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The widespread glaciation (~750-580 Ma) of the late Neoproterozoic Snowball Earth and the subsequent
(~630-551 Ma) oxygenation of the oceans and atmosphere were critical factors in microbial evolution and the
following ~540-520 Ma explosion of complex life forms in the Cambrian. However, the underlying mechanisms
that link these processes are still unclear due to poorly preserved fossil records and the tectonic destruction of the
paleo-oceans, limiting our understanding of the Neoproterozoic Earth, a key time when unicellular life evolved
into complex forms. Droplets of Neoproterozoic oceanwater and freshwater trapped in Himalayan crystalline
magnesite (MgCO3) show that sedimentary basins were deprived of calcium for an extended period during the
Snowball Earth glaciation, probably due to low riverine input of the dissolved products of weathering. Protracted
precipitation of calcite-dolomite in a closed basin, now exposed in Kumaun Himalayas, Uttarakhand (India),
decreased the Ca/Mg ratio in the seawater. This fall in the Ca/Mg ratio—initiated magnesite precipitation and
increased the basin’s oligotrophy (nutrition deficiency). The slow-growing photosynthetic cyanobacterial stro-
matolites could thrive in such oligotrophic conditions. The same is reflected in the field, i.e., the appearance of
stromatolites towards the end of dolomite formation and their population expansion in the overlying magnesite
beds. Continued magnesite precipitation in a closed basin, driven by positive feedback, resulted in high
photosynthetic oxygen production, conceivably triggering the Neoproterozoic Oxygenation Event and stimu-
lating Cambrian Explosion.

2005; Nursall, 1959). This transition is considered the most crucial time
for rapid biological evolution because oxygen was available for simple

1. Introduction

Several environmental and atmospheric changes during the Prote-
rozoic Eon were vital factors in shaping the evolution of life, such
as—the ~2400 Ma Paleoproterozoic Snowball Earth (Kirschvink et al.,
2000), the ~2300 Ma Great Oxygenation Event (Luo et al., 2016), the
~750-580 Ma periods (Fairchild & Kennedy, 2007) of Neoproterozoic
Snowball Earth (Pierrehumbert et al., 2011), and the ~630-551 Ma
Neoproterozoic Oxygenation Event (Sahoo et al., 2012). Even though
oxygen is the third most abundant element in the universe (Anders &
Grevesse, 1989) and the most abundant element in Earth’s crust, the
Earth’s environment remained reducing for a prolonged time (Canfield,
2005). After the Great Oxygenation Event, once again, the oxygen
concentration started rising during the Neoproterozoic-Phanerozoic
transition, and for the first time, the oxygen concentration reached the
present atmospheric levels (Berner, 2006; Berner et al., 2003; Canfield,

* Corresponding authors.

life forms to drive the metabolism required for complex forms (Catling
et al., 2005). After the Neoproterozoic Oxygenation Event, complex life
evolved rapidly—the ~540-520 Ma so-called Cambrian Explosion
(Canfield et al., 2007). It has been observed that the Snowball Earth
Events are followed by stepwise oxygenation of the Earth (Kirschvink
etal., 2000; Luo et al., 2016). With each oxygenation, more complex life
forms developed (Alcott et al., 2019). The first eukaryotes evolved
during or after the Great Oxygenation Event. Similarly, the major
eukaryote diversification leading to the Cambrian Explosion coincided
with the Neoproterozoic Oxygenation Event (Alcott et al., 2019), a key
time when unicellular life evolved towards the complex forms that we
see today (Pierrehumbert et al., 2011).

The Snowball Earth Events, Earth’s oxygenation, and biological
evolution are closely related (Luo et al., 2016), but the relationship is
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poorly understood (Alcott et al., 2019; Kirschvink et al., 2000; Sahoo
et al., 2012), limiting our understanding of the paleoenvironment and
the mechanisms behind the Cambrian Explosion. Knowledge of biolog-
ical radiation requires a thorough understanding of the above processes,
along with the geochemical and environmental aspects of the Neo-
proterozoic (Halevy & Bachan, 2017; Sahoo et al., 2012). Unfortunately,
most of the information needed is missing or poorly preserved—paleo-
oceans have been tectonically destroyed, and the atmosphere’s
composition has changed considerably since that time.

There are no rock-forming minerals that undergo deposition from the
atmosphere to preserve the paleo-atmospheric composition. Minerals
precipitated from seawater, however, have the potential to preserve
evidence of their paleo-oceans. Magmatic, metamorphic, and hydro-
thermal fluids are commonly trapped in rock-forming minerals (Bodnar,
2006), but inclusions of paleo-ocean are rarely known because carbon-
ates, the most common marine precipitate, are mostly too fine-grained
(Kazmierczak & Altermann, 2002), readily recrystallized, and chemi-
cally altered (Satish-Kumar et al., 2021b). Himalayan magnesite is a rare
exception. By integrating geochemical, isotopic, fluid inclusion, and
spectroscopic studies of such magnesite, we have shown that long-lived
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glacial events produce significant changes in the biota and the chemical
composition of the oceans and atmosphere, resulting in the release of
large amounts of oxygen, a likely a first-order trigger of the Neo-
proterozoic Oxygenation Event and stimulating Cambrian Explosion.

1.1. Geological setting of the study area

The study area lies in the central sector of the Himalayas, i.e., the
Lesser Himalayas of the Kumaun (Fig. 1A). This region falls in the
Uttarakhand state of India. The Lesser Himalayas of the Kumaun rep-
resents one of the recognized Precambrian basins in India (Singh, 2019;
Singh et al., 2009) and is subdivided into Inner Lesser Himalayas and
Outer Lesser Himalayas (Etienne et al., 2011; Raha & Sastry, 1982;
Schelling, 1992; Tewari & Seckbach, 2011). The Deoban Formation in
the Kumaun is a thick succession of marine carbonates. It is a part of the
Inner Lesser Himalayas and is present throughout the Himalayan arc.
These carbonates beds extend from northwest of Pakistan to the east of
India, i.e., Arunachal Pradesh, and are known by various names in
different regions of the Himalayas, such as Jammu Limestone in Riasi
region of Jammu and Kashmir (India), Shali in Himachal Pradesh

179°0'0" 80°0'0"
A - S
o
1S 2STD } China
s . S
India \\
% T

L -

K 255, 256, 257, 258

\&29 011 12§K04 128 -0.5; 14.6, -001)/

Indo-Gangetic Plains
(Recent river sediments)

Siwaliks
(Semiconsolidated river sediments)

Chandpur, Nagthat, and Krol-Tal Formations
(Marine carbonates, quartzites, and marl)

