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ABSTRACT

Pyrite trace element chemistry, lithogeochemistry, and U—-Pb dating of detrital zircon were
carried out on the Devonian black shales and limestones, Northern Shan State, Myanmar.
The findings indicate that the Upper to Middle Devonian Padaukpin Formation is enriched
in CaO and show a similar content in SiO,, TiO,, Al,O3, Fe2O3, and K,O compared to Post-
Archean Australian Shale (PAAS). The Middle Devonian Wetwun Formation is depleted in
SiO,, TiO,, Al,O3, Fe>03, and K»>O but enriched in CaO relative to PAAS. The Lower De-
vonian Zebingyi Formation is enriched in CaO and strongly depleted in SiO,, TiO,, Al>Os,
Fe2 O3, and KoO compared to PAAS. Total organic carbon (TOC) remains high in the Lower
Devonian between 5% and 9.7% (mean = 8%) but drops in the Middle Devonian to value of
2.5% to 3.2% (mean = 2.9%), only to rise again in the Middle to Upper Devonian to 9.7%.
Using trace element (TE) and TOC%, the contents of trace elements Mo, As, Zn, Cu, V,
and Ni are inversely proportional to the TOC content in the Upper and Middle Devonian.
Pyrite trace element chemistry shows that the beginning of the Middle Devonian, in the
Lower Wetwun black shale, is marked by elevated levels of the gold (up to 1.1 ppm Au),
which corresponding to a peak in oxygen content in the atmosphere (up to 28.7 wt% O) in
oxic to anoxic redox conditions. The evidence suggests that the Wetwun shales are likely
gold source rocks. The research outcome indicates a limited dataset of age dating pointing
to three maximum depositional ages of 399, 480, and 537 Ma. There are a few zircon age
peaks ranging from over 400 Ma up to 2500 Ma, suggesting a discernible connection with
Gondwana; however, further work is required to confirm this relationship.
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» The Lower Wetwun black shales are gold source rocks (up to 1.1 ppm Au).

« Elevated gold content corresponds to a peak in oxygen content (up to 28.7 wt% Oo).

* Zircon age peaks range between 400 Ma and 2500 Ma.

+ Discernible connection with Gondwana is likely.

1. Introduction

The geological and stratigraphic setting of Paleozoic
sequence of Northern Shan State, Myanmar have been
documented by La Touche prior to World War Il as land-
mark memoirs of Geological Society of India during the
British colonial period [1]. Modern geological works were
followed by overseas projects including foreign and Myan-
mar geologists though limited in scope, occurring peri-
odically throughout time [2—7]. During the Late Palaeo-
zoic, Myanmar region has been fragmented as part of the
Paleo-Tethys Ocean of the Northern Gondwana which was
in the southern hemisphere at the time and the Greater
Gondwana was later drifted and rotated counterclockwise
[8, 9]. This counterclockwise rotation also opened and sep-
arated off several crustal slivers from Gondwana such as
North and South China, Tarim, Indochina, East Malaya,
West Myanmar and Sumatra terranes and the Paleo-
closure of the Tethys Ocean resulted in Proto-Myanmar
region to form into what Myanmar region is today. In South-
east Asia, black shales are known to be host rocks in many
orogenic gold deposits [10, 11]. In Myanmar, the Devonian
black shale and limestone formations have not been stud-
ied to determine their trace element contents, let alone as-
sess whether they present characteristics of gold source
rocks. They also have limited detrital zircon age data. To
address this knowledge gap, this research documents the
major and trace element composition of Devonian black
shales and limestones and the redox conditions during de-
position. Additionally, the trace element content of sedi-
mentary pyrite is documented with emphasis on gold con-
tent across the Wetwun, Padaukpin and Zebingyi Devo-
nian formations and how it all relates to the variation of
other trace elements on the seafloor.

2. Tectonic and Geological Setting

The district-scale geology and stratigraphic setting of
the area between Mandalay and Pyin Oo Lwin Township
was documented by previous researchers and the authors
own observations and field studies [1, 2, 4, 6, 12]. Pyin Oo
Lwin Township is situated 67 km east of Mandalay, nes-
tled in the mountainous region of the Shan Scarp in North-
ern Shan State. Tectonically, the study area lies within the

Sibumasu Terrane (Figure 1), locally referred to as the
Sino-Burman Ranges of the Shan Scarp.

The Sibumasu Terrane encompasses western Thai-
land, western Peninsular Malaysia, eastern Myanmar, and
northeastern Sumatra [13—16] and is bordered by the
Sagaing Fault and Mogok Metamorphic Belt in the west in
Myanmar and the Inthanon Terrane to the east in Thailand.
In the last thirty or so years, researchers such as [17, 18]
and most Thai geologists have used the term Shan-Thai
Terrane in the same sense as Sibumasu, although [17] did
not include Baoshan or Sumatra in his original usage.

To the north, Sibumasu is generally considered to in-
clude the Baoshan and/or Tengchong terranes in west-
ern Yunnan [19]. Based on detrital zircon studies in the
Malay Peninsula, the Sibumasu Terrane basement has
been suggested to be primarily Palaeoproterozoic (1.9-2.0
Ga) [20, 21].

Recent studies have found that the detrital zircon pop-
ulation of the Late Cambrian—Early Ordovician Tarutao
Sandstone in Sibumasu has a strong statistical resem-
blance to that of the Ordovician Tumblagooda Sandstone
in Western Australia [9].

The Nan-Uttaradit-Sra Kaeo Suture zone separates
the Sukhothai Fold Belt from Indochina. In Malaysia, the
Sibumasu Terrane is separated from the Indochina/East
Malaya Terranes by the Bentong-Raub Suture Zone
(BRSZ). The terranes moved away from the northwest
Gondwana margin during the Phanerozoic and resulted
in the opening and closure of the Palaeo-, Meso- and
Neotethyan (or Cenotethys) Oceans.

