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Abstract

We have developed an analytical procedure for the measurement of oxygen isotope composition of fossil organic matter by
secondary ion mass spectrometry (SIMS) at the sub-per mill level, with a spatial resolution of 20-30 um. The oxygen isotope
composition of coal and kerogen samples determined by SIMS are on average consistent with the bulk oxygen isotope com-
positions determined by temperature conversion elemental analysis — isotope ratio mass spectrometry (TC/EA-IRMS), but
display large spreads of 5'0 of ~5-10%0, attributed to mixing of remnants of organic compounds with distinct 5'%0 signa-
tures. Most of the 8'30 values obtained on two kerogen residues extracted from the Eocene Clarno and Early Devonian Rhy-
nie continental chert samples and on two immature coal samples range between ~10%. and ~25%o. Based on the average 5'0
values of these samples, and on the O isotope composition of water processed by plants that now constitute the Eocene Clarno
kerogen, we estimated 8'®Oyqer values ranging between around —11%. and —1%o, which overall correspond well within the
range of O isotope compositions for present-day continental waters. SIMS analyses of cyanobacteria-derived organic matter
from the Silurian Zdanow chert sample yielded §'%0 values in the range 12-20%.. Based on the O isotope composition mea-
sured on recent cyanobacteria from the hypersaline Lake Natron (Tanzania), and on the O isotope composition of the lake
waters in which they lived, we propose that 8'%0 values of cyanobacteria remnants are enriched by about ~18 + 2%o to 22
=+ 2%o relative to coeval waters. This relationship suggests that deep ocean waters in which the Zdanow cyanobacteria lived
during Early Silurian times were characterised by 8'0 values of around —5 + 4%o. This study, establishing the feasibility of
micro-analysis of Phanerozoic fossil organic matter samples by SIMS, opens the way for future investigations of kerogens
preserved in Archean cherts and of the O isotopic composition of ocean water at that period in time.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. INTRODUCTION

The temperature of Archean oceans has been a topic of
great controversies for half a century since the recognition
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15-20%0 from ~3.5 billion-year ago to the present-day
(Perry, 1967; Knauth and Epstein, 1976; Knauth and
Lowe, 1978). The oxygen isotopic composition of silica pre-
cipitated from a fluid is related to the isotopic composition
of the fluid and to the temperature 7 at which precipitation
occurred, according to the equation: 1000 x In(A'*0) =
(3.09 x 10° x T7%) — 3.29 (Knauth and Epstein, 1976),
where A0 = 880 ere — 8'80yater. This equation contains
three variables: the temperature 7 of the fluid from which
cherts precipitated, 8"80ater and 8'®0¢per. Therefore, it is
not possible to derive both the temperature and the isotopic
composition of seawater based on measurements of
3"80 pere Without making an assumption on either the sea-
water T or its O isotope composition. As a result, and con-
sidering only Precambrian cherts with pristine O isotope
composition not modified during secondary alteration (see
for example the recent reviews by Perry and Lefticariu,
2014), two end-member scenarios (not mutually exclusive)
have been proposed to explain the observed secular trend
of the chert 3'30 values:

(1) Archean oceans were characterised by temperatures
up to around 50-70 °C higher than today, which
implies that the O isotope composition of oceanic
waters has remained globally constant around 0%o
throughout the Earth history (Knauth and Epstein,
1976; Knauth and Lowe, 1978, 2003; Knauth,
2005). This scenario is supported by other proxies,
such as Si isotopes in cherts, which show variations
consistent with a ~50 °C decrease in temperature
from the early Archean (e.g., Robert and
Chaussidon, 2006), or O isotope composition of ser-
pentine in ophiolite rocks, and notably from those of
the ca. 3.8 Ga Isua Supracrustal Belt (e.g., Pope
et al., 2012).

(2) Archean oceans were characterised by §'%0 values
lower by about 10-15%0 compared to present day,
in which case surface temperatures on the Earth have
remained globally constant since ~3.5Ga (e.g.,
Kasting et al., 2006; Jaffrés et al., 2007; Hren et al.,
2009). This scenario is consistent with the proposed
existence of major Archean and Proterozoic glacia-
tions (e.g., Evans et al., 1997; Young et al., 1998),
suggesting that surface conditions on the Earth were
not drastically different to today during the Precam-
brian. This scenario is also in line with the lack of evi-
dence for a high atmospheric pressure of CO, in
Archean sediments that would have been required
to maintain high surface temperature under a Sun
much fainter than today (e.g., Lowe and Tice, 2004;
Kasting et al., 2006; Jaffrés et al., 2007), even though
recent modelling studies have suggested that fewer
amounts of greenhouse gases (CO, and CHy) are in
fact required to counteract the “faint young Sun
problem” (Charnay et al., 2013).