18 ——
(23.3,-03) 47

20 (17.9, -0.
(14.1,-0.9)
25 (13.6, -1.1)

228 (14.3, -0.8)
229 (11.3,-2.3)

Malt; 1ai2; 11b
(13.2,1.3; 13.2, -0.51; 13}

‘ 13/9 0.68; 13.9, 0.62)
8 (154,071, 712 l:l Munsyari-Almora Group
S~ (174,04, 159, "12) . .

|:| Deoban Formation

(Limestone and dolomites)
Berinag Formation
(Quartzites)

Ramgarh Group
' - (Mylonites and mylonitic gneisses)

Vaikrita Group
(metapelite, granites and gneiss)

(schists and gneisses)

227 (193, 0.17) 6/1; 612
(135,-0.1) 18.1,2.7, 16.04, -0.3) . Sparry magnesite

224 (15.2,-0.1) - 6b/1; 6b/2
2(16.8,-0.5) — (15, 1.5, 15.4,-0.4) )
ggg (18:3,-0.4) 235 (20.8, 0.5) ‘ Host dolomites

(20.6,-0:2)_ 236 (18.1, 0.1)
233 (19.1,-0.5) “< — 237 (24.1,0.3) 1 XR-sample number
226 (20.2,0.2)  Hre 7 252 (16.2.-0.09) (19.7,-1) O, C isotope values
4(22.4,001) [ ] 239(193.08)

i

Fig. 1. Neoproterozoic carbonates of the Kumaun Himalayas. A) Study area marked (black box) in the India’s map along with the sample location’s C-O isotopic
composition. B) Stromatolites (Str) in dolomite (Dol). C) Relatively larger stromatolites in sparry magnesite (Mgs). The map is modified after Valdiya (1980).
Acronym: HFF—Himalayan Frontal Fault, MBT—Main Boundary Thrust, RT—Ramgarh Thrust, SAT—South Almora Thrust, NAT—North Almora Thrust,
BT—Berinag Thrust, MCT—Main Central Thrust, VT—Vaikrita Thrust, STD—South Tibetan Detachment.
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(India), Deoban in Uttarakhand (India), Dhading in Nepal, Buxa in
Darjeeling-Sikkim-Bhutan sector, Dedza in western Arunachal Pradesh
(India). In Pakistan, it is known as Sirban or Shahkot Formation (Tewari,
2007; Tewari & Sial, 2007; Valdiya, 2015).

The lithological column, modified after Tewari and Sial (2007), de-
scribes the stratigraphy of the Kumaun Lesser Himalayas (Fig. 2). Beri-
nag Formation is the oldest (~ 1870 Ma) sedimentary record in Kumaun
(Mukherjee et al., 2019), above which lies the Chakrata and Rautgara
Formaitons respectively. Stratigraphically, the Deoban Formation lies
above the quartzites of the Rautgara Formation, having a maximum
deposition age (detrital zircons) of ~754 + 16 Ma (Negi et al., 2022),
over which lies Chandpur Formation (phyllites, shales, and slates). The
Chandpur Formation is overlain by the Nagthat Formation (quartzites),
having a maximum deposition age (detrital zircons) of ~743 + 5 Ma
(Negi et al., 2022). The Nagthat Quartzites are overlain by Blaini For-
mation (maximum deposition detrital zircon age ~678 + 10 Ma)
(Hofmann et al., 2011), the Blaini Formation is considered as cap car-
bonates of Kumaun, over which lies Krol (Terminal Proterozoic) and Tal
Formation (Early Cambrian) (Tewari & Sial, 2007).

A Vendian ~650 to 543 Ma microfossil (protoconodonts) age is re-
ported from the Deoban Formation (Azmi & Paul, 2004). Moreover, the
Vendian sponge spicules and organic-walled microfossils were found in
the studied magnesite-bearing Chandak member of the Deoban Forma-
tion (Tiwari et al., 2000; Tiwari & Pant, 2009), suggesting the Deoban
carbonates (magnesite and dolomite) were formed during the Vendian
time. These carbonates were plausibly precipitated from the Proto-
Tethys Ocean, which was known to exist during that time (Zhang
et al., 2018).

2. Materials and methods
2.1. Data collection and processing

2.1.1. Field

In the field, sedimentary structures, fossil assemblage, and geo-
location were carefully recorded while sampling. The geological map
(Valdiya, 1980) of the Kumaun Himalayas was georeferenced using
ArcGIS 2010 (Bajaj & Arya, 2021; Herbei et al., 2010) and the field
information (geolocation, rock types) was added to it. To enhance image
clarity, labelling on the map was done using Canvas X-GIS 2020.

2.1.2. Petrology

Thin sections of the carbonates (dolomite and magnesite) were
prepared using a standard protocol (Reed & Mergner, 1953) and were
mirror polished. Olympus BX-51 at the Centre for Earth Sciences (CEaS),
Indian Institute of Science (IISc), Bengaluru, India, was employed for
petrological observations (e.g., texture and assemblage) and collecting
photomicrographs. To enhance image clarity, labelling on the photo-
micrographs was done using Canvas X-GIS 2020.

2.1.3. Major, trace, and rare Earth element (REE) chemistry

JEOL JXA 8230 EPMA at Advanced Facility for Microscopy and
Microanalysis (AFMM), IISc Bengaluru, was used to analyze mineral
oxides using analytical conditions of 15 kV acceleration voltage, 12nA
probe current, and 3 um electron beam size. Calibration was done on
natural minerals, and the generated data (Supplementary Table S1)
was processed using the oxide-ZAF correction. Whole-rock powder of
the dolomite and magnesite was analyzed for trace and REE concen-
trations, and BHVO-2, W-2a, and JB-2 standards were used. Standard
protocols were followed for sample preparation (Satish-Kumar et al.,
2021b). All analyses were carried out using a standard protocol with an
Agilent 7500 ICP-MS at Niigata University, Japan (Neo et al., 2009). The
trace and PAAS normalized Rare Earth Element (REE) data are given in
Supplementary Table S2.
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2.1.4. Stable isotopic composition

Small (~4 cm x 2 cm x 1 cm) chips of magnesite and dolomite were
grinded up to 1000 grit SiC powder. The subvolume from these chips
was extracted using a tapering head dentist drill of a 1 mm diameter.
Among magnesite (n = 23) samples, one individual measurement (C-O)
was carried out from nineteen samples, whereas two measurements
were carried out from each of the remaining four samples (XR-6, XR-6b,
XR7, XR-11a). For dolomites (n = 23), one measurement was done for
each sample. For consistency, all oxygen isotopic data (measured in this
study or taken from published articles) was converted to the V-SMOW
scale (Joachimski et al., 2004). Thermo Fischer MAT-253 mass spec-
trometer housed at Niigata University, Japan was used for isotopic
analysis. The details of the analytical methods are given in a published
article (Satish-Kumar et al., 2021a).

