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ABSTRACT

Primary fluid inclusions in bedded halite from the 830-m.y.-old Browne Formation of
central Australia contain organic solids and liquids, as documented with transmitted light
and ultraviolet—visible (UV-vis) petrography. These objects are consistent in size, shape, and
fluorescent response with cells of prokaryotes and eukaryotes and with organic compounds.
This discovery shows that microorganisms from saline depositional environments can remain
well preserved in halite for hundreds of millions of years and can be detected in situ with
optical methods alone. This study has implications for the search for life in both terrestrial
and extraterrestrial chemical sedimentary rocks.

INTRODUCTION

As halite (NaCl) grows from saline surface
waters, primary fluid inclusions entrap parent
waters, becoming microenvironments within the
host crystal. Microorganisms have been identi-
fied in modern and recent halite-precipitating
waters (e.g., Oren, 2005; Zaikova et al., 2018).
Optical, chemical, and biological methods have
documented microorganisms and organic com-
pounds in fluid inclusions in halite and gypsum,
most of which is modern or recent (e.g., Mormile
etal., 2003; Schubert et al., 2009a, 2009b, 2010;
Lowenstein et al., 2011; Conner and Benison,
2013; Winters et al., 2013; Benison, 2019).
Genus- and species-level identifications of pro-
karyotes have been made from ancient halite (as
old as Permian; e.g., Norton et al., 1993; Fish
et al., 2002; Stan-Lotter et al., 2002; Vreeland
et al., 2000; Thompson et al., 2021). However,
limitations of these studies are that they (1)
have focused on prokaryotes; (2) have sampled
either by bulk crushing or bulk dissolution or
by extraction by syringe from individual large
fluid inclusions of undetermined origin; and/or
(3) have analyzed secondary features such as
cements on mine walls. Because petrographic
context has been overlooked in the documenta-
tion of prokaryotes in ancient halite, most of
these studies have not proven that the identified
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prokaryotes are the same age as the host halite.
Additionally, eukaryotes in ancient halite have
not been fully considered. Therefore, a question
has persisted amongst geomicrobiologists: What
are the oldest chemical sedimentary rocks that
contain prokaryotic and eukaryotic microorgan-
isms from the depositional environment?

The Neoproterozoic (Tonian) Browne For-
mation of the Buldya Group is a well-dated
stratigraphic unit of well-preserved chemical
and siliciclastic sedimentary rocks found in the
subsurface of the Officer Basin in central Aus-
tralia (Stevens and Apak, 1999; Hill et al., 2000;
Pisarevsky et al., 2001; Haines et al., 2004; Grey
et al., 2005; Fig. 1). The Empress 1A core was
drilled in 1997 by the Geological Survey of
Western Australia and contains the ~274 m ver-
tical extent of the Browne Formation, located at
1531.8 to 1247.1 m depth (Stevens and Apak,
1999). The age of the Browne Formation has
been estimated as ca. 830 Ma by radiometric dat-
ing of associated basalt (Pisarevsky et al., 2001;
Zi et al.,, 2019; Fig. 1B). Lithologies include
red siliciclastic mudstones and sandstones, dis-
placive halite in red mudstone or sandstone,
bedded gypsum and/or anhydrite, bedded halite,
and dolomite and/or chert (Haines et al., 2004).
Previous analyses of primary fluid inclusions in
the Browne Formation halite estimated Neopro-
terozoic atmospheric oxygen levels of ~10.9%
and Mg-Cl-Na-Ca-SO,-rich brines of low to
neutral pH (Spear et al., 2014; Blamey et al.,
2016; Bernau, 2017). We investigated primary
fluid inclusions in unaltered bedded halite of

the Browne Formation for any microorganisms
that can be detected with in situ, nondestructive
optical techniques.

MATERIALS AND METHODS

Core samples of the Neoproterozoic Browne
Formation from the Empress 1A core were used
for this study. Our work included observations
of 10 halite beds from core depths between
1480.7 m and 1520.1 m. We used a razor blade
to cleave halite to a thickness of ~1-2 mm. We
then optically examined halite interiors in situ
and nondestructively so there was no contami-
nation of the fluid inclusions.

