameter was measured across each section until a
population of more than 100 was achieved. The minimum, arithmetic and geometric mean,
maximum diameter, arithmetic and geometric standard deviation of diameter, and the
percentage of pyrite framboids were calculated in each sample. Also, the details of the
morphology and aggregates of the pyrite framboids and spherulites were examined using SEM
and EPMA with BSE images.

Textural characterization of pyrite framboids and spherulites

In the studied sediment-hosted ore deposits, framboids are densely packed, raspberry-like
spherical aggregates of micron-sized subhedral crystals that range from a few microns to several
tens of microns in diameter. In turn, framboids make larger accumulations up to hundreds of
micrometres. In SHMS Zn-Pb deposits framboids occur as disseminated, lenses and nodules,
laminae and bands, alternating with the detrital laminae (black shales and siltstones). The above
has been observed in the Koushk and Chahmir deposits (Figures 1d-f, k-n, 4), hosted in the
Early Cambrian volcano-sedimentary sequence (Rajabi et al., 2015a,b, 2020), and in the
Hossein-Abad, and Ab-Bagh deposits (Figure 5; Jurassic shales and sandstones of the Sanandaj-
Sirjan Zone; Mahmoodi et al., 2018, 2021; Movahednia et al., 2020a). Pyrite spherulites are
common in Early Cambrian SHMS Zn-Pb deposits and are associated with pyrite framboids
laminae. They either have no inner structure or are composed of globules and radial-bladed
pyrite (Figure 4).

While in some carbonate-hosted (Irish-Type; Rajabi, 2022; Rajabi et al., 2023; Khan
Mohammadi et al., 2023) Zn-Pb deposits, in which the host rocks are organic matter-rich, such
as Irankuh (Boveiri Konari et al., 2017, 2018; Rajabi et al., 2012b; 2019a; 2023; Afzal et al.,
2022), and Eastern Haft-Savaran (Mahmoodi et al., 2019, 2023) in Early Cretaceous carbonates
of the Sanandaj-Sirjan zone, framboidal pyrite generally occurs as disseminated (Figure 6),
small nodules and rarely fine discrete laminated textures.

45° 50°E 55°E 60" £ z Selected Ore Deposits

N & @ Shale-Hosted Massive Sulfide (SHMS)
3 or Clastic-Dominated (CD) Zn-Pb

Koushk (1), Chahmir (2), Zarigan (3), Hossein-Abad (4),
Ab-Bagh (5), Western Haft-Savaran (6)
@ Mississippi-Valley Type (MVT)
Ab-Bid (7), Tarz (8), Ahmadabad (9)
Zenoghan (10), Talkhab (11),
Khanjar (12)
=z @ Irish-Type (epigenetic sub-seafloor carbonate
o replacement)
Mehdiabad (13), Farahabad (14),
Mansourabad (15), Anjirh-Tiran (16),
Eastern Haft-Savaran (17), Robat (18),
Lakan (19), Irankuh (20)

(O Sediment-Hosted Stratabound Copper (S5C)
Markesheh (21), Bagh-Pahlevan (22),
Esmaeil-Abad (23), Eshghabad (24)
Chahbouk (25), Ark (26)

Al, Alborz

CIGS, Central Iranian geological and
structural transition zone

E, East Iranian ranges

K, Kopeh-Dagh

KT, Khazar-Talesh-Ziveh structural zone

L, Lut Block
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30°N

M, Makran

0, Ophiolite belts

P, Posht-e-Badam Block

§SZ, Sanandaj-Sirjan zone
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TM, Tertiary magmatic rocks

UDMA, Urumieh-Dokhtar magmatic arc
Y, Yazd Block

Z, Zabol area —— Fault
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Figure 3. Location of the selected sediment-hosted ore deposits on the structural map of Iran
(based on Aghanabati, 1998; modified after Rajabi et al., 2019b)
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Figure 4. Microscopic (a) and Back-scattered electron (BSE) photographs (b-¢) of pyrite spherulite
(with atoll structures) accumulations in Early Cambrian black shales and siltstones of the Koushk and
Chahmir SHMS Zn-Pb deposits. py: pyrite, gn: galena.