The drive from Mandalay to Pyin Oo Lwin Town-
ship passed through a well-defined sequence of Pale-
ozoic geological formations, showcasing outcrops rang-
ing from the Cambrian to the Silurian, which are actively
quarried for limestone from the Nyangbaw Formation. The
Lower to Upper Devonian succession is represented by
the Zebingyi and Wetwun Formations, respectively, while
Permian-aged rocks are present within the Shan Plateau
Limestones. These stratigraphic units have been well-
constrained through fossil-based biostratigraphic dating,
providing a reliable framework for understanding the geo-
logical history of Northern Shan State. The geological map
is presented in Figure 2.
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Figure 1. Tectonic setting of SE Asian region modified from [5, 7, 22]. Location of the studied area in shown in yellow
rectangle in the top hand corner and the geology is presented in Figure 2.

2.1. The Cambrian Ngwetaung Group

This Group is a sandstone bed which has been dated
due to the presence of Late Cambrian saukiid trilobites
[4, 6]. The Bawdwin Volcanic formation is a 1000 m thick
[22] is the equivalent to the Ngwetaung Group or possi-
bly ranges to Lower Ordovician and is a massive, hard,
reddish grey dense rhyolite tuff with other volcanoclastic
sediments. This unit is hosting the Bawdwin Lead-Zinc-
Silver (Pb—Zn—-Ag) deposit, which appears to be a mixed
SEDEX-VHMS deposit [7].

2.2. The Naung Kangyi Group

The most prominent outcrops of Ordovician age oc-
cur between the city of Mandalay and the Township of Pyin
Oo Lwin (Figure 2). This group is called the Naung Kangyi
Group which has the “Lokepyin Formation (Early Ordovi-
cian) and the Sitha Formation (Middle Ordovician) which
conformably lies in between the Lokepin Formation (Lower
Ordovician) and underlies the Kunlein formation (Late Or-
dovician). The uppermost unit is the Khun Lein Formation,
and the Hwemaung purple shale member, dated as Late
Ordovician [4, 6].
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Figure 2. Geological map of the Northern Shan State, Myanmar, and location of samples in this study, after [23].

2.2.1. The Lokepyin Formation

This Formation of Early Ordovician age consists of
well-defined beds of blueish limestone interbedded with
thin layers of silts, with other yellowish to brown siltstone
sequences contained within. There are also fossils found
within the sequence such as small brachiopods Nanorthis
ssp., and trilobites Aulacorarina sp. which indicated that
the rock formations are early Ordovician [4, 6].

2.2.2. The Sitha Formation

The Middle Ordovician Sitha Formation is made up
of a limestone unit, which consists of medium to thickly
bedded grey to dark grey/blueish, reddish limestone [4, 6].
The formation is bioturbated locally and this unit is known
as the Burrow Limestone. There is also oolitic limestone
encountered in specific outcrops in the area. Fossil nau-
tiloids (Actinoceras sithaensis sp., Ormoceras sp.) as well
as the well-known bryozoan Diplotrypa, indicated a depo-
sitional age of Middle Ordovician [4, 6]. The limestones
are interbedded with brown to yellowish brown siltstone
units.

2.2.3. The Khun Lein Formation

The Khun Lein Formation of Late Ordovician age con-
sists of thin to medium bedded calcareous mudstones with
minor silt laminations and buff coloured siltstone and clay-
stone [4, 6]. There is a layer of calcareous shale which is
120 cm thick, also found within the unit. The sequence also
contains fossils such as bryozoan, crinoids, brachiopods,
and cystoids. These fossils are more abundant in the yel-
low siltstone beds.

2.3. Nyangbaw Formation and the Namhsim Sandstone

These units of Silurian in age are represented by
Nyangbaw Formation and the Namhsim Sandstone. These
overlays the Hwemaung Purple Shale of Late Ordovician
age [4]. The Nyangbaw Formation consists of limestones
with prominent phacoidal texture formed due to differential
weathering of silty layers, which are medium to thick bed-
ded reddish grey colour, and sometimes interbedded with
bands of red clays.

2.4. Devonian Formations

The Devonian Formations appear to have formed in
a pelagic environment, with slow sedimentation, in both
shallow and deep waters in a low energy environment be-
low the wave base. This was affected by storm events. The
ocean sea level continues to drop throughout the Devonian
[4, 6, 24]. The stratigraphic sequence and lithologic char-
acteristics are shown in Figures 3 and 4.

2.4.1. Zebingyi Formation

The Zebingyi Formation consists of three stratigraphic
units, the Doganaing Chaung Orthoquartzite members,
the In-ni Chaung limestone member and the Khinzo
Chaung limestone [4, 6, 24]. The Khinzo Chaung lime-
stone consists of blackish limestones, which are separated
with layers of black shales and buff coloured siltstone with
their base marked by a change of lighter coloured cal-
careous mudstone darkening to a grey with wavy calcare-
ous silty bands in the unit. The In-ni Chaung limestone is
marked by a light grey, thinly bedded partly dolomitised
unit [4, 6]. There is then the Doganaing Chaung Quart-
zose sandstone unit which is a clast-supported monomict
conglomerates, associated with light grey calcareous mud-
stone, and a pink-brown siltstone [4, 6, 24].
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Figure 3. Outcrops and hand samples of the selected units. (A) Outcrop of Maymyo Formation of the Upper Devonian.
(B) Padaukpin limestone outcrop overlying the Wetwun shales. (C) Pyritized graptolites in the Padaukpin limestone. (D)
Wetwun black shales of the lower part of the Upper Devonian. (E) Black shales of Lower Devonian Zebingyi Formation
found near the Indha Village. (F) Padaukpin limestone consists of medium bedded dolomitic limestones containing fos-

sils such as Bryozoa and Corals.