Age and C-O isotopic data of sparry magnesites and host carbonates
were collected from published literature from all over the world, i.e.,
Australia (Aharon, 1988), Spain (Herrero et al., 2011; Kilias et al., 2006;
Kralik & Hoefs, 1978), Austria (Azim Zadeh et al., 2015; Henjes-Kunst
et al., 2014; Spotl & Burns, 1994), Italy (Lugli, 2001), Russia (Melez-
hik et al., 2001), Quebec (Peck & Eppich, 2019), China (Misch et al.,
2018; Tang et al., 2013), Brazil (Parente et al., 2004), Mexico (Garber
et al., 1990), and India (Joshi & Pant, 2017; Sharma, 2006). When C-O
isotope data table was unavailable, their values were approximated from
the published plots.

Apart from sparry magnesite and host carbonates from different
parts of the world, the C-O isotopic data (Knauth & Kennedy, 2009) of
the marine carbonates of the Archean-Palaeoproterozoic, Mesoproter-
ozoic, Neoproterozoic, and Phanerozoic time is also used for comparison
purpose and are named as Reference Carbonates (Supplementary
Table S3). For accurate plotting of C-O isotopes, only those data were
used where both carbon and oxygen values were available. For ease of
visualization, plotting, and broader comparison, we have taken the
average age of the reference carbonates (i.e., Knauth and Kennedy’s
dataset) and published age of the other carbonates to generate Fig. 6.
The isotopic data were combined with field and textural data (Supple-
mentary Table S4) to understand their relation. All isotopic data ana-
lyses were performed in R (version 3.6.3). To enhance clarity, labelling
on the image was performed in Canvas X-GIS 2020.

2.1.5. Fluid inclusion and microthermometry

Nearly 100-120 pm thick doubly mirror-polished wafers of the
magnesite and dolomite were prepared (McNeil & Morris, 1992) at the
CEaS, IISc Bengaluru, India. The wafers were temporarily attached to
the glass slide using honeybee wax. The final wafer were washed in hot
(~75 °C) toluene for half an hour. After the toluene bath, the wafers
were carefully wiped with ethanol, rinsed with deionized water, dried,
and kept inside polypropylene zip lock covers until analysis. All fluid
inclusions were identified under Olympus BX-51 (mentioned above) at
20X or 50X magnification. The microthermometric analysis was done
using a Linkam Fluid Inclusion heating and cooling stage (TS 600)
attached to Olympus BX-41 available at CEaS, 1ISc Bengaluru (India).
Microthermometry was conducted as per the available methodology
(Walderhaug, 1994). The "FLUIDS’ package was used to model bulk
fluid properties such as density (Zhang & Frantz, 1987) and salinity
(Bodnar, 1993). The fluid inclusions data (Supplementary Table S5)
analysis was performed in R (version 3.6.3).

2.1.6. Infrared (IR) and Raman spectroscopy

Regions containing abundant fluid inclusions in the magnesite wa-
fers that are free from cracks and fractures, were selected to collect the
IR spectra. The selected wafers (~3 x 3 mm size) were kept in 2 ml
Eppendorf tubes until analysis. We collected 24 IR spectra from 23 in-
dividual samples, two of them were collected from one sample (XR-6) to
see the variation of spectra from a fluid-rich region to a fluid-deficient
region. Among the water samples, one IR spectra was taken from
Kaveri River water (RW), one from filtered tap water (TW), two from
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oceanwater (OW1 and OW2), and two from deionized water samples
DW1 (taken from CEaS, IISc) and DW2 (taken from Molecular
Biophysics Unit (MBU), IISc). All IR spectra were collected in ATR
(Attenuated Total Reflectance) mode of the Fourier transform infrared
(FTIR) spectroscope available at the Optical Characterisation Laboratory

A
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of Centre for Nano Sciences (CeNSE), IISc Bengaluru, India. Nearly the
entire spectral range was scanned, i.e., 650 to 4000 cm ', During the
analysis, thirty-two accumulations were taken, and the gauge value was
maintained between 19 and 22 to avoid damaging of the sample or the
sensor. The Raman spectra (between 50 and 4000 cm™!) were collected

9935'57", E 80°11:27"
ndak, !

29035!57" E

Fig. 3. Field relationships and evidence. A) Thick magnesite beds along with host dolomites. B) Stromatolite-bearing host dolomites. C) Gradation of carbonate
sequence from dolomite (older) to magnesite (younger), identified from the shape of the stromatolites, i.e., convex upwards. D) Relative to dolomite, larger-size
stromatolites in the sparry magnesite E) Recrystallized coarse-grained magnesite vein within equigranular magnesite. Acronym: Dol—Dolomite, Mgs—Magne-

site, Str—Stromatolite.
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from the fluid inclusions and the surrounding magnesite wafer using
LabRAM HR available at CeNSE, IISc Bengaluru, India. Raman spectra
were collected using 532 nm InGaAs laser, 1800 g/mm grating, 50X
objective, 100% filter. The collected spectral data, i.e., Infrared spectra
(Supplementary Table S6) and Raman spectra (Supplementary
Table S7), were normalized and plotted in MATLAB (version R2020b).
The Raman peaks were verified through published articles, Crys-
talSleuth and the RUFF database.

2.1.7. Statistical analysis

The field, isotopic, and textural data were combined for statistical
analysis (Supplementary Table S4). A two-tailed paired t test was
performed in Microsoft Excel 365 to test null hypotheses H1, H2, H3,
H4, H5, and H6. H1-Oxygen isotopic composition of dolomites and
magnesite are similar. H2-Oxygen isotopic composition of the carbon-
ates (dolomite and magnesite) does not vary due to presence or absence
of stromatolites. H3-Oxygen isotopic composition does not vary due to
grain size or crystallinity. H4-Carbon isotopic composition of dolomites
and magnesite are similar. H5-Carbon isotopic composition of the car-
bonates (dolomite and magnesite) does not vary due to presence or
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absence of stromatolites. H6-Carbon isotopic composition does not vary
due to grain size or crystallinity. All statistical analysis was performed in
R version (3.6.3). P values below 0.05 were considered statistically
significant.