Recent in situ studies of the O and Si isotope composi-
tion variations at the micrometre scale in cherts have shown
that transformation of amorphous silica precursors during
diagenesis is accompanied by isotopic fractionation in

micrometre-scale domains (Marin et al., 2010; Marin-
Carbonne et al., 2012). For the ca. 1.9 Ga Gunflint chert
for example, this observation implies a lowering by ~20 °C
of the seawater temperature (~37-52 °C) calculated from
3"80hert, Which, however, remains much higher than pre-
sent day temperature (Marin et al., 2010; Marin-
Carbonne et al., 2012).

These two end-member scenarios have fundamental
implications, notably for understanding the early-Earth
environmental conditions that promoted the appearance
and evolution of life ca. 3.4-3.5 Gyr ago (e.g., Schopf,
1993; Tice and Lowe, 2004; Wacey et al., 2011; Brasier
et al., 2015). Putative and bona fide early-life remnants,
found as micrometre-size insoluble organic matter (OM)
patches disseminated in cherts (e.g., Schopf, 1993; Tice
and Lowe, 2004; Wacey et al., 2011; Brasier et al., 2015),
can potentially provide us with an independent way of con-
straining the O isotope composition of Archean seawater.
Indeed, the O isotope composition of organic compounds,
such as cellulose or lipids, is thought to be primarily con-
trolled by the isotopic composition of the water in which
they formed, but seems to be relatively insensitive to the
temperature of this water (e.g., DeNiro and Epstein,
1981; Sternberg and DeNiro, 1983; Silva et al., 2015). While
the study of the C and S isotope characteristics of carbona-
ceous OM patches and associated sulphides, notably
through in situ ion microprobe studies, has been used to
argue for their biological origin and to show that they
can preserve isotopic information throughout geological
times (e.g., House et al., 2000; Ueno et al., 2001; Wacey
et al., 2011; Bontognali et al., 2012; Williford et al., 2013;
Fischer et al., 2014), their O isotope composition has never
been investigated.

Here we present a detailed analytical approach estab-
lishing the feasibility of analysing the O isotope composi-
tion of fossii OM by secondary ion mass spectrometry
(SIMS) on well characterised Phanerozoic samples, includ-
ing the characterisation of a kerogen sample that can be
used as a SIMS reference material for O isotope analysis.
Carbonaceous remnants have low O abundances
(~5-15 wt.%; e.g., Durand and Monin, 1980) and typically
occur as small micrometre-scale patches disseminated in a
O-rich quartz matrix. Therefore, analyses were carried out
on insoluble OM residues isolated from the chert samples
by acid digestion. However, extracted residues are not pure
OM and contain many O-bearing micro-inclusions of
diverse mineral phases. Our analytical approach thus
includes a procedure allowing for filtering the O isotope
data compromised by analysis of mineral micro-
inclusions, based on measurements of the intensities of spe-
cies such as 2Si, *>S and *’Fe'®0. We have applied this
approach to five coal and kerogen samples ranging in age
from Eocene to Silurian and on recent chert-hosted
cyanobacteria remnants. Based on these results obtained
on Phanerozoic samples, we have investigated (i) how does
fossil OM preserve its O isotope signature, (ii) what is the
bulk oxygen isotope fractionation between OM and water,
and (iii) what are the potential implications for deriving the
O isotope composition of paleo-waters from that of coeval
OM. These results will be crucial for future studies applying
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a similar approach to kerogen residues extracted from
cherts as old as ~3.5 Ga in order to reconstruct the O iso-
topic composition of Archean oceans. Ultimately, combin-
ing these independent constraints on the O isotopic
composition of oceanic waters through time with the secu-
lar chert O isotope record should allow reconstructing the
temperature variations of the oceans throughout the Earth
history.

2. STUDIED SAMPLES

We have investigated two coal samples, Blind Canyon
and Illinois #6, which are both part of the Argonne Pre-
mium Coal Sample Program (Vorres, 1990), three kerogen
samples that were extracted from the Eocene chert Clarno
(USA), from the Early Devonian chert Rhynie (Scotland)
and from the Silurian chert Zdanow (Poland), respectively,
and the acid-resistant OM fraction extracted from ~10 kyr
old cherts formed in the hypersaline Lake Natron (Tanza-
nia) (Table 1). These samples cover a large range of ages
and conditions of formation. For some of them, the O iso-
topic composition of the water associated with the organic
matter is known, allowing to investigate O isotope fraction-
ation between organic matter and the water associated with
it.