In VMS deposits (e.g., Nokuhi, Dorrin) and SSC deposits (e.g., Markesheh, Bagh-Pahlevan;
Mahdavi, 2008; Mahdavi et al., 2011; Rajabi et al., 2019b; Mahdavi & Rajabi, 2023), the
framboidal pyrite is moderately common and occur as small accumulations associated to
organic matter and usually are replaced by other sulfides. In particular, in the SSC deposits,
pyrite framboids occur associated with fossil plant remains in sandstones of the Late Jurassic
red beds (Garedu Formation). In these deposits, chalcocite is a major sulfide and replaced the
framboidal pyrite (Figure 7), in what can be described as “pseudo-framboids” (Mahdavi &
Rajabi, 2023).
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Figure 5. Microscopic photographs of pyrite framboid accumulations with organic matter in Late
Jurassic black shales of the Hossein-Abad (a, b) and Ab-Bagh (¢, d) SHMS Zn-Pb deposits. py: pyrite,
gn: galena, sp: sphalerite, om: organic matter

In Koushk, and Chahmir SHMS Zn-Pb deposits, hosted in Early Cambrian black shales and
siltstones, the first generation of pyrite constitutes over 40% of all pyrite in bedded ore facies
of these deposits. It occurs as 2 to 6 um euhedral to subhedral cubic crystals, framboids, fine-
grained spherulites (Figure 4), and tightly packed round to lenticular aggregates of
polyspherulites (Figure 4c,e) and ‘bubble’ textures. Fine-grained crystalline pyrite and
framboids are minor components of the black shales and siltstones of the Koushk member in
the host basin of these SHMS deposits, but these types of pyrite along with spherulites are quite
abundant in the bedded ore of these mineralizations (5-35 vol%). Spherulite texture is the most
common form of pyrite in bedded ores and occurs in disseminated and laminated textures.
Accumulation of these spherulites, along with minor microeuhedral pyrites, makes loosely
rounded lenticular aggregates (Rajabi et al., 2020). Single spherulites are more common than
framboids in the bedded ore; moreover, euhedral fine-grained pyrite or galena may occur at the
core of some spherulites (Figure 4). Single spherulites are generally <2-7 pm in diameter (less
commonly up to 15 pm in diameter) and are composed of radiating fibrous pyrite. Framboids,
microeuhedral, and spherulite pyrite usually show close spatial relationships and occur as
random dissemination, irregular clusters, and also laminae in the bedded ore of these deposits.
These pyrite textural varieties are primary kernels for subsequent pyrite growth and, are
grouped into the first generation of pyrite in the SHMS deposits (Rajabi et al., 2020). At the
Koushk and Chahmir deposits, the fine-grained sphalerite is characteristically associated with
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euhedral pyrite crystals, framboids, and spherulites, and it occurs as disseminated grains
dominantly in sphalerite-pyrite- and rarely sphalerite-galena- rich laminae (Rajabi et al., 2012a;
2020).

Unlike the Early Cambrian SHMS deposits, in Late Jurassic Hossein-Abad, Ab-Bagh, and
Western Haft-Savaran deposits (Mahmoodi et al., 2018; Movahednia et al., 2020), pyrite almost
exclusively occurs in the form of framboids, which also are common in Irankuh, Tiran, and
Eastern Haft-Savaran deposits, hosted in Early Cretaceous carbonate rocks, with minor siltstones
and shales (Yarmohammadi et al., 2016; Boveiri Konari et al., 2018; Mahmoodi et al., 2018,
2023; Movahednia et al., 2020; Rajabi et al., 2023). In these deposits, very fine-grained
sphalerite and galena are associated with framboidal pyrite and show a close genetic
relationship with each other (Figure 6).

] 25 um = 50 pm

—

Figure 6. Reflected light photomicrographs of pyrite framboids (yellow arrow) and sphalerite in [rankuh
(a-c) and Eastern Haft-Savaran (d, e) deposits in Early Cretaceous organic matter-bearing carbonate
rocks. In d pyrite framboids are replaced with sphalerite. py: pyrite, sp: sphalerite
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In some of these deposits, a later and coarse-grained sulfide (sphalerite and galena)
replacement event is observed. In the Hossein-Abad deposit, framboidal pyrite forms
ellipsoidal, circular, and polyframboidal aggregates. At the Irankuh deposit, the framboidal
pyrite often displays circular, homogeneous, and polyframboidal forms. In contrast, in the
Eastern Haft-Savaran deposit, pyrite has variable sizes and even is seen as defective forms.