3. Results
3.1. Field evidence

In Kumaun, the Deoban Formation lies between the North Almora
Thrust (NAT) and Berinag Thrust (BT) (Fig. 1A). It consists of limestone,
dolomitic limestone, and dolomites. The stratabound magnesite beds in
the Deoban Formation are nicely exposed towards the eastern side of the
Kumaun (Fig. 1A). In the field, the stromatolites were observed in the
dolomites and magnesites (Fig. 1B and C). A thick dolomite sequence of
the Deoban Formation transitions upward to pure and homogeneously
distributed magnesite beds (Fig. 3, A-E). Sedimentary features were
dominantly seen in the field, such as 1) Occurrence of dolomites and
magnesites as beds, 2) Presence of stromatolites in both, alongwith the
absence of any traces of hydrothermal or mafic magmatism (Fig. 3,

Minerals: () Dolomite | |Ankerite @) Magnesite
30-
520
5
@)
©
O10-
O-
20 25 30 35
MgO (wt%)

~3/18/2
.Omm 15:22:10

~ 100pm JEOL

3/18/2021

15.0kV COMPO NOR WD 11.0mm 15:47:31

Fig. 4. Microtextures, mineral assemblage, and mineral chemistry of the carbonates of the Kumaun Himalayas. A) CaO Vs MgO of magnesite, dolomite, and
ankerite in sparry magnesite. B) Backscattered electron image showing associated clay minerals with dolomite. C) Needle-shaped texture of the sparry magnesites in
shades of yellow, white, and grey. D) Backscattered electron image of the sparry magnesite crystals with small dolomite inclusions. Acronym: Dol Dolomite,
Mgs—Magnesite, Ank—Ankerite, Vrm—Vermiculite, Tlc—Talc, Mag—Magnetite.
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A-E). The stromatolites first appeared in the dolomites lying immedi-
ately below younger magnesite beds (Fig. 3C), increasing in density and
size contrast in the latter (Fig. 1B and C) and (Fig. 3B and D). The in-
crease in size and density of microbialites in magnesite relative to the
dolomite was observed in all visited locations (i.e., Jhiroli, Chandak, and
Supokhra). Further, the magnesite horizons appear chemically pristine
and are homogeneously distributed, and no associated detrital sedi-
ments were encountered during the field survey (Fig. 1C) and (Fig. 3,
C-E). Coarse-grained magnesite veins are found within the equigranular
matrix of yellow-white magnesite beds (Fig. 3E).

3.2. Mineral chemistry and REE distribution of the Deoban carbonates

Mineral Chemistry: The microprobe analysis revealed the MgO and
CaO concentration of the dolomite range from ~21-22 % and ~27-31
%, respectively (Fig. 4A) (Supplementary Table S1). These dolomites
are commonly associated with clay minerals (Fig. 4B) with minor
microcrystalline quartz (Supplementary Table S1). The magnesite, in
contrast, are coarsely crystalline (Fig. 4C) and chemically pure
(Fig. 4D), with MgO concentration varying between ~39-41 %, <3 %
FeO, and other oxide impurities are < 1 % (Supplementary Table S1).
Minor amount of dolomite, ankerite, vermiculite, and talc occur as in-
clusions or occupy interstitial spaces (Fig. 4D).

Rare Earth Element distribution: The REE pattern of the dolomites
and magnesites shows a flat profile (Fig. 5). However, two magnesite
samples from recrystallized veins had a slight positive Eu anomaly
(Fig. 5). The Supplementary Table S2 depicts the superchondritic Y/
Ho ratio of the host dolomites (average ~52.93) and sparry magnesites
(average ~44.67), the average [Ce/Ce*]y of the dolomites and mag-
nesites are ~0.89 and ~0.95, respectively, the average [Gd/Gd*]y of the
dolomite and magnesite are ~1.43 and ~1.23, respectively, the average
Er/Nd of the host dolomites and magnesites are ~1.42 and ~4.02,
respectively. Low concentrations of redox-sensitive elements were found
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in dolomites and sparry magnesite, e.g., authigenic U of dolomites

(average ~0.05) and magnesites (average ~0.16), U of dolomites
(average ~0.07) and magnesites (average ~0.17), V of dolomites
(average ~1.36) and magnesites (average ~2.33), Co of dolomites
(average ~1.10) and magnesites (average ~0.73), Cr of dolomites
(average ~2.11) and magnesites (average ~0.57).

3.3. Carbon and oxygen isotopic signatures of Deoban carbonates

The carbon and oxygen isotopic compositions of the worldwide
sparry magnesite closely match the isotopic composition of the marine
carbonates (Knauth & Kennedy, 2009) of the same age (Fig. 6A and B)
and (Fig. 7) (Supplementary Table S3). The carbon isotopic compo-
sitions (613C, VPDB) of the Kumaun magnesite and dolomite range be-
tween (—2.3 to +2.7 %o) and (—3.2 to +0.8 %o), respectively (Fig. 6B)
(Supplementary Table $3). The 5'3C does not vary between magnesite
and their host dolomites, whether the rock is coarsely crystalline or fine-
grained, and whether stromatolites are present or not (two-tailed t test,
P >.05) (Fig. 6B and Fig. 8A) (Supplementary Table S4). There is a
large difference, however, between the oxygen isotopic composition
(81 8O, VSMOW) of the magnesites (average ~15 %o) and host dolomites
(average ~21 %o). The 580 value depends on whether the rock is
coarsely crystalline or fine-grained, and whether stromatolites are pre-
sent or not (two-tailed ¢ test, P <.001) (Fig. 6B and Fig. 8B). Coarsely-
crystalline or stromatolite-bearing dolomites have lower 580 values
(average ~19 %o) relative to the fine-grained non stromatolite-bearing
dolomites (average ~22 %o) (Supplementary Table S4). The
coarsely-crystalline and stromatolite-bearing sparry magnesites have
significantly lower 5'%0 values (average ~15 %o) than stromatolite-
bearing host dolomites (average ~19 %o) (Supplementary Table S4).