2.4.2. Middle Devonian Maymyo Formation

The Maymyo Formation runs through the Middle and
Upper Devonian. In the Middle Devonian, the two distinct
units found are the Wetwun shale and the Padaukpin lime-
stone Formation.

The Wetwun shale is a black shale that contains fos-
sils of brachiopods, bivalves, bryozoan, graptolites, tena-
clites, and trilobites [4]. From field observations, it is be-
lieved that the Padaukpin limestone was deposited on top
of the Wetwun Shale [3]. The limestones would also form
in shallow marine waters as coral formation requires shal-
low seas for the organisms to survive. The lithology of
the Padaukpin limestone consists of medium bedded Mg-
rich dolomitic limestones containing fossils such as Bry-
ozoa and Tabulate corals. It is also interbedded with black
shaley limestones and dark grey shales. There are lo-
calised thin layers of black shales interbedded with the
limestones [4, 6].

2.4.3. Upper Devonian Formations

The Maymyo Formation stratigraphically appears at
the beginning of the Upper Devonian and occurring in the
Northern Shan State [3, 4] (Figure 4). The lithology of the
Maymyo Formation is purple to red calcareous limestones
that contain ammonoids, nautiloids, and gastropods [4].
The depositional environment is interpreted to be a pelagic
setting [4, 6].

In this study sedimentary pyrites show a variety of
textures (Figure 5). The Lower Devonian Zebingyi Forma-
tion pyrite size from 18 um to 22 um; the Middle Devonian
Wetwun Shale pyrite size varies from 8 um to 25 um and
the Middle to Upper Devonian Padaukpin Limestone aver-
age pyrite size ranges from 9 um to 15 um. Any pyrites that
may have been either massive euhedral pyrites or pyrites
cutting across the bedding were not selected. The detec-
tion of zonation in pyrite has been done by etching with
nitric acid (HNO3).
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Figure 4. Interpretative Devonian lithostratigraphy in the northwestern part of the Shan State, Myanmar (modified after
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Figure 5. Textural features of sedimentary pyrite from the Devonian shales and limestones, Myanmar. (A) Pyrite fram-
boids found from the Wetwun Formation. (B) Disseminated microcrystals of sedimentary pyrite from the Wetwun For-
mation. (C) Pyrite framboids from the Wetwun Formation. (D) Framboidal pyrites from Zebingyi Formation. (E) Euhedral
clean pyrite and disseminated framboids from the Zebingyi Formation. (F) Pyrite framboid and subhedral pyrite from

Padaukpin Formation.

3. Methodology
3.1. U-Pb Detrital Zircon Dating

The Zircon mounts are used for dating using the LA-
ICP-MS technique. Zircons are ideal for dating because
they are very robust (physically and chemically), making
them ideal for extraction out of whole rock sample. Zircon
readily incorporates uranium into its crystal structure, while
lead does not readily incorporate into the zircon crystal lat-
tice. This means when the Zircons form and grow, there is
no little to no lead in the structure of the zircons. How-
ever, as the zircons age, radioactive decay of U occurs,
which turns into Pb occurs. These elements and their iso-
topes remain trapped in the zircon allowing for their ra-
tios to be analysed [25]. These ratios are then compared
to datasets, allowing for accurate and precise ages to be
calculated. Alpha decay will damage the crystal lattice of
Zircons, leading to lead-loss, as the fission tracks act as
a conduit within the crystal lattice, transporting and allow-
ing the lead isotopes to leach from the zircon [25]. Undam-
aged zircons retain the lead formed from radioactive decay
of U [25].

U—Pb isotope dating of three samples was conducted
using LA-ICP-MS, by measuring the uranium isotopes and
the lead isotopes of Zircons (ZrSiO4) to provide first order
interpretation for the provenance. This method is one of
the oldest and most refined dating methods, and is highly
accurate, usually within +=10 million years. Zircons are also
excellent for measuring U-Pb because they are rigid, not
breaking easily during diagenesis, they can withstand high
temperatures (900 °C) before they melt and are chemi-
cally inert. This gives certainty of less contamination of
foreign U and Pb, making U-Pb dating an accurate dat-
ing method [26].

Zircon measurements were conducted on an Agilent
7900 quadrupole ICPMS resonetics resolutions system,
which is equipped with a Coherent COMPex Pro Ar-F Ex-
cimer using a laser wavelength of 193nm, specific for sil-
icate and U-Pb geochronology. This is coupled with a
Resonetics S155 ablation cell. All the analyses were con-
ducted at the University of Tasmania. Corrections for in-
strument drift, mass bias correction factors and downhole
fractionation, were calculated through the utilisation of the
primary standard for Pb/U ratios, 91,500, and on a sec-
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ondary standard called Tremora [27]. The standards were
analysed at the beginning of the session and after every
15 zircons unknowns (or 30 min; whichever comes first).
Using the same spot size (32 um and the laser energy of
5 Hz was used for all analyses).

The corrections done on the 297 Pb/2%Pb were calcu-
lated using spots on NIST610 which the standard is used.
These are analysed after every 30 zircons which had been
analysed using values from [28]. Each unknown was anal-
ysed first for 30 s to measure background before the laser
was switched on, and then for another 30 s of analysis. The
samples that were analysed had spot sizes of 32 um using
the laser at 5 Hz. He (Helium) gas carries the ablated par-
ticles from the sample chamber where it mixes Ar (Argon)
gas to a plasma torch and passes through to the mass
spectrometer. Where the isotopes “°Ti, %6Fe, %0Zr, 178Hif,
2°2Hg, 204Pb, 206Pb, 207Pb, 208Pb, 232Th, 235U and 238U
are measured. Each element is measured for 0.17 s in-
tervals although Pb isotopes are measured longer (0.35 s
intervals). The data is calculated using methods outlined
by [29].