Discussion
Pyrite framboids and the paleo-redox conditions of the sedimentary environments

In modern sedimentary basins, pyrite framboids occur as accumulations on the restricted iron-
reduction, redox boundary. As a result of the diversity of framboids' environments, various
genetic models and morphology schemes for pyrite framboids have been developed, as
reviewed, for example, by Love (1971), Stene (1979), Sawlowicz (1993), Wilkin et al. (1996),
Wilkin & Barnes (1997), Wignall & Newton (1998), Ohfuji & Rickard (2005), Wignall et al.
(2005), Scott et al. (2009), Bond & Wignall (2010), Prol-Ledesma et al. (2010), Gallego-Torres
et al. (2015) Zhao et al. (2018), Liu et al. (2019; 2022), and Rickard (2019b, 2021). In
sedimentary environments, framboidal pyrites are mainly considered syngenetic or early
diagenetic components (Skei, 1988; Love and Amstutz, 1966; Berner, 1970; Rajabi et al.,
2020). However, they can also form during late diagenesis (Menon, 1967; Canfield and Berner,
1987). In addition, Rickard (1970) suggested that fine-grained framboids could be found
floating in the water column, and Degens et al. (1972) and Middelburg et al. (1988) reported
framboids in anoxic and euxinic water columns. Wilkin et al. (1996), and Suits & Wilkin (1998)
suggested that pyrite framboids defect growing in the fully anoxic conditions of the underlying
sulfate-reduction zone where crystalline pyrite forms. Framboidal pyrite aggregates are
indicative of oxygen-poor or anoxic sedimentary environments (Wignall et al., 2005), and their
formation is generally limited to the euxinic water column, and below the sediment-water
interface (Sawlowicz, 2000), and they can grow during the first stages of early diagenesis
(Wilkin et al., 1996).

« V5po Bot 50 ym AccV SpotMagn Det WD —————| Gpm
y 10 pm 20.0 KV 6.0 B8E) 126 SMT1 200KV 60 4000x BSE 126 SMI-1

Figure 7. a) Reflected light photomicrographs of pyrite framboids in Ark SSC deposit. b, c) Replacement
of pyrite framboids with chalcocite and cobaltite in Ark (b), and Markesheh (c-d) SSC deposits. e) Pseudo-
framboids of chalcocite, representing replacement of pyrite framboid with chalcocite in SSC deposits,
Central Iran. f, g) Back-scattered electron (BSE) photographs of framboids that are replaced with
chalcocite, Markesheh deposits. cc: chalcocite, cob: cobaltite
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However, Raiswell & Berner (1985) suggested that diagenetic pyrite forms within the sediment
with anoxic conditions, under an oxic water column, but some studies (e.g., Rajabi et al., 2020)
show that framboids can form in both anoxic and dysoxic environments.

Framboidal pyrite can display a variation of morphology, size, isotopes, and trace element
compositions. The stability and preservation of framboidal and spherulitic pyrite depend on (1)
prevention of framboids to recrystallize during diagenesis, (2) interruption in the supply of one
of the main reactant compounds in the fluid (iron or H2S), (3) formation in an oxygen-poor or
anoxic environment and maintaining this condition. The presence of organic matter pods can
protect the framboids from alteration and weathering (Kribek, 1975). A low concentration of
chemical compounds of pyrite prevents a rapid formation and, as a result, euhedral pyrite is
formed instead of framboids (Sawlowicz, 1993).

Organic matter is not required for framboid formation (Sawlowicz, 1993), but it plays an
effective role in the formation and maintenance of framboidal pyrite with different sizes by
their accumulations (Figure 5a,b). Framboidal pyrite that is formed in the absence of organic
matter quickly undergoes recrystallization to give place to euhedral pyrite grain. In
experimental studies, in the presence of organic matter, framboids form separated particles that
are relatively durable (Sawlowicz, 1993).