Sample
—a&— Sparry magnesite
—e— Dolomite
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Fig. 5. PAAS normalized REE distribution in the sparry magnesite and the host dolomite of the Kumaun Himalayas.
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3.4. Fluid inclusions and modelled salt complex in Deoban sparry
magnesites

Among magnesite and dolomite, the fluid inclusions were found in
the magnesite and were absent in dolomite wafers. Nine magnesite
samples contained sufficiently large aqueous fluid inclusions that are
suitable for fluid inclusion studies. The fluid inclusions in the remaining
magnesite samples were too small to analyze. The sparry magnesite
contains primary (P) and pseudosecondary (PS) bi-phase aqueous fluid
inclusions. The size of the fluid inclusions is up to 15 um (Fig. 9A and B)
(Supplementary Table S5). Based on salinity and final ice melting
temperatures, three types of fluid inclusions (F1, F2, and F3) were
identified (Fig. 9C and D). Primary F1 fluids are very dense (1.19-1.15
g/cc) and saline (25.02-20.52 eq. NaCl), with a final ice melting tem-
perature (Ty) between —24.1 and —17.4 °C. Primary and pseudosecon-
dary F2 fluids are moderately dense (1.13-1.08 g/cc) and saline
(17.87-10.86 eq. NaCl), with a Tf between —14.1 and —7.3 °C. Pseu-
dosecondary F3 fluids are least dense (1.05-1 g/cc) and have extremely
low salinity (7.73-0.18 eq. NaCl), with a T¢ between —4.9 and —0.1 °C
(Supplementary Table S5). Microthermometry and fluid modelling
suggest the presence of MgCly-CaCly-NaCl-KCl salt complex in the fluid
inclusions.

3.5. Infrared and Raman spectra of fluid-bearing sparry magnesite

Wafers of fluid-bearing sparry magnesite free from cracks and frac-
tures were analyzed using ATR-FTIR (Supplementary Table S6). The
first intense band is observed at ~740-745 cm ™! (Fig. 10A). The second
and third intense bands are observed at ~850-852 cm ™! and ~860-890
em™!, respectively (Fig. 10A). A weak broad band is observed at
~1300-1450 cm ™! (Fig. 10A and B). Strong absorption is observed at
~2540 cm™ !, ~2850 cm ™}, and ~2920 cm ™. The magnesite wafers also
show absorption corresponding to ~1634, ~2000-2200, and
~3000-3500 cm ™! (F ig. 10A and C). The IR absorption at ~1050-1170
em ™! (centred ~1100 em™Y) is found in sparry magnesites. Raman data
(Supplementary Table S7) shows sharp Raman peaks at ~212, ~328,
and ~1094 cm ™!, while smaller peaks were present at ~1446 and
~1763 cm™! (Fig. 11, A-C).

4. Discussion and implications

4.1. Neoproterozoic carbonates and stromatolites of the Kumaun
Himalayas

The Vendian (~650-543 Ma) Deoban Formation in the Kumaun
Himalayas preserves the carbonate succession of the Neoproterozoic
time. The stromatolite-bearing (Valdiya, 1968) dolomites and
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magnesites were deposited during the Cryogenian period, dominated by
Snowball Earth glaciation (Tiwari and Pant, 2009), plausibly from the
Proto-Tethys Ocean. All field evidence, such as bedding in dolomites,
stratified magnesite horizons, stromatolites in magnesite and dolomite,
absence of dyke, and no traces of hydrothermal and mafic intrusions
(Fig. 3A-E), point towards a sedimentary origin of the magnesites and
the dolomites (Schulz & Vavtar, 1977). The chemically pure and ho-
mogeneously distributed stromatolite-bearing magnesite horizons
traceable for several hundred kilometres along the strike also argue
against a possible hydrothermal setting; the homogeneity of sparry
magnesite rather represents the homogeneously distributed sediments in
the Deoban basin (Valdiya, 1968). The continued growth of the stro-
matolites during the upward transition of the dolomite to magnesite
suggests both are a part of the same carbonate sequence and were
precipitated within the photic zone of a shallow marine environment
(Banerjee et al., 1986). A sudden increase in the population density and
size of the microbialites in the magnesite relative to the underlying
dolomites reflects the sensitivity of the microbial mats towards change
in the chemistry of the basin, i.e., calcium deficiency during magnesite
precipitation (Fig. 1C and Fig. 3, D-E). The coarse-grained white
magnesite veins within equigranular yellow-white magnesite (Fig. 3E)
possibly represent healed fractures due to local deformation (Valdiya,
1968). Our comprehensive field study clearly shows the Deoban basin
underwent extreme physicochemical changes in the Neoproterozoic that
led to a sudden biological or ecological response of the cyanobacterial

stromatolites during magnesite formation. This information is vital for
understanding the chemical and biological evolution of the Precambrian
basins (especially Neoproterozoic) as it plays a critical role in under-
standing the Precambrian ecological niches, life forms and their
response to the distribution of resources and competitors.

4.2. Carbonate chemistry points towards an oxygenic environment

The dolomites are consistent in composition (~21-22 % MgO, ~
27-31 % CaO) but are commonly associated with negligible amounts of
clay minerals and microcrystalline quartz washed in by the rivers
feeding the basin (Fig. 4A and B) (Supplementary Table S1). The
continental-derived impurities in the dolomites are reported as high as
~8 % SiOy (Valdiya, 1968), whereas the magnesites, in contrast, are
coarsely crystalline and chemically pure, with < 1 % silica content
(Fig. 4A, C, and D). Mineral chemistry reveals a very low concentration
of Ca in the magnesite horizons, validating our field inferences that
enough Ca in the basin was not available for dolomite or limestone
precipitation. Several authors tried to explain the formation of sparry
magnesite through 1) intense evaporation in playa or sabkha environ-
ment (Banerjee et al., 1986; Melezhik et al., 2001), 2) injection of
condensed Mg-rich hydrothermal solution into the basin (Henjes-Kunst
et al., 2014). In case of Kumaun magnesite, intense evaporation would
result in the formation of salt species in magnesite beds along with a
higher 5'80 value of magnesite relative to the host dolomites (Lloyd,
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1966), neither of them was observed. The hydrothermal input is unlikely
because it would require a colossal Mg-rich hydrothermal source to
produce several million tons of magnesite in Kumaun (Valdiya, 1968)
and other parts of the Himalayas. Even if we assume a presence of a
hypothetical colossal, extremely condensed, and ultrapure Mg-rich hy-
drothermal source below the Deoban basin that transferred a large
amount of Mg into the basin, the above assumption will result in several
serious complications. We know that it is unlikely to have MgO as a free

phase in the crust and upper mantle (Santos et al., 2019). Moreover, an
upward transportation of Mg-rich hydrothermal fluids in the Deoban
basin would also bring silicate and hydrothermal impurity to the basin
(Morgan & Wandless, 1980), that is present in the path of the hydro-
thermal source and the Deoban basin. This will certainly contribute
towards high-temperature hydrothermal minerals and metal impurity
(heterogeneity) in magnesite horizons (Langmuir et al., 1997), which is
not identified in Kumaun. Also, hydrothermal system would prefer
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mineralization in joints, fractures, and weak planes (Ledésert et al.,
2010) along with associated metallic species (e.g., Pb, Zn, Cu, Mo)
(Audétat et al., 2008; Glasby & Notsu, 2003; Varnavas & Papavasiliou,
2020), none of them is present in the vicinity of the study area. Chemical
purity along with the absence of hydrothermal minerals and metals rules
out a possible hydrothermal input. The low Ca in the basin is most
plausibly related to the onset of Neoproterozoic glaciation leading to
low or ceased input of ions from the frozen rivers, i.e., ions source to the
basin (Martin & Whitfield, 1983). Protracted calcite-dolomite precipi-
tation in a closed basin will eventually decrease Ca/Mg ratio in the
seawater, making the basin Mg supersaturated and nutrient-deficient (i.
e., Ca starved) over time, providing conditions suitable for magnesite
precipitation.