Zircons also give relative probability of zircon age
peaks, which is useful at determining the provenance of
not only the detrital zircons found in each sample, but also
the source of the sediment. These can be compared to
well-defined terranes, which can be used to help deter-
mine the source of sediments for a terrane.

3.2. X-ray Fluorescence Analysis (XRF)

Seven samples were analysed: four samples from the
Lower Devonian, two samples from the Middle Devonian
and one sample from the Middle—Upper Devonian. The
Olympus Delta Premium handheld XRF was used to mea-
sure the whole rock geochemical makeup of the samples.
This is a non-destructive rapid analytical. The whole rock
samples had a clean face cut using the rock saw as to
get the most accurate and precise results from the hand-
held XRF. The drawback being high detection limits com-
pared with other analytical techniques. This was set up
in a special mount that put the optics in a confined X-
ray proof space, allowing for measurements to be made
consistent. Using the geochemical function, the handheld
XRF would take a 160 s measurement per sample using
just two beams of X-rays. The standards used were Blank
SiO, which was pure quartz sand, TAS Dior which is Tas-
manian Diorite, TAS GRAN which is Tasmanian granite,
TAS BAS which is Tasmania Basalt and GXR5 539. The
XRF also calibrates itself to Fe using a steel instrument
monitor (a round metal disc). Samples that were consid-
ered homogenous were only analysed with the XRF de-
vice once. Samples such as JS-27, which contained a lot
of coral in the matrix were analysed in an area with mixed
coral and matrix.

The handheld XRF measured 8 major elements in
oxides weight percent (wt%), with SiO, (Silicon dioxide),
TiOo (Titanium dioxide), Al.O3 (Aluminium oxide), Fe>O3
(Iron oxide), MgO (Magnesium oxide), CaO (Calcium
oxide), KoO (Potassium oxide), SO3 (Sulphur trioxide).

Habitable Planet, 2026, 2(2), 468—489

The handheld XRF analysed 25 Trace elements which
were Mn (Manganese), P (Phosphorus), Cr (Chromium),
Ni (Nickel), V (Vanadium), Cu (Copper), Zn (Zinc), Mo
(Molybdenum), Cd (Cadmium), W (Tungsten), Pb (Lead),
Se (Selenium), Rb (Rubidium), Sr (Strontium), Hg (Mer-
cury), Th (Thorium) and U (Uranium). Certain elements
like Cl (Chlorine), Co (Cobalt), Ag (Silver), Sn (Tin), Sb
(Antimony), Bi (Bismuth) were analysed; however, these
elements were below the limit of detection (LOD) for all
samples. Phosphorus (P) had detection limits of 1000
ppm; however, phosphorus levels were below the limit
of detection (LOD). The phosphorus was detected in the
whole rock analysis of the standard. The Arsenic (As) data
was not reliable. This was because the standard has a
known value of 0.5 ppm, yet the handheld XRF was giving
values of 18 ppm. This would give inaccurate results when
analysing for As in the samples. The data was reduced into
wit% for major elements, and ppm for trace elements. The
element Al,O3 was converted into Al% by multiplying the
Alb,O3 x 0.52926. This is then converted into Al ppm by
multiplying Al% x 10,000.

We use the results of trace element composition to
estimate redox conditions that prevailed in the Devonian
time. Based on previous work, the proxies V/Cr, V/(V +
Ni), and U/Th are put together to interpret the redox condi-
tions [30, 31]. The ratio V/Cr < 2 indicates oxic conditions,
ranging from 2 to 4.5 implies dysoxic, and >4.5 points to
anoxic conditions. The ratio V/(V + Ni) < 0.46 points to oxic
environment, ranging from 0.46 to 0.60 indicates dysoxic,
between 0.54 and 0.82 characterizes anoxic and >0.84
implies euxinic conditions. The ratio U/Th < 0.75 points to
oxic conditions, ranging between 0.75 and 1.25 is associ-
ated with dysoxic conditions, and >1.25 indicates anoxic
conditions.

3.3. Trace Element Geochemistry of Pyrite

Trace element geochemistry of pyrite was undertaken
using LA ICP-MS facilities at Centre for Ore Deposit and
Earth Sciences (CODES), University of Tasmania, Hobart,
Tasmania. Analyses were carried out using a Newwave
UP213 laser ablation microprobe coupled with an Agilent
7500 or 7700 ICP-MS. Samples were ablated in He and
mixed with Ar before reaching the ICP-MS. The standard
was analysed at regular intervals during analysis to correct
for drift and mass bias. To minimize surface contamination,
sulphides were pre-ablated with laser pulses. The back-
ground gas levels were monitored for 30 s before analysis.
The laser shutter was then opened, and the pyrite grains
were ablated for about 60-70 s at a firing rate (frequency)
of 5 Hz and a laser fluence of 3.5 J/cm?. The pyrite spot
sizes used were 10, 15, 20 and 22 pm.