Halite chips were examined with Olym-
pus microscopes with long-working-distance
Olympus objectives with 6.3 x-2000 x magni-
fication range, allowing centimeter- to micron-
scale resolution of features below the crystal
surfaces. First, we viewed chips at low magni-
fication to identify halite crystal types and dis-
tinguish between assemblages of primary and
secondary fluid inclusions. Then, at as much as
2000 x magnification, we examined individual
primary fluid inclusions for their components.
We utilized transmitted light to describe size,
shape, and color of liquids, gases, minerals, and
suspect organic matter. We used cross-polarized
light to distinguish minerals and ultraviolet—
visible (UV-vis) light (combined 330 nm and
385 nm wavelengths) to test for fluorescent
response of any suspect microorganisms and/
or organic compounds that would confirm the
presence organic matter. We employed digital
cameras and SPOT 5 Flex software to document
any microorganisms and organic compounds.

RESULTS

Browne Formation halite in the Empress 1A
core consists of (1) millimeter-scale cumulate
crystals that formed at the air-water interface
and/or in the water column, and (2) centimeter-
scale bottom-growth chevron crystals that formed
at the sediment-water interface (Roedder, 1984:
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Figure 1. The Neoproterozoic Browne Formation in central Australia. (A) Map of Australia with
approximate Empress 1A core location (black star) in Officer Basin. (B) Idealized stratigraphic
column of the Buldya Group, showing lithologies and ages; modified after Haines et al. (2004),
Gray et al. (2005), and Zi et al. (2019). (C) Images of representative core slabs of bedded halite

used in this study from the Empress 1A core.

Figs. 2A and 2B). The presence of both chev-
rons and cumulates in the same beds suggest
halite precipitation in shallow saline surface
waters. Beds of cumulate and chevron crystals
are interbedded with laminations of microcrystal-
line halite, interpreted as efflorescent crusts that

1 mm

formed during desiccation. These observations of
cumulates, chevrons, and efflorescent crusts indi-
cate that halite-precipitating surface brines were
likely ephemeral (Lowenstein and Hardie, 1985).

Primary fluid inclusions form as halite crys-
tals precipitate from parent surface waters. Sec-

ondary fluid inclusions develop at some time
after crystal growth as any fractures in the
crystal heal. Primary and secondary inclusions
in halite crystals were distinguished based on
their size, shape, and distribution (Roedder,
1984; Goldstein and Reynolds, 1994; Fig. 2).
Most primary fluid inclusions in Browne Forma-
tion halite are ~5-30 um long, cubic to subcu-
bic, and oriented parallel to one another along
growth bands. In contrast, secondary fluid inclu-
sions are larger, irregularly shaped, all-liquid
fluid inclusions that are situated along wavy
planes, many of which cross-cut growth bands
of primary fluid inclusions (Fig. 2C). This study
focused on observations of primary fluid inclu-
sions in chevron and cumulate crystals to assure
the depositional origin and Neoproterozoic age
of microorganisms.

Primary fluid inclusions in the Browne For-
mation contain water, and many also include a
solid and/or gas phase. The solids include “acci-
dental” daughter crystals (minerals that already
exist in the depositional environment and get
trapped “accidentally” in primary fluid inclu-
sions as the host halite crystal grows) and/or
microorganisms and organic compounds (see
Figure 3D1 for a view of water, gas bubble, crys-
tal, and microorganisms in a single inclusion;
Figs. S1 and S2 in the Supplemental Material').
When present in primary fluid inclusions, gas
appeared as dark spherical bubbles of various
sizes. Their paucity, inconsistent gas:liquid ratio,

'Supplemental Material. Primary fluid inclusions
in Browne Formation (central Australia) bedded halite
that contain individual microorganisms (Figure S1)
and daughter crystals (FigureS2). Please visit https:/
doi.org/10.1130/GEOL.S.19601863 to access
the supplemental material, and contact editing@
geosociety.org with any questions.

0.5 mm

Figure 2. Fluid inclusions in Browne Formation (central Australia) bedded halite, from the Empress 1A core, in plane-transmitted light. (A)
Chevron halite crystal with abundant primary fluid inclusions along growth bands, at 1502.2 m core depth. (B) Cumulate crystal with abundant
primary fluid inclusions on growth bands, 1502.6 m core depth. (C) Curved train of secondary fluid inclusions (marked with “s” and arrows)
cross-cutting cloudy patches of primary fluid inclusions (marked with “p”’), 1498.0 m core depth.
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and geologic context in ephemeral saline lake
halite suggests that the gas is likely trapped air.