The REE patterns of the dolomite and magnesite are similar to
freshwater-dominated shallow marine carbonates (Liang et al., 2020), i.
e., supporting the sedimentary origin of the magnesites. However, two
magnesite samples from recrystallized veins had a positive Eu anomaly,
possibly resulting from Eu redistribution during the recrystallization
(Fig. 5). The superchondritic Y/Ho ratios of the dolomites and magne-
sites (Valdés-Vilchis et al., 2021), average [Ce/Ce*]y, and average [Gd/
Gd*]y are consistent with a shallow marine depositional environment
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(Madhavaraju & Ramasamy, 1999). The Er/Nd ratios of the dolomite
and magnesite are higher than normally found in shallow marine car-
bonates (Madhavaraju & Ramasamy, 1999), not because of diagenesis,
which decreases Er/Nd but rather indicative of an oxygenic environment
(Sholkovitz et al., 1992). The same (oxygenic environment) is reflected
in the low concentrations of redox-sensitive elements (e.g., U, V, Co and
Cr) (Madhavaraju & Ramasamy, 1999) (Supplementary Table S2). The
Ce anomaly and redox-sensitive elements suggest the conditions in the
Deoban basin were oxygenic, but they were insufficient to produce a
strong negative Ce anomaly, as observed in the modern oceans (Wallace
et al., 2017). Such weakly negative Ce anomaly is known from the
shallow marine carbonates of the Tonian-Cryogenian period of the Late
Neoproterozoic (Wallace et al., 2017). The same is reflected in the
Deoban carbonates (magnesite and dolomite).

This oxygenic environment is possibly created by the photosynthetic
stromatolites observed in the field. However, the rampant growth and
increase in the size of the stromatolites (Fig. 1C and Fig. 3B and D) in
magnesite horizons can be explained by Cope’s law (Stanley, 1973) and
is probably related to the adaptation of microbialites to the change in
chemistry (Mg enrichment, Ca-deficient) of the basin, i.e., for binding
and trapping Mg from the water column. Another strong possibility of
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the stromatolite’s population expansion is the prevalence of oligotrophic
(nutrition deficient) conditions during the magnesite precipitation. Most
microorganisms will hardly survive in such conditions. Only a few or-
ganisms, like stromatolites (oligotrophs), have an advantage over other
species to survive and expand in nutrition-deficient (Ca-starved) envi-
ronments if sunlight is available (Keupp et al., 1993).

Moreover, the absence of other microorganisms that may be preda-
tors or competitors for space and nutrition further escalates the growth
of stromatolites. There is a higher possibility of a combined effect of the
same as both (changes in basin chemistry and nutrition deficiency) are
contemporaneous. Protracted precipitation (Ca, Mg, or both) of calcite
and dolomite in a closed basin will enormously increase the oligotrophy
in the basin (Mg supersaturation and Ca starved) and will initiate a
positive feedback loop, i.e., more precipitation will directly result in an
exponential growth of microbialites that corresponds to a rise of oxygen
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in the Neoproterozoic, a plausible first-order trigger for the Neo-
proterozoic Oxygenation Event. Molecular oxygen has played a signifi-
cant role in shaping Earth’s environment. Even though oxygen is the
most abundant element (by weight) in the Earth’s crust (Barrow, 1986),
free oxygen was unavailable or only partly available during most of the
Earth’s history. The emergence of oxygen in the atmosphere is strongly
linked to major changes in tectonics, environment, and biological evo-
lution (Och & Shields-Zhou, 2012). Also, its presence in the oceans and
atmosphere initiated planetary-scale interaction between the biosphere
and environment, leading to an irreversible threshold of high oxygen
levels that we see today (Och & Shields-Zhou, 2012). The oxygen level
almost reached the present atmospheric level during the
Neoproterozoic-Phanerozoic transition (Berner, 2006; Berner et al.,
2003; Canfield, 2005; Nursall, 1959). However, the extent, timing, and
drivers of the Earth’s oxygenation event in the Neoproterozoic are still
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controversial (Och & Shields-Zhou, 2012). Being an electron acceptor,
oxygen drives the metabolism required for the growth of the advanced
and complex life forms most feasibly and efficiently (Catling et al.,
2005), and its accumulation in the atmosphere has forever changed the
chemical conditions and biological response of the Earth (Canfield,
2005; Och & Shields-Zhou, 2012).

Thus, the Deoban basin preserves evidence of Snowball Earth
induced ceased sedimentary flux, reduced nutrition supply, changes in
the basin’s chemistry, the response of the cyanobacterial algal mats, and
the prevalence of oxygenic environment in the Neoproterozoic time. The
sequence of these events would produce enormous oxygen towards the
late stage of Snowball Earth glaciations—a likely first-order trigger for
the Neoproterozoic Oxygenation Event. Such information is vital for
understanding the poorly understood cause-and-effect relationships of
the planetary-scale processes dominant during the Neoproterozoic time.

4.3. Stable isotopes track carbonate precipitation during Neoproterozoic
glaciation

In the global comparison of the sparry magnesite with marine car-
bonates, we found the C-O isotopic composition of the worldwide sparry
magnesite is remarkably similar to that of the marine carbonates
(Knauth & Kennedy, 2009). The oxygen and carbon isotopic composi-
tion of the Kumaun magnesite and dolomites coherently fall within the
C-O isotopic range of the marine carbonates (Fig. 6A and Fig. 7). The
carbon isotopic composition does not show a statistically significant
difference between the dolomite and magnesite, presence or absence of
stromatolite, and if coarsely crystalline or fine-grained (two-tailed t test,
P >.05) (Fig. 6B and Fig. 8A). The carbon isotopic composition
remained nearly constant during the upward transition of dolomites
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~1, respectively.