Statistically, there were 10 grains per sample and 8-
12 spots per grains. The standards were analysed first,
before the samples. These were preprogramed, allowing
for the standards to be analysed in the same location, and
to be reanalysed after each sample had been analysed to
work out how much the LA-ICPMS drifts. This was pro-
grammed that way so, the laser would analyse the stan-
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dards before and after a sample, to account for any drift
that might occur. This was repeated, throughout the ses-
sion. The standards used were STDGL2b2 and GSD-1G
to quantify chalcophile and lithophile elements, respec-
tively. The standard STDGL2b2 and GSD-1G were set up
at the beginning and the end of each analysis run [32].
The in-house Peru Pyrite standard (Peru Pyrite) was used
for quantification of sulphur. The spots sizes for the stan-
dards were 80 um for STDGL2b2, 50 um for GSD-1G and
20 pm for Peru Pyrite. The standard value for iron concen-
tration was set at 465,000 ppm based on the stoichiometry
of pyrite.

4. Results
4.1. U-Pb Zircon Dating

To determine the U-Pb zircon ages of detrital grains,
45 zircon grains were analysed. Using Th/U ratio sug-
gested by [33, 34], the zircon grains in this study mostly
have Th/U > 0.1. Samples JS-18 had 91% of zircons
above 0.1, with values ranging from 0.07 to 1.08. Sample
JS-22 had 90% of zircon values above 0.1, with a range
from 0.08 to 2.18. Sample JS-25 had 96% of zircons with
values about 0.1, with values between 0.07 and 1.78. The
LA-ICP-MS, U-Pb zircon dating results of the 45 zircon
grains analysed are presented in Table 1 and the Concor-
dia diagram and probability plots are shown in Figure 6.

The age of sample JS-18, a limestone, was deter-
mined to be 399 Ma, which corresponds to the Middle De-
vonian fossil age of the Maymyo Formation. This age was
estimated from one young detrital zircon and maybe con-
sidered unreliable.

The sandstone unit (sample JS-22) gave a Lower Or-
dovician Lokepyin Formation age of 480.3 Ma. The age of
sample JS-25, a black shale, is 537 Ma. Peaks in lime-
stone zircon data are found around 500, 1000, and 1500
Ma (Figure 6). Peaks in the sandstone zircon dataset are
located around 500, 1000, 1500, and 2500 Ma (Figure 6).
In addition, peak ages for black shale are 500, 1000,
1500, 2000, and 2500 Ma (Figure 6). The data is doc-
umented in supplementary datasets (see supplementary
files S1 and S2). Probability plots and Cathodolumines-
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cence (CL) imaging of zircon grains are shown below (Fig-
ures 7 and 8).

4.2. Major and Trace Element Composition

Seven black shale samples were analysed using X-
ray fluorescence technique. The major and trace ele-
ment composition is normalised to Post-Archean Aus-
tralian Shales (PAAS) [35] and are shown in Figure 9.

The Upper-Middle Devonian Padaukpin shales are
enriched in CaO and show a similar content in SiO,, TiOo,
AlO3, Fe0O3, and KO compared to PAAS. The Mid-
dle Devonian Wetwun shales are depleted in SiO», TiOs,
Al,O3, Fe>0Os, and K>O but enriched in CaO relative to
PAAS. The Lower Devonian Zebingyi shales are enriched
in Ca0 and strongly depleted in SiO,, TiO,, Al,O3, Fex0s3,
and K>O compared to PAAS. Total organic carbon (2.5—
9.7 wit%); and sulfur (0.03—1.4 wt%). Wetwun black shale
sample (JS-28) has the lowest TOC content. The Zebingyi
black shale samples (JS-4, 8, 20 and 21) have elevated
sulfur content with values ranging from 0.04 to 1.4 wt%
(Table 2).

Trace elements (TE) such as As, Pb, Se, Mo, Ni, Cu,
Zn, Mn, U, and V including TOC have been selected to
assess their distribution through the Devonian. The trends
of their occurrences are displayed in Figures 11-13 (Sec-
tion 5). Paleoredox conditions are summarised in Table 3.

4.3. Pyrite Trace Element Composition

The texture and As/Ni ratio (between 0.1 and 10) was
used as a proxy for pyrite of sedimentary origin [36]. Using
this ratio, the data shows that 100% of Zebingyi pyrites are
of sedimentary origin. The Wetwun shale pyrites are all
sedimentary origin, with 95% of the pyrites having As/Ni
between 0.1 and 10. In addition, 89% of the Padaukpin
pyrites are of sedimentary origin.

Ninety-nine spot analyses were performed on se-
lected sedimentary pyrite grains found in black shale
and limestone from the Padaukpin, Wetwun, and Ze-
bingyi formations. The results of pyrite trace element
chemistry are documented in Table 4 (see supplementary
dataset).

Table 1. Maximum depositional age of selected rock samples.

Sample ID Rock Type Age (Ma) + Error Zr Grains
JS-18 Limestone 399 + - n=11
JS-22 Sandstone 480 + 9.9 n=10
JS-25 Black shale 537 =+ 12 n=24
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Figure 6. Concordia and probability plots for 207 Pb/2%Pb versus 238U/2%Pb. (A) Silty limestone from Middle Devonian
Maymyo Formation (Sample JS-18). (B) Probability plot of sample JS-18. (C) Concordia plot of JS-22 sandstone from
the Lower Ordovician Lokepyin Formation (Sample No. JS-22). (D) Probability plot of JS-22. (E) Concordia plot of black
shale, sample JS-25. (F) Probability plot of JS-25.
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Figure 7. Relative probability plots of zircon grains in the rock samples. (A) JS-18 silty limestone from Middle Devonian
Maymyo Formation. (B) JS-22 sandstone from the Lower Ordovician Lokepyin Formation. (C) JS-25 Black Shale, ages
at Lower Cambrian. (D) Sibumasu Terrane. (E) Sukhothai Terrane. (F) Indochina Terrane. D, E and F are from [9]. The
main peaks are highlighted in yellow.
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Figure 8. Zircon images photographed using cathodoluminescence, a technique that is useful to visualize the interior of
the crystals with the help of a scanning electron microscope. Dark circles on the zircons are the pits left by the laser that
was used to analyse the age of the zircons. (A) Zircon from sample JS-18. (B) Zircons from sample JS-18. (C) Zircon
from Sample JS-22. (D) Zircons from Sample JS-22. (E) Zircon from Sample JS-25. (F) Zircon from Sample JS-25.