We observed possible prokaryotic and
eukaryotic cells, as well as suspect organic
compounds, in primary fluid inclusions in the
Browne Formation bedded halite (Fig. 3). We
use the term “suspect” for the organic com-
pounds because we cannot fully identify their
composition by their optical appearance and flu-
orescent response to UV-vis light. The organic
compounds are morphologically ambiguous,
unlike the microorganisms, which have char-
acteristic sizes and shapes.

Tiny (~0.5 pm to ~1 pm) cocci-like spheres
are abundant both within fluid inclusions and as
solid inclusions in host halite. Some primary
fluid inclusions contain cocci as the sole organic
component. They appear bright with high relief
and are white, pale orange, or pale blue when
viewed under plane-transmitted light. When illu-
minated with UV-vis light, some cocci exhibit
either pale gold to white or blue fluorescence
(Fig. 3C2; Fig. S1A). However, fluorescent
response was not observed for all cocci. These
cocci are consistent in size, shape, and optical
appearance with some prokaryotes (bacteria
and/or archaea). However, we cannot rule out
that they are spores of bacteria or fungi.

Figure 3. Microorganisms
in individual primary fluid
inclusions in Browne For-
mation (central Australia)
halite from the Empress
1A core, at 1520.1 m core
depth. (A) Brown algal
cell, viewed in plane-
transmitted light. (B) Clear
prokaryotic cocci (p),
orange algal cell (a), and
organic compound halo
(oc) around air bubble;
plane transmitted light.
(C) Plane transmitted
light (C1) and UV-vis light
(C2) images of a chain of
yellow algal cells, clear
cocci, and an air bubble
with a halo of clear
organic compound that
fluoresce blue. (D) Plane
transmitted light (D1) and
UV-vis light (D2) images
of clear prokaryotes,
yellow algae, suspect
organic compound halo,
air bubble, and clear acci-
dental daughter crystals;
organics fluoresce white
and gold.

Eukaryotic cells, likely algae and/or fungi,
are 2-5-pm-diameter spheres observed in pri-
mary fluid inclusions (Figs. 3A and 3D1; Fig.
S1A). They are pale orange, pale yellow, pale
brown, or clear when viewed under plane-trans-
mitted light. They commonly have a dark rim.
Some have a dark spot inside the sphere, some
have a dimpled surface texture, and some have a
thin, ~1-pm-thick isopachous halo surrounding
the cell. Like for the prokaryotic cocci, fluores-
cent response to UV-vis light is not ubiquitous.
When eukaryotes do exhibit fluorescence, it is
pale gold to white or blue (Figs. 3C2 and 3D2).
Some cells have features consistent with the
halophilic algal genus Dunaliella, including a
yellow color, a dimpled surface texture, and a
dark rim (Schubert et al., 2010).

Suspect organic compounds in fluid inclu-
sions consist of liquids or amorphous solids.
We observed organic compounds most com-
monly as liquid halos around some air bub-
bles and eukaryotic cells and less commonly
as solids. Some suspect organic compounds
around air bubbles are largely indistinguish-
able in plane-transmitted light. However, fluo-
rescent response to UV-vis light distinguishes
the organic halos from the nonfluorescent air
bubbles (Fig. 3C2). These liquid organic com-
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pounds enveloping air bubbles exhibit white,
blue to blue-green, or pale orange to red fluo-
rescent response to UV-vis light. Some may be
insoluble organic compounds such as beta-car-
otene. Other, rare organic compounds around
air bubbles were organic crystalline solids.
Solid organic compounds have an amorphous
shape, are clear to pale yellow in plane-trans-
mitted light, and exhibit a faint fluorescence
under UV-vis light.

There is a great range of abundance of micro-
organisms and organic compounds within and
among individual growth bands in single crys-
tals as well as among halite crystals from dif-
ferent depths in the core. Several of the crystals
used in this study have an exceptionally high
concentration of microorganisms and suspect
organic compounds within primary fluid inclu-
sions. For these crystals, we estimated that
~40% of inclusions contained suspect micro-
organisms. (Fig. 4). But some crystals had abun-
dant primary inclusions yet did not contain any
obvious microorganisms.

Some fluid inclusions contain several (10 or
more) microorganisms. These fluid inclusions
typically contain both prokaryotes and eukary-
otes as well as accidental daughter crystals and
suspect organic compounds. Primary fluid inclu-
sions with several microorganisms were gener-
ally larger than neighboring inclusions.