The kerogen samples were isolated from the cherts using
HF/HCI acid maceration (Durand and Nicaise, 1980).
Throughout the whole isolation procedure the use of paper
fibre was excluded to avoid any potential contamination.
The chert samples were crushed in a mechanical crusher,
which was previously cleaned using ethanol. The soluble
compounds were extracted with an Accelerated Solvent
Extractor (ASE) using a dichloromethane/methanol (2/1:
v/v) solvent mixture in order to minimise post-deposition
contamination. The remaining powder was submitted to a
first acidic treatment using HCI 6 N and then to a second
acidic treatment using a HF (40%)/HCI1 6 N (2/1: v/v) mix-
ture at room temperature. A final acidic treatment was con-
ducted, using HC1 6 N at 60 °C, to dissolve any fluorides
that may have been formed during the previous acidic treat-
ments. This HF/HCI protocol systematically involved rins-
ing and centrifugation between each extraction step in
order to avoid pollution by the released dissolved organic
compounds. The extracted kerogens were investigated

through Raman micro-spectroscopy, which yielded spectra
typical of those found in kerogens that have suffered ther-
mal alteration, ensuring that they have not been affected
by laboratory contamination (Bourbin, 2012).

2.1. Natron OM

Organic matter was extracted from a chert sample col-
lected in 2012 about 50 m above the present-day shoreline
of the Lake Natron in Tanzania (GPS coordinates
2°22'43"S, 35°54'24.00"E), which likely formed during the
last maximum lacustrine extension in the Lake Natron-
Lake Magadi area about 10 kyr ago (Hillaire-Marcel et al.,
1986; Hillaire-Marcel and Casanova, 1987). Several mecha-
nisms have been suggested to explain chert formation in the
Natron-Magadi area. Eugster (1967, 1969) proposed that for-
mation of the bedded chert horizons resulted from leaching
of Na from previously deposited magadiite (NaSi;O,3(OH);-
3H,0) and kenyaite (NaSi;; O, 5(OH),4-3H,0) layers by per-
colating ground waters. Hay (1968) and O’Neil and Hay
(1973) also argued for formation of the cherts from Na-
silicate precursors due to interaction with waters of varying
salinity, from dilute meteoric water to highly saline lake
water. On the other hand, Behr and R&hricht (2000) pub-
lished the first description of diverse microbial communities
in Magadi-type cherts, such as cyanobacteria (i.e. Pleuro-
capsa sp. and Gloeocapsa sp.), and argued that Magadi-
type cherts formed predominantly by silicification of calcified
cyanobacterial mats and bioherms in shallow lake waters and
for an organic origin for most of the chert horizons in the
Natron-Magadi area. Additionally, samples of today’s Lake
Natron waters were also collected by A. Person in 2012
and their O isotope compositions were analysed at ECOLAB,
Laboratoire d’écologie fonctionnelle (UMR 5245, Toulouse,
France).

2.2. Blind Canyon coal

The Early-Campanian Blind Canyon coal sample is a
high-volatile bituminous coal and was collected in Emery
County, Utah, in the Upper Cretaceous Blackhawk Forma-
tion from the Mesaverde Group (Pierce et al., 1989; Vorres,
1990). Sedimentary units in the Blackhawk Formation
comprise channel sandstones interbedded with mudstones

Table 1

Main geological characteristics of the studied samples.

Sample Type Age (Ma)  Location References

Natron Organic ~0.010 Lake Natron, Tanzania Eugster (1969) and Hillaire-Marcel et al.

matter (1986)

Clarno Kerogen 40 Clarno Formation, John Day Basin, Oregon, Schopf et al. (1983) and Czaja et al.
USA (2009)

Blind Coal 80 Blackhawk Formation, Mesaverde Group, Utah,  Pierce et al. (1989) and Vorres (1990)

Canyon USA

Illinois #6 Coal ~310 Herrin seam, Carbondale Formation, Illinois, Willman et al. (1975) and Vorres (1990)
USA

Rhynie Kerogen 410 Rhynie, Dryden Flags Formation, Rice et al. (1995, 2002) and Mark et al.
Aberdeenshire, Scotland (2011)

Zdanow Kerogen 440 Zdanow, Bardzkie Mountains, Sudetes Kremer and Kazmierczak (2005)

Mountains, Poland
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and siltstones deposited in a deltaic environment, where
extensive swamps developed from which the large and con-
tinuous coal beds were derived (Pierce et al., 1989). The
Blind Canyon coal is immature, with a vitrinite reflectance
R, of ca. 0.5% (Cloutis, 2003), and contains high liptinite
abundances, indicating that the vegetation that comprised
the OM of the Blind Canyon swamp must have been very
resinuous (Pierce et al., 1989). In addition, Parker (1976)
proposed that the dominant flora included evergreen coni-
fers and angiosperms that developed in a shallow water
environment in a warm-temperate to subtropical climate.