In euxinic bottom water with free HzS, framboids of uniform, small size, along with very
fine-grained single cubic grains, crystallized in the water column and then settled to the basin
floor (Wilkin et al., 1996). These framboids are unable to attain larger size until they sink below
the iron-reduction zone and cease to grow (Bond & Wignal, 2010). As a consequence, in euxinic
conditions, pyrite forms tiny framboids whose size distributes in a narrow range (Wignall &
Newton, 1998; Table 1). In contrast, under dysoxic to anoxic conditions, the bottom water is
weakly oxygenated and framboids form in the sediment—water interface, where their size is
governed by the local availability of iron and sulfur; as a result, their sizes are more variable
and usually larger (Wilkin et al., 1996). In this condition, their average diameters are between
6 and 10 pm.

Using the framboid size-frequency measurements as a paleo-environmental indicator faces
limitations because it depends on the relationship between pyrite framboid sizes and modern
euxinic and non-euxinic environments, but none of them sampled from the water column
(Rickard, 2019b, 2021). However, Wilkin et al. (1996) and Wignall & Newton (1998) suggested
that there is a strong relationship between the mean and standard deviation of the diameter size
of framboids and the redox conditions of the sedimentary environments (Table 1), but Rickard
(2019b), based on the geometric mean size of the framboids, represented that there is a
significant overlap between framboid sizes in syngenetic and diagenetic conditions.

Table 1. Characteristics of pyrite framboids in different redox conditions during deposition (after Bond
& Wignall, 2010)

Redox conditions Framboid characteristics

Very fine-grained small framboids (mean 3—5 um), abundant
Euxinic spherulites in the presence of organic matter, with a narrow size
range.

fine-grained small framboids and spherulites (mean 4—6 um),

Anoxi
noxie abundant, with a few, larger framboids.

Mean 6-10 um with some larger framboids spherulites, and

Lower dysoxic (weakly oxygenated) crystalline pyrite

Framboids are moderately common to rare, with a broad range of

i tial
Upper dysoxic (partial oxygen) sizes (650 wm). Majority of pyrite as crystals

Oxic No framboids of spherulites, with rare pyrite crystals.
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However, the application of additive statistics to framboid populations and their arithmetic
means and standard deviations are commonly used to determine the oxygenation states of paleo-
sedimentary environments, but this method predicts an impossible subset of framboids with
negative diameters in these basins (Rickard, 2019b). So, in this research, we used both the
arithmetic and geometric statics parameters (based on Rickard, 2019b) to compare the results.
The results of statistical parameters and meta-analyses of framboid sizes are listed in Table 2,
and summarized in Figure 8, for the Koushk, Chahmir, Hossein-Abad SHMS, and Eastern Haft-
Savaran Irish-type Zn-Pb deposits. According to the average parameters (mean) and standard
deviation (St. Dev.) obtained in the host siltstones of these deposits and based on the criteria
provided by Wilkin et al. (1996) and Bond & Wignal (2010), the size of the framboidal pyrites
is indicative of anoxic to lower dysoxic environments (Figure 9). However, the calculation of
the geometric parameters (meta-analyses) based on the criteria provided by Rickard (2019b)
shows a small variation in geometric standard deviations of the framboidal pyrites in the
selected ore deposits. The results show that all framboids in these ore deposits have geometric
standard deviations between 1.4 to 1.9, and this small variation is not discriminable in euxinic
and non-euxinic environments (Rickard, 2021; Figure 9).

Table 2. Summary of database for framboid meta-analyses in some selected SHMS and Irish-type Zn-
Pb deposits

Ore

Ore . Arithmetic Geometric Arithmetic Geometric St. . .
. Deposit Number Variance  Max Min
Deposit Mean Mean St. Dev. Dev.
Type
Koushk SHMS 349 3.44 2.72 3.52 1.85 12.40 32 1
Chahmir SHMS 347 3.78 2.94 3.93 1.89 15.44 31 1
Hossein-
ossell” M 1004 5.52 483 3.12 1.69 9.73 20 1.00
Abad
Eastern
Haft- Irish-type 2488 10.23 9.53 4.04 1.46 16.33 50 3.00
Savaran
Irankuh  Irish-type 533 11.78 10.64 3.63 1.35 15.9 48 2
ean R G 80 ]
2% | Koushk deposit Chahmir Deposit
i 20 Number: 349 °
- Arithmetic Mean: 3,44
80 615 Arithmetic StDev:  3.52 60
g ‘Geometric Mean: 2.72 Geometric Mean: 2.94
i o 10 ‘Geometric StDev: 1.85 & Geometric StDev: 1.89
H 0 2 ]
a0 1 4 7 10 13 16 19 22 25 28 a 30 3
Size ym
20 20
10 10
o Illll sp @ . s ag 3 s 0 —Ais _mm a
| 3 8 4 9 " 13 15 17 19 2 2 25 27 20 a 1 3 5 7 9 1" 13 15 17 19 21 23 25 27 29 31
Size pm i, Size pm J
o 200 ] @ 500 20 |