Accidental daughter crystals are common in
the Browne Formation halite. The presence of
accidental daughter crystals may indicate that
other minerals were co-precipitating in the par-
ent surface brine. We observed gypsum and/or
anhydrite and other hydrated sulfate minerals
(Fig. S2) and iron oxides as accidental daughter
crystals. The Browne Formation halite precipi-
tated from complex surface brines. The micro-
organisms, therefore, were either extremophiles
and/or microbes blown into the surface waters
by wind.

20 ym

Figure 4. Distribution of microorganisms in
primary fluid inclusions in Browne Formation
halite (central Australia) from the Empress 1A
core, at 1520.1 m depth.



DISCUSSION

The discovery of microorganisms in primary
fluid inclusions in 830 Ma Browne Formation
halite is evidence for entrapment of microor-
ganisms in Tonian waters and their preservation
within depositional crystals over a long geologi-
cal time span on Earth. The range of fluores-
cent response to UV-vis light may indicate
some alteration due to organic decay. The blue
fluorescence is consistent with that of modern
microorganisms, suggesting unaltered organic
material (e.g., Mormile and Storrie-Lombardi,
2005; Conner and Benison, 2013). In contrast,
the white and gold fluorescence in some cells
and lack of fluorescence in other cells may be
the result of organic decay.

Are microorganisms in Browne Formation
halite alive? Some halophilic microorganisms,
such as Dunaliella algae, shrink and greatly
reduce biological activity when host waters
become too saline; these algal cells may be
revived during later flooding events (Oren,
2005). Survival of bacteria and archaea in pri-
mary fluid inclusions in 97 and 150 ka halite
have been described (Mormile et al., 2003;
Lowenstein et al., 2011). The oldest known
halite from which living prokaryotes have been
extracted and cultured is Permian (ca. 250 Ma;
Vreeland et al., 2000). Therefore, it is plausible
that microorganisms from the Neoproterozoic
Browne Formation are extant.

Possible survival of microorganisms over
geologic time scales is not fully understood. It
has been suggested that radiation would destroy
organic matter over long time periods, yet Nica-
stro et al. (2002) found that buried 250 Ma halite
was exposed to only negligible amounts of radi-
ation. Additionally, microorganisms may sur-
vive in fluid inclusions by metabolic changes,
including starvation survival and cyst stages, and
coexistence with organic compounds or dead
cells that could serve as nutrient sources (e.g.,
McGenity et al., 2000; Schubert et al., 2009a,
2010; Stan-Lotter and Fendrihan, 2015). One
such organic compound, glycerol, produced by
the cellular breakdown of some algae, may pro-
vide energy for longevity of coexisting prokary-
otes (Schubert et al., 2010; Lowenstein et al.,
2011). Furthermore, both non—spore-forming
and spore-forming prokaryotes may have advan-
tages for long-term survival in fluid inclusions.
Non-spore-forming prokaryotes are continually,
but minimally, metabolically active, so they are
able to repair DNA should it be necessary (John-
son et al., 2007). Alternately, spores formed by
prokaryotes may provide another way of long-
term survival in a dormant state (Vreeland et al.,
2000; Lowenstein et al., 2011).

The results of our study suggest the possibil-
ity of similar long-term preservation of biosig-
natures on Mars. The Browne Formation is a
possible analog for some martian rocks because
both contain a similar suite of minerals, sedi-

mentary structures, and diagenetic features (e.g.,
Squyres et al., 2004; Benison and Bowen, 2006).
Mars once contained saline lakes that precipi-
tated chemical sediments, including halite (e.g.,
Osterloo et al., 2008). Microorganisms that may
have existed in surface brines on Mars in the
ancient past may be trapped as microfossils in
chemical sedimentary rocks (Benison, 2019).

Optical examination should be considered a
fundamental step in any study of biosignatures
in ancient rocks. It allows geologic context of
microorganisms to be known prior to further
chemical or biological analyses, such as laser
Raman spectroscopy, microbial culturing, and
metagenomic studies, and it provides a target
for such analyses.

CONCLUSIONS

The well-preserved primary fluid inclusions
in Neoproterozoic Browne Formation halite
are remnants of original surface waters that
hosted prokaryotes, eukaryotes, and organic
compounds. These microorganisms have been
trapped since the halite precipitated at ca.
830 Ma. In that time, they have not experi-
enced significant decomposition and are able
to be optically recognized in situ. Fluids inside
primary inclusions serve as microhabitats for
trapped microorganisms, allowing exceptional
preservation of organic matter over long peri-
ods of geological time. Ancient chemical
sediments, both of terrestrial and extrater-
restrial origin, should be considered potential
hosts for ancient microorganisms and organic
compounds.
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