479




Makoundi et al. Habitable Planet, 2026, 2(2), 468—489

loo
A
—Padaukpin
—Wetwun
— Zibingyi
10
o
L
=X
o
-_— 1
i)
o
E
m
3 \
0.1 A
Lol T . . y . ;
Sz Tio2 &l1203 FaZ O3 Caily i ]
100 -
B —Padaukpin
e W@t
—Zibingyl

Sample/PAAS

0.01
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Table 2. Major and minor element compositions of the black shale and limestone samples.

ID JS-27 JS-6 JS-28 JS-21 JS-8 JS-4 JS-20 PAAS
(wt%)
SiO, 19.38 50.71 61.36 20.09 56.63 37.44 20.25 62.8
TiO, 0.15 0.72 1.05 0.18 1 0.52 0.28 1
Al,O3 2.74 19.89 18.7 3.99 16.95 7.86 3.93 18.9
Fe,O3 0.91 5.57 3.56 0.82 2.53 1.31 1.19 7.22
CaO 44 .21 9.01 <LOD 29.63 6.73 31.08 44.37 1.3
K,0 0.63 4,52 6.39 1.21 3.54 2.68 1.12 3.7
TOC 9.7 3.2 25 9.6 7.7 55 9 -
S 0.7 0.6 1.3 0.9 1.4 0.03 0.04 -
(ppm)
Cr 71 144 142 65 131 97 80 110
Ni 44 96 100 55 139 64 62 55
Vv 37 77 162 47 99 57 65 150
Cu 37 77 162 47 99 57 65 50
Zn 5 68 115 5 25 11 16 85
As 5 9 34 8 36 5 6 -
Mo 5 5 18 3 3 5 4 1
Pb 6 28 233 26 64 11 17 20
Se 2 1 1 5 3 1 2 -
U 5 5 15 4 10 6 4 3.1
Th 11 21 24 7 14 12 9 14.6
Mn 99 440 94 200 171 233 548 -
V/Cr 0.52 0.53 1.14 0.72 0.76 0.59 0.81 -
V/(V + Ni) 0.46 0.45 0.62 0.46 0.42 0.47 0.51 -
U/Th 0.71 0.24 0.63 0.57 0.71 0.50 0.44 -

Table 3. Paleoredox conditions from the Devonian limestone and black shales.

Formation V/Cr V/(V + Ni) U/Th Likely Conditions
Js-27 0.52 0.46 0.71 Oxic to Dysoxic
Padaukpin Oxic Dysoxic Oxic
JS-6 0.53 0.45 0.24 Oxic
Wetwun Oxic Oxic Oxic
JS-28 1.14 0.62 0.63 Oxic to Anoxic
Wetwun Oxic Anoxic Oxic
JS-21 0.72 0.46 0.57 Oxic to Dysoxic
Zebingyi Oxic Dysoxic Oxic
JS-8 0.76 0.42 0.71 Oxic
Zebingyi Oxic Oxic Oxic
JS-20 0.81 0.51 0.44 Oxic to Dysoxic
Zebingyi Oxic Dysoxic Oxic
JS-4 0.59 0.47 0.50 Oxic to Dysoxic
Zebingyi Oxic Dysoxic Oxic
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5. Discussion
5.1. Detrital Zircon Dating

CL imaging shows that the zircon grains display oscil-
latory zoning. The ratio Th/U < 0.1 is mostly below 0.1 with
seven analyses indicating values above 0.1. The results
likely point to a metamorphic origin of the zircon grains
with some igneous parental source [37, 38]. Zircon grains
with Th/U ratios below 0.1 imply that they may have grown
or recrystallized during metamorphic events.

The findings on U-Pb zircon ages do not rely on a ro-
bust dataset. Therefore, the interpretation does not rely on
a robust dataset. The maximum depositional age for silty
limestone (JS-18) show that the youngest zircon age was
399 Ma placing this sample in the Upper part of the Lower
Devonian right on the boundary of the Emsian and Eife-
lianin (Middle Devonian 399 Ma). However, this date is not
reliable as only one young zircon of 399 Ma was used for
age calculation. In addition, the ages for sandstone sam-
ple (JS-22) are 480 Ma + 9.9 Ma which places the sample
in the ages of Lower Ordovician, with the two youngest zir-
cons found ages at 477 Ma and 485 Ma. JS-25 are 537 +
12 Ma, which places the sample as Lower Cambrian, with
the two youngest zircons found ages at 534 Ma and 538
Ma.

The relative probability plots back up that the field
area is in Sibumasu Terrane, with zircon provenance, es-
pecially when comparing relativity plots from silty lime-
stone (JS-18), JS-22 and JS25 to known Sibumasu Ter-
rane, Indochina Terrane and Sukhothai Terrane zircon rel-
ative probability plots from [9]. The sample JS-18 (Maymyo
Formation) has peaks at 399 Ma, 455 Ma, 723 Ma, 840
Ma, and 1784 Ma. The sample JS-22 has peaks at 478
Ma, 597 Ma, 893 Ma, 2409 Ma. In addition, the sample
JS-25 has peaks at 536 Ma, 743 Ma, 815 Ma, 827 Ma,
1070 Ma, 1133 Ma, 1579 Ma, and 1746 Ma. In this study,
the zircon dataset is not robust. Nevertheless, these peaks
correspond to the Sibumasu Terrane zircon peaks [9] indi-
cating that the detrital zircons may have originated from
the Sibumasu Terrane. This probably indicate an affinity
with Gondwana, when in the Late Carbonaceous, Sibu-
masu was still part of Gondwana, and then split off in Early
to Middle Permian forming the Mesotethys [39]. We con-
sider this interpretation less convincing given a limited zir-
con age dataset. In addition, field observation shows that
the Wetwun shales contain brachiopods, which make them
comparable to the Late Middle-Devonian (Givetian) silici-
clastic deposits in southwestern China [40].