Hosseinabad Deposit Eastern Haft-Savaran Deposit

Number: 1004 | 4001
Arithmetic Mean:  5.52
Arithmetic StDev: 3.12
Geometric Mean: 4.83
Geometric StDev: 1.69 3004

Geometric Mean: 9.53

Number: 2488
Aithmetic Mean:  10.32
Arithmetic StDev:  4.04
Geometric StDev: 1.45
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Figure 8. Size-frequency plot of framboidal pyrite populations from the host rocks of the Koushk (a),
Chahmir (b), Hossein-Abad (c), and Eastern Haft-Savaran deposits
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Figure 9. Plots of geometric mean diameters versus geometric standard deviations (unitless, solid
square) superposed on the arithmetic mean versus standard deviation plot (open squares) of pyrite
framboid data from the Chahmir, Koushk, Hossein-Abad SHMS Zn-Pb, Irankuh and Eastern Haft-
Savaran (Irish-type) Zn-Pb deposits. The boundaries between fields for euxinic, anoxic and dysoxic
environments in this figure apply only to the arithmetic mean and standard deviation (from Wilkin et
al., 1996)

An adequate sedimentary environment characterized by anoxic conditions is a controlling
factor in forming and preserving SHMS and VMS deposits (Betts et al., 2003; Goodfellow &
Lydon, 2007; Rajabi et al., 2015a,b). The pyrite framboids laminae in the bedded ore facies and
host rocks of these deposits imply ore deposition in low-energy and deep-water environments.
The presence of a large number of framboids in SHMS, Irish-type and VMS deposits reflects
the euxinic to anoxic conditions of the host rock depositional environments. In addition, the
alternation of organic matter-rich laminae with sulfide-rich laminae represents an oxygen-poor
depositional environment (Cooke et al., 2000) in these ore deposits.

Trace element geochemistry of non-mineralized organic-rich siltstones of the Koushk
member (in the Koushk and Chahmir areas) indicates anoxic conditions for the sedimentary
environment in which sulfide minerals were deposited. In fine-grained detrital sedimentary
environments, anoxic conditions also are characterized by high V/Cr ratios and V/(V + Ni)
ratios between 0.5 and 0.9 (Calvert & Pedersen, 1993; Jones & Manning, 1994; Hoffman et al.,
1998). Figure 10a shows that the ore-bearing sedimentary rocks of the Ab-Bagh, Koushk and
Chahmir deposits were formed under anoxic conditions. In a V/Mo versus Mo plot (Piper &
Calvert, 2009; Xu et al., 2012), all analyzed samples of the Ab-Bagh deposits plot across the
anoxic and suboxic boundary, and samples from the Koushk and Chahmir deposits represent
anoxic to euxinic depositional conditions (Figure 10b).

Pyrite Framboids in sediment-hosted ore deposits

Detailed petrography studies in selected sediment-hosted Zn-Pb and copper ore deposits show
the association of pyrite framboids with hydrothermal ore minerals of some deposits (e.g.,
Koushk, Chahmir, Ab-Bagh, Irankuh); in contrast, this association is not seen in others (e.g.,
Talkhab, Ab-Bid, Khanjar).
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Figure 10. Paleo-redox plots for SHMS Zn-Pb deposits. a) Bivariate plot of the black siltstone samples
from Koushk, Chahmir, and Ab-Bagh deposits in the diagram V/Cr versus V/(V + Ni) from Séez et al.
(2011). Limits of environmental conditions from Jones & Manning (1994) and Hoffman et al. (1998).
b) V/Mo versus Mo paleo-redox plot modified after Piper & Calvert (2009) and Xu et al. (2012). Data
from Rajabi et al. (2015) and Movahednia et al. (2020)