(~—3.2-0.8 %o0) to magnesites (~—2.3-2.7 %o) (Fig. 6A), suggesting the
biological uptake and release of inorganic carbon and air-sea-CO; ex-
change in the Deoban basin were stable during magnesite and dolomite
precipitation (Cheng et al., 2019). The presence of organic materials can
lower the carbon isotopic composition of carbonates during low-grade
metamorphism (Kiran et al., 2022), but constant values irrespective of
the presence or absence of organic material suggest that post-
depositional carbon isotopic fractionation was limited. The carbon iso-
topic composition of the carbonates formed from hydrothermal or deep
magmatic fluids have significantly lower (~—5 %o or lower) 5!3C values.
Such lower values are not found in our results, further validating that the
Deoban carbonates are unrelated to hydrothermal or magmatic fluids
(Horton et al., 2012). Also, the carbon isotopes show enrichment of 3¢
during intense evaporation leading to higher (~19.8 to 34.9 %o) values
of 8'3C (Stiller et al., 1985). However, in our case, the 513C values are
significantly lower (~—3.2-0.8 %o0) and remained constant during the
transition from dolomites to magnesite, suggesting that these magnesite
and dolomite are unrelated to evaporation in lagoon, sabkha or playa
lake as anticipated by Valdiya, 1968. Altogether, the close isotopic
similarity of the sparry magnesites with marine carbonates hints toward
their sedimentary origin.

However, a statistically significant difference exists between the
temperature-sensitive oxygen isotopic composition of the magnesite and
dolomite (two tailed t test, P <.001) (Fig. 6B and Fig. 8B). Since all
magnesites are stromatolite-bearing and coarsely crystalline, the same is
reflected in the results, i.e., coarsely crystalline stromatolite-bearing
carbonates (mainly magnesite) has lower 580 values relative to fine-
grained non-stromatolite-bearing ones (mainly dolomite) (two tailed t
test, P <.001) (Fig. 8B). There are several factors which can affect pri-
mary oxygen isotopic composition that may result in the lowering of
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5180 values, such as 1) Kinetic processes (metabolism, photosynthesis,
and respiration) (Auclair et al., 2003), and 2) Burial diagenesis
(Colombie et al., 2011). However, the kinetic changes appear to be
limited (~2 %o) between stromatolites-bearing (average ~19 %o) and
non-bearing dolomites (average ~22 %o). Although, there are several
uncertainties (mentioned above) that may influence oxygen isotope
values, however, the possibility of precipitation of the magnesite from
glacial meltwater (highly depleted in '®0) cannot be avoided that can
potentially produce a significantly large difference (~8 %o) in §'%0
values between magnesite and dolomite which is unlikely to occur due
to kinetic processes or diagenesis because the stromatolite bearing
magnesites (average ~15 %o) are much more depleted in 530 values
than stromatolite-bearing dolomite (average ~19 %o) (Supplementary
Table S4).

Since the Deoban Formation formed during the Cryogenian period,
this large variation in 5'%0 between magnesite and dolomites is likely a
result of magnesite precipitation from glacial meltwater (5'80 ~-25 %)
strongly depleted (~-25 %o) 5180 value (Morley et al., 2005). The close
isotopic (C-O) similarity of the Himalayan sparry magnesites with ma-
rine carbonates also indicates that the magnesites are sedimentary in
origin and were likely formed in freshwater (glacial meltwater) domi-
nated shallow marine carbonate platforms ideal for cyanobacterial
growth. Such freshwater pools suitable for cyanobacterial growth and
evolution existed during the Cryogenian periods of the Neoproterozoic
time (Sanchez-Baracaldo, 2015).

4.4. Saline water and freshwater fluid inclusions in sparry magnesite

The density and salinity of aqueous fluid inclusions fall from F1 to F3
(Fig. 9C and D). This progressive fall in both density and salinity could
be attributed to 1) the mixing of hydrothermal basinal fluids (Kilias
et al., 2006), 2) burial and long residence time, and 3) the presence of
saline fluids in deeper zones (Sharma, 2006). The mixing of hydro-
thermal fluids can be discounted as it would produce chemical hetero-
geneity in the magnesite horizons and dominance of hydrothermal gas
species in fluid inclusions (James et al., 2014); neither of the two is
observed. Increased salinity due to burial and long residence times can
be discounted because the chemically pure magnesite crystals contain
insufficient salt to enhance the salinity (Supplementary Table S1).
Saline fluids derived from deeper zones can be discounted because the
stromatolite-bearing magnesites crystallized in an oxic, shallow marine
environment (Fig. 5, Supplementary Table S2) (Banerjee et al., 1986).
Since the Neoproterozoic era experienced multiple Snowball Earth
glacial Events, the possible explanation for the density and salinity
variation is the slow release of 80 depleted glacial meltwater from the
overlying or surrounding glaciers. Another contributing factor could be
the meltwater from the previous Snowball Earth Events. In both cases,
stratification of the water in the basin can occur—the upper layer con-
sists of glacial meltwater, and the lower layer consists of saline ocean-
water (Yang et al., 2017). In such a situation, the shallow marine
environment will be dominated by freshwater. Most probably, the
sparry magnesite in the Himalayas precipitated from such freshwater
pools. The F3 fluids are remnants of the same. After the Neoproterozoic
Snowball Earth Events, the two layers were homogenized (maximum
~5 x 10% years) (Yang et al., 2017), and F1 fluid possibly represents the
remnants of the well-mixed oceanwater in the pore space of magnesite
precipitate after the deglaciation event. The F2 fluids represent the in-
termediate stage between F1 and F3, i.e., preserving the freshwater and
oceanwater interaction in the pore space (Fig. 9C and D). Micro-
thermometry and fluid modelling suggest the presence of MgCl,-CaCls-
NaCl-KCl salt complexes in the fluid inclusions. Similar salt complexes
have been identified from fluid inclusions of the sparry magnesites from
Kumaun (Sharma, 2006) and other parts of the world (Kilias et al.,
2006). This salt complex is best preserved in F1 fluid inclusions and is
similar in composition to the salts in seawater. To verify the same, we
performed the spectroscopic analysis.
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4.5. Neoproterozoic ocean and freshwater droplets in sparry magnesite

When fluid inclusions bearing wafers of the sparry magnesite free
from cracks and fractures were analyzed by ATR-FTIR (Supplementary
Table S6), an intense band at ~740-745 ¢cm ™', ~850-852 cm ™, and
~860-890 cm ! revealed the presence of MgCO3 (Kupwade-Patil et al.,
2018), CO3 (Gopinath & Gunasekaran, 2018; Yuniati et al., 2019), and
MgO (Gopinath & Gunasekaran, 2018; Yuniati et al., 2019), respectively
(Fig. 10, A-C). These bands confirm our petrological results, i.e., the
presence of magnesite. Infrared spectroscopy is a powerful tool that can
detect a minor amount of silicate mineral impurities, the absence of any
other absorption in the region (600 to 900 cm’l), further validates the
chemical purity of the sparry magnesite. Such chemically pure carbon-
ate is nearly impossible to form through a hydrothermal source and is
very hard to precipitate in an open basin as it would contain a small
quantity of clay and quartz associated with the precipitated carbonates.
The infrared spectroscopy elucidates the poorly understood sedimenta-
tion flux and ceased sedimentation during the Neoproterozoic glacial
events.