5.2. Whole Rock Composition and Seafloor Redox Conditions

Ratios proposed by previous researchers can be used
to determine paleo-redox conditions in the Devonian units
[41, 42]. Three paleo-redox ratios were used V/Cr, V/(V +
Ni) and U/Th. The ratios such as V/Cr and U/Th showed
the ocean redox conditions to be oxic consistently with
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each sample from the Lower Devonian to the Upper Middle
Devonian. Ratio V/(V + Ni) has values showing the Lower
Devonian to be oxic to dysoxic seafloor conditions. The
Middle Devonian had anoxic to oxic oceanic redox condi-
tion. The Upper Devonian appears to be oxic to dysoxic.
In this study, there is a drop of Se in between the Middle
Devonian Wetwun and Upper Devonian Padaukpin. The
Padaukpin redox conditions were oxic to dysoxic in the Up-
per Devonian.

Total organic carbon (TOC) varies in the black shales,
through time. The TOC remains high in the Lower Devo-
nian between 5% and 9.7% (mean = 8%) but drops in the
Middle Devonian to value of 2.5% to 3.2% (mean = 2.9%),
only to rise again in the Middle to Upper Devonian to 9.7%.
Using trace element (TE) and TOC weight per cent, the
trace element (Mn, U, Zn, Mo, As, Zn, Cu, V, and Ni) con-
tents are much lower compared to TOC content by three
orders of magnitude (Figure 10).

Ref. [30] proposed that the metals are absorbed in the
stratified water column, into the organic matter, which gets
transported down into the sediment. Under oxic conditions,
the decomposition of organic matter releases trace ele-
ments which get released into the water column or trapped
in the formation of sulphide minerals. This redox condi-
tion of the ocean appears to be oxic to dysoxic, in the
Lower Devonian and the beginning of the Middle Devo-
nian, probably explaining the depletion of Mo, Ni, U, V and
Cu. Ref. [43] suggests that U and V enrichment, without
Mo being enriched then you can infer a suboxic/anoxic en-
vironment without any free H»S. The Mo levels in whole
rocks (1-5 wi%) are low in the Lower Devonian Zebingyi
Formation, and Middle Devonian Wetwun Formation.

The contents of Zn and Mn are not simultaneously
elevated with TOC in the Lower Devonian Zebingyi, indi-
cating that Zn and Mn were remobilized or scavenged by
the bacteria, especially if in an event the sediment source
slows down, limiting trace element nutrients. The Zn con-
tent drops at the end of the Wetwun, which could indicate
the lack of trace element nutrients entering the basin. The
redox sensitive trace elements U, V and Mo become sol-
uble under oxidative state, but much less soluble under
reducing conditions, which results in enrichment in oxygen
depleted sediment.

Ref. [44] suggests that pyrite in oxic to dysoxic sea
water conditions are >5 pm and pyrite from euxinic envi-
ronments is <5 pum. The Lower Devonian Zebingyi forma-
tion pyrite sizes were between 18 uym—22 ym, the Middle
Devonian Wetwun Shale pyrite sizes were between 8 um-
25 pm and the Middle to Upper Devonian Padaukpin Lime-
stone average pyrite size was 9 pum—15 um. The evidence
based on the pyrite size suggests that the Middle Devonian
Wetwun black shale deposited under oxic seawater condi-
tions. Similarly, the Upper Devonian Padaukpin deposited
under oxic seawater conditions.
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Figure 10. Variation of Total Organic Carbon (TOC) content relative to Mn, Zn, U, Mo, As, Cu, V, and Ni in the shale and

limestone of Devonian age.

5.3. Pyrite Trace Element Composition

The trace elements in pyrite show four trends: (1) As,
Ni, Cd, Co, Tl, Bi, Se, Cu, Te, Sb, and Ag do not show con-
sistent patterns during the Devonian. (2) The Padaukpin,
Zebingyi, and the upper Wetwun units have the lowest Au
content; however, the lower Wetwun unit has the high-
est Au content. (3) Zn concentration is consistently low
throughout the Devonian. (4) Mo concentration is high in
the upper Wetwun unit and has remained relatively high
in the Zebingyi Formation. The trace element variation is
shown in Figures 11 and 12.

The Lower Devonian begins with high levels of Se, Ni,
Zn, Cu but begins to drop towards the end of the Lower
Devonian except for Mo which rises (Figures 11 and 12).
Cobalt (Co) also rises briefly and then drops. This drop
continues through to the Middle Devonian crash to low lev-
els. Mo rises in the Middle Devonian, until it significantly
drops towards the end of the Middle Devonian. Cobalt (Co)
rises in the Middle Devonian, doing the opposite to Se,
which is to be expected. Se, Ni, Mo, Cu, Zn are at their
lowest levels that in both the Lower, Middle and Upper De-
vonian. Towards the end at the Upper part of the Middle
Devonian, Se, Ni, Mo, Cu, Zn begins to rise again. Cobalt
(Co) begins to drop.