In the Kushak, Chahmir, Irankuh, Tiran, Hossein-Abad and Western- and Eastern Haft-
Savaran deposits pyrite framboids are associated with fine-grained hydrothermal sulfides
(galena and sphalerite). This association indicates the role of ore-forming hydrothermal
processes in their formation (Table 3). The size of the framboids in the Koushk, Chahmir, and
Hossein-Abad indicates that the majority of pyrite formed in the water column and some of
them were probably formed in the porewaters of the sediments, beneath the sediment-water
interface, during the early diagenesis under anoxic to lower dysoxic conditions (Rajabi et al.,
2015b), while in the Goshfil deposit (in Irankuh mining district; Boveiri Konari et al., 2017)
and Eastern Haft-Savaran (Mahmoodi et al., 2018) pyrite formed at the sediment-water
interface, in unlithified black mud with anoxic porewater. Homogeneous framboids are formed
by a rapid reaction in a homogeneous environment with sufficient reactants of iron monosulfide
and sulfur (Sawlowicz, 1993). Therefore, polyframboids with different sizes observed in the
Irankuh and Eastern Haft-Savaran deposits occurred due to the inhomogeneous distribution of
iron in the environment (Stene, 1979). Also, the formation of annular pyrite in the Eastern Haft-
Savaran deposit was probably because of the first stages of the development of framboids in a
depositional environment with low availability of iron and sulfur (Love, 1967). The formation
of pyrite framboids begins from the surface of a gel globule and continues toward the core. The
presence of an internal cavity at the centre and the formation of annular pyrite probably is due
to the low availability of iron and/or sulfide (Sawlowicz, 1993). The association of framboids
with annular pyrites in the Eastern Haft-Savaran deposit represents that the high rate of formation
of framboids decreased the availability of iron and sulfur monosulfide.

The presence of hydrothermal sulfides such as galena, sphalerite, and chalcopyrite associated
with framboidal pyrite has been reported in some SHMS and Irish-type Zn-Pb deposits. In the
Howards Pass (in Canada) and the Koushk deposits, sphalerite forms fine-grained disseminated
to laminated sulfides, and as mixed sphalerite-framboidal pyrite laminae (Gadd et al., 2016;
Rajabi et al., 2020). The formation of these assemblages is attributed to the first stage of
mineralization and is related to BSR (Rajabi et al., 2015b; Gadd et al., 2016). The presence of
interstitial chalcopyrite in pyrite framboids has been reported in the Tasmanian Folded Belt
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base metal deposits. In these deposits, the formation of chalcopyrite has been considered to take
place shortly after the formation of framboidal pyrite (England & Ostwald, 1993).

Detailed petrography studies in the Koushk and Chahmir SHMS Zn-Pb deposits represent
two major paragenetic generations of sulfide mineralizations at the bedded ore facies, (1) stage
I comprising very fine-grained (< 6 um) framboids, spherulite pyrite, associated with minor
fine-grained disseminated sphalerite, and galena; and (2) Stage II is composed of a diagenetic
intergrowth of coarse-grained framboids and spherulite pyrite, packed polyspherulite
aggregates, and pyrite nodules replacing diagenetic barite and carbonate nodules, and are
followed with coarse-grained sphalerite and galena that replace former sulfides and barite,
deposited as disseminated, laminated, and sulfide-rich banded textures. Data presented by Gadd
et al. (2016) and Rajabi et al. (2020) in the SHMS deposits are against a syngenetic, purely
synsedimentary model, proving that these deposits formed predominantly during the diagenesis
in the uppermost unlithified sediment pile.

The formation of galena and sphalerite as interstitial growths in framboidal pyrite (Figures.
2c¢,d, and 4; in anoxic to dysoxic environments) of the Chahmir, Koushk, Hossein-Abad, and
western Haft-Savaran deposits indicates that the formation of framboidal pyrite, as the first
generation of sulfide during mineralization, continue with the formation of hydrothermal fine-
grained sulfides in early diagenesis. This stage of mineralization includes a minor portion of
ore sulfides, formed due to mixing between hydrothermal fluid and seawater, resulting in
cooling and neutralization, and leading to rapid precipitation of very fine-grained sulfides,
framboids (< 6 um in size) and spherulites from the reduced water column (anoxic to dysoxic
environment) on the seafloor in the bedded ore. On the other hand, framboids are replaced by
later generations of sulfide minerals, especially galena and coarse-grained sphalerite, formed
below the seafloor, which has been reported in various VMS, SHMS, and Irish-type deposits.