Like the sedimentation flux, the information about the primitive life
in the Precambrian oceans is poorly known mainly because of poor
preservation, metamorphic alteration, and insufficient criteria for mi-
crobial identification other than isotopic and morphological similarities
(Altermann, 2002). In such a situation, infrared spectra can provide vital
information about the organic matter and structure of primitive life.
Such signatures of organic material, i.e., the presence of N-H (~2540
em 1) and C-H bonds (~2850 and 2920 cm ™) (Rodrigues et al., 2013),
were detected in the sparry magnesites of the Kumaun (Fig. 10A-C).
This absorption possibly corresponds to the peptide bonds of the cya-
nobacterial stromatolites identified in the field (Altermann, 2002). The
peptides are the fundamental building blocks of life, and their identifi-
cation may hints toward the molecular structure of the primitive mi-
crobial life thriving in the Precambrian oceans.

The water molecules (OH bonds) in the sparry magnesite correspond
to the IR absorption at ~1634, ~2000-2200, and ~3000-3500 cem !
(Friedman, 1969). This absorption arises from water-bearing fluid in-
clusions (F1, F2, and F3) within magnesite. The detection of water
confirms that the sparry magnesite was formed in a water-bearing
environment like a sedimentary basin. The same information was ob-
tained from our field, REE, and isotopic results. Further, the identified
salt complex (MgCly, NaCl, KCl, MgSO4, and CaClp) during micro-
thermometry was verified through ~1050-1170 cm™' (centred on
~1100cm™Y) absorption. This absorption corresponds to the salt species
(mentioned above) present in oceanwater and distinguishes sea or
oceanwater from freshwater (Friedman, 1969). The presence of ~1100
cm ™! absorption in sparry magnesite indicates the presence of seawater
(F1), confirming the sparry magnesite was precipitated from the Neo-
proterozoic sea. The F1 fluid inclusions are remnants of the Neo-
proterozoic sea, F3 represents freshwater from glacial discharge, and F2
represent freshwater-seawater interaction in pore space. Raman spec-
troscopy provided no additional information. Peaks at ~212, ~328, and
~1094 cm™! corresponded to magnesite, and at ~1446 and ~1763
cm ™! corresponded to organic bonds, e.g., C=C or C—OH bonds (Batuev
et al., 1960). Since water and salt species are weak Raman scatterer,
those peaks were not identified (Fig. 11, A-C) (Supplementary
Table S7).

Our spectroscopic results align with our other analyses and confirm
the sparry magnesite is of sedimentary in origin. Identification of pre-
served paleo-ocean/ sea is rarely seen in the literature because fine-
grained carbonates are insufficient in trapping fluid inclusions. Sparry
magnesite is a rare time capsule of the paleo-oceans/ seas and can
potentially provide direct information about the oceanographic pa-
rameters (chemistry, isotopic composition, salinity, alkalinity, dissolved
oxygen, and pH) of the paleo-oceans. These parameters can potentially
provide first-hand information on the changes in chemistry, isotopic
composition, and the most important oxygen levels in the paleo oceans,
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which are directly related to the oxygenation of the Earth, a primary
driver for biological evolution. Until now, the above paleo-
oceanographic parameters were inferred, calculated, or modelled
because no archives of paleo oceans were identified, necessitating reli-
ance on indirect methods. Direct information from trapped paleo ocean
droplets can enhance our understanding of the Precambrian ocean’s
chemistry, physiochemical conditions, and associated life forms, which
will unravel more about the poorly understood environment, oxygena-
tion, and biological evolution of the Precambrian Earth.

5. Conclusions

Our field, REE, isotopic, and spectroscopic results strongly suggest
that the sparry magnesites of the Kumaun Himalayas were precipitated
from the Neoproterozoic sea (Tiwari & Pant, 2009; Valdiya, 1968),
plausibly Proto-Tethys (Zhang et al., 2018). Such chemically pristine
magnesite precipitation would only be possible if the calcium input and
other terrigenous impurities (e.g., clay and quartz) to the Deoban Basin
were interrupted for a long period, probably due to the freezing of the
rivers (the source of dissolved Ca and other products of weathering)
during the Neoproterozoic glaciation. The sequence of events that led to
the preservation of droplets of Neoproterozoic Seawater in the magne-
site crystals and related oxygenation is envisaged to be as follows:

1) The Neoproterozoic glaciation restricted the riverine input of
cations into the Deoban Basin, but carbonate continued to precipitate
from the shallow marine environment dominated by glacial meltwater.
2) Protracted precipitation of calcite-dolomite decreased the Ca/Mg
ratio in the closed basin, eventually depleting Ca and concentrating Mg
to such an extent that magnesite began to precipitate. 3) With the fall of
Ca (nutrition deficient), the basin became increasingly oligotrophic,
promoting the growth of large stromatolites, which were probably
involved in the binding and trapping of Mg from the water column. 4)
The rampant growth of photosynthesizing stromatolites created an
oxygenic environment by releasing enormous amounts of oxygen into
the atmosphere. 5) The magnesite precipitates preserved the glacial
meltwater (from which magnesite precipitated), well-mixed oceanwater
after deglaciation, and their interaction in the pore space. The same is
trapped as fluid inclusions within the sparry magnesites of the Kumaun
Himalayas.

The Deoban Basin preserves evidence that long-lived glacial events
produce significant chemical and biological changes in the oceans that
facilitate magnesite precipitation and enhance the growth of cyano-
bacteria. These magnesite precipitates can potentially trap paleo-
oceanwater in pore space during crystallization. Continued precipita-
tion in a closed basin initiates a chain reaction that directly contributes
to high oxygen production in the late stage of the glacial event (mag-
nesitization). The rampant growth of microbialites in the magnesite
beds of Kumaun and other similar locations are potential first-order
triggers of the Neoproterozoic Oxygenation Event, leading to rapid
biodiversification, the Cambrian Explosion.
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