The beginning of the Lower Devonian is enriched in
Se. The TE concentrations of Cu, Ni, Mo, Zn follow Se
concentration. These trace elements start to drop as we
progress through the Lower Devonian. Co is depleted in
the beginning, but the TE starts to rise. The beginning of
the Middle Devonian is still enriched in Se, Cu, Ni, Mo, Zn

but in lower concentration than the Lower Devonian. Then
the trace elements are depleted but Co in the Middle De-
vonian becomes enriched. The TE levels are the opposite
of the Lower Devonian. The Upper Devonian Padaukpin
Limestone TE levels of Se begin to rise again, with other
TE following Se, such as Cu, Ni, Mo, Zn. The Upper Devo-
nian Padaukpin is depleted in Co, which is to be expected.

5.4. Relationship between Selenium and Cobalt Contents in
Pyrite

The Selenium content in sedimentary pyrite has been
used as a proxy to estimate atmospheric oxygen levels
[45]. The theory behind this is that high oxygen levels cor-
responding with higher rates of continental collision and
uplift which increase a high nutrient flux, causing plank-
ton productivity to increase, which in turn releases oxy-
gen [46]. High oxygen in the atmosphere can drive ox-
idative weathering. This process releases more trace el-
ements into the ocean, making the oceans increase pro-
ductivity within the surface ocean. Considering this study,
the cobalt content increased in the Lower Devonian within
the upper and lower Zebingyi black shales (Figure 13A). It
reached a maximum level in the Middle Devonian and de-
creased in the Upper Devonian. The selenium content in
pyrite remained stable throughout the Lower Devonian and
dropped in the Middle Devonian and to remain unchanged
up to the Upper Devonian (Figure 13B). The Se/Co ratio
reach its maximum and minimum values both in the Mid-
dle Devonian (Figure 13C) corresponding to a similar trend
in the atmospheric oxygen levels (Figure 13D).
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The relationship between estimated atmospheric oxygen and Se/Co ratio in sedimentary pyrite is from [47]: wi% O, =

30 P/1 + P, where P = 1 (0-89xlog(Se/Co)+0.07)

The high Se/Co ratio and atmospheric oxygen in the
beginning of the Middle Devonian (Figures 13C,D) coin-
cides with the elevated gold contents in sedimentary pyrite
which can be explained by an active continental erosion
and an increase of nutrient supply including gold into the
ocean. Compared to Lower Devonian, the content of Se-
lenium from Middle Devonian to Upper Devonian is low
(up to 25 ppm) in the sedimentary pyrite samples anal-
ysed, which indicates selenium deficiency in the oceans
(Figure 13B). That significant decrease in selenium cor-
responds to low levels of atmospheric oxygen (up to 6.5
wt%) which may be related to the late Devonian mass ex-

tinction. Comparatively, in the Lower Devonian, the level of
atmospheric oxygen became high (Figure 13D) up to 28.7
wi%. The high oxygen in the atmosphere triggered an ac-
tive continental erosion which increased the amount of nu-
trients going into oceans. That resulted in nutrient supply
into the ocean leading to eutrophication (excessive amount
of nutrients derived from the land, which causes a dense
growth of plant life) creating an anoxic event (low oxygen),
which ultimately leads to mass extinction. The relationship
between Late Devonian Mass Extinction, oceanic anoxia
and climate swings have also been documented in previ-
ous research [48].
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5.5. Implication for gold source rocks

Fine-grained sedimentary rocks such as shales or
mudstones can host several trace elements, including Zn,
Pb, Cu, Mo, Se, V, U, Ni, As, Ag, Sb, Cr, and Au [49, 50].
Some shales are source rocks when the contents of these
elements are abnormally high. In this study, gold concen-
tration (up to 1.1 ppm) in sedimentary pyrite is elevated
in the Lower Wetwun sequences. However, gold content
is very low or below detection limit (up to 0.3 ppm) in
other formations such as Zebingyi and Padaukpin. The ev-
idence shows that the black shales of the Lower Wetwun
sequences are gold source rocks in the region for their el-
evated gold content in sedimentary pyrites being a pre-
requisite to form sediment-hosted gold deposits in Sibu-
masu Terrane in Myanmar following gold released from
sedimentary pyrite to metamorphic fluids.

6. Conclusions

Dating of detrital zircon returned three maximum de-
positional ages of 399, 480 and 537 Ma, with multi-age
spectrum peaks over 500 Ma indicating a possible con-
nection with Gondwana.

This present research has revealed occurrences of
graptolites, bryozoans, and corals in the limestones indi-
cating a Middle to Upper Devonian age for the Padaukpin
Formation.

Major and trace element compositions show that the
Middle to Upper Devonian Padaukpin Formation has el-
evated CaO content compared to PAAS. It shows a sim-
ilar content in SiO,, TiO,, Al,O3, Fes0O3, and K-O com-
pared to PAAS. The Middle Devonian Wetwun Formation
is depleted in SiOz, Ti02, A|203, F6203, and Kzo but en-
riched in CaO relative to PAAS. The Lower Devonian Ze-
bingyi Formation is enriched in CaO and strongly depleted
in SiOy, TiO2, Al,O3, Fe203, and K2O compared to PAAS.

Pyrite chemistry shows that the beginning of the Mid-
dle Devonian (the Wetwun shale) is marked by elevated
levels of gold (up to 1.1 ppm Au) corresponding to a peak
in oxygen content in the atmosphere (up to 28.7 wt% O5).
However, the gold content plummeted in the Late Devo-
nian coinciding with low levels of oxygen content in the
atmosphere (up to 6.5 wi% O5).

The decrease in selenium contents corresponds to
low levels of atmospheric oxygen (up to 6.5 wt%) which
may be related to the Late Devonian mass extinction. The
elevated gold concentration (up to 1.1 ppm) in sedimentary
pyrite makes the Wetwun shale likely to be gold source
rocks.
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