The replacement of framboidal pyrite by the later sulfides indicates the incidence of ‘refining
processes’ during the mineralization of these deposits (Piercey, 2015; Rajabi et al., 2020).
Piercey (2015) considers framboidal pyrite to be restricted to deposits formed below or near the
sea floor. Mineralization in these deposits occurs in the reactive and permeable parts of the
sediments under the sea floor, which is illustrated by the association of framboidal pyrite along
with fine-grained galena and sphalerite.

Table 3. Characteristics of pyrite framboids in some selected sediment-hosted ore deposits

Pyrite Framboid
Existence in Ore

Pyrite Framboid

Host Rock characteristics

Ore Deposit Type Example

Very fine-grained small
framboids (geometric mean
2.7-2.9 pm), abundant
spherulites in the presence
of organic matter
fine-grained small
framboids (geometric mean
4.8 um) with some larger
framboids, and crystalline

pyrite.

Early Cambrian Black
Shale and Siltstone

Koushk, Chahmir, Zarigan,
Very common
Shale-Hosted
Massive Sulfide
(SHMS) Zn-Pb
Middle-Late Jurassic
black siltstone

Hossein-Abad, Ab-Bagh

Very common
and Western Haft-Savaran y

Mehdiabad, Farahabad,

Irish Type

Orogenic-related
Mississippi Valley
Type (MVT)

sediment-hosted
stratabound
copper (SSC)

Early Cretaceous
dolomitic limestone,
dolomite and siltstone

Middle Triassic
dolomitic limestone
and dolomite

Late Jurassic
sandstones

Eocene-Oligocene and
Miocene sandstones

Mansourabad, Anjireh-
Tiran, Robat, Lakan,
Eastern Haft-Savaran,

Irankuh

Ab-Bid, Tarz, Ahmadabad,
Talkhab, and Zenoghan

Markesheh, Bagh-
Pahlevan, Esmaeil-Abad,
Kuh-e-Sargerd

Chahbouk and Ark

Common

Absent

Moderately common

Moderately common

Geometric mean 7-10 pm
with some larger framboids,
and crystalline pyrite.

No framboids, with rare
pyrite crystals in host
carbonates.

Framboids are moderately
common to rare with a
broad range of sizes (9-50
pum).
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A study of mineralization textures, specially framboidal pyrite as a common texture in
sediment-hosted Zn-Pb deposits of Iran and comparing them with similar deposits in the world
shows that this texture can be observed only in deposits that mineralization occurs during
sedimentation to diagenesis of the host rock. This texture is not found in typical orogenic-
related MVT deposits (such as Talkhab and Ab-Bid).

Conclusion

Pyrite framboids are very common in organic matter-rich, reduced sedimentary environments.
They form by the rapid crystallization of pyrite in the form of spherical microbodies under
anoxic to lower dysoxic conditions. However, unattached framboids form in euxinic
environments, but in the presence of high content of organic matter, especially in black shales,
spherulitic pyrite can predominate over framboids, even though their physicochemical
formation conditions are the same. In addition to the sedimentary environments, framboids are
common in some ore deposits that form in sedimentary and volcano-sedimentary sequences
(e.g., VMS, SHMS, SSC, Irish-type, sandstone-hosted Pb-Zn, sandstone-hosted U), but they
are absent or rare in some other sediment-hosted ore deposits (e.g., MVT). Pyrite framboids are
common in low-pyrite SHMS, VMS, SSC, sandstone-hosted Zn-Pb and U, Irish-type ore
deposits, and coal deposits, but spherulitic pyrite (along with framboids) are common in
Cambrian pyrite-rich SHMS Zn-Pb deposits hosted in black shales.

The recognition of different textural types of pyrite framboids and spherulites, and their
relationship with other sulfide minerals are significant in determining the time of formation of
many sedimentary ore deposits, especially in SH Zn-Pb mineralization. Although most
framboidal pyrites have a sedimentary origin, in some ore deposits (e.g., Koushk, Chahmir,
Zarigan, Hossein-Abad, Eastern Haft-Savaran, Tiran, and Irankuh), where they are associated
with fine-grained sphalerite and galena, hydrothermal fluid inputs have a role in the framboids
formation.
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