2.3. Illinois #6 coal

The Illinois #6 coal sample is a high-volatile bituminous
coal and was collected from the Herrin seam, ~100 km
southeast of St. Louis, Illinois, in the Pensylvanian Carbon-
dale Formation (Vorres, 1990). The Carbondale Formation
contains grey silty shales and sandstones, often appearing
as elongated thick channels, formed in flood plains and del-
taic environments, and in which swamps developed and
resulted in the formation of the various coal beds of the
Carbondale Formation, including the Illinois #6 coal bed
(Willman et al., 1975). The Carbondale Formation also
comprises dark-grey to black shales and grey limestones
containing remnants of marine fossils deposited in shallow
seas (Willman et al., 1975). The Illinois #6 coal is immature,
with a vitrinite reflectance R, of ca. 0.5% (Cloutis, 2003).
Arborescent lycopods were the major constituents of the
biomass of the Illinois #6 swamps, which also comprised
ferns and pteridosperms, indicating wetlands surrounded
by forest environments with standing water (DiMichele
and Phillips, 1988).

2.4. Clarno kerogen

The Clarno chert (sample PPRG 456) was collected in
the John Day basin in the Late Eocene, ~40 Myr old,
Clarno Formation in Oregon, USA (Schopf et al., 1983;
Walter et al., 1983). This black carbonaceous chert is inter-
preted to have formed in a marsh environment, in which
silica was derived from nearby hot springs, evaporation and
overburden pressure resulting in lithification of the bedded
chert and permineralisation of the fossil plants (e.g., Arnold
and Daugherty, 1964). Fossil floras of the Clarno chert
have been extensively studied and comprise mm- to cm-
size specimens typical of marsh plants such as ferns, bryo-
phytes and aquatic angiosperms together with fruits and
seeds deposited from local terrains (e.g., Czaja et al.,
2009; Shi et al., 2013).

2.5. Rhynie kerogen

The Rhynie chert site is one of the earliest known sub-
aerial hot spring systems, the chert horizons being part of
Early Devonian sedimentary and volcanic units dated
around 400410 Ma (e.g., Rice et al., 1995; Mark et al.,
2011). At that time, hot spring activity led to the formation
of siliceous sinters that ensured unique preservation of the
flora and fauna, comprising early vascular land plants,

lichens, fungi, algae, terrestrial arachnids and insects and
freshwater crustaceans (e.g., Rice et al., 2002, and refer-
ences therein). In the studied sample, microscopic observa-
tions revealed the presence of numerous spherical
microfossils (spores, sporocysts, cyanobacteria, algae) and
of long woody remnants hosted within a micro-crystalline
silica matrix (Bourbin, 2012). The Rhynie chert horizons
are hosted by lacustrine shales and muddy sandstones of
the Dryden Flags Formation that corresponded to a low
energy fluvio-lacustrine environment (Rice et al., 2002).
The cherts themselves probably formed in freshwater pools
in the vicinity of Si-rich hot spring vents (Rice et al., 2002).

2.6. Zdanow kerogen

The Zdanow chert was collected near the Zdanéw vil-
lage in the Bardzkie Mountains, Sudetes, in southwestern
Poland, from a layer of black radiolarian chert intercalated
with black siliceous chert layers (Kremer and Kazmierczak,
2005; Kremer, 2006). The ~5-10 cm thick beds of black
radiolarian cherts are composed of fine crystalline chal-
cedony. In the cherts, degraded benthic coccoid cyanobac-
terial mats are observed as laminated OM horizons, while
remains of cyanobacteria also occur as agglomerations of
subglobular colonies (Kremer and Kazmierczak, 2005;
Kremer, 2006). Their structural and morphological charac-
teristics permit to compare this Silurian microbiota to some
modern unicellular coccoid cyanobacteria (Kremer and
Kazmierczak, 2005; Kremer, 2006). According to Kremer
(2006), the lithological context and palacogeographical
position of these early Silurian mats indicate that these
cyanobacteria lived in relatively deep and weakly illumi-
nated marine environments.

3. ANALYTICAL APPROACH

Direct in situ O isotope analysis of OM in chert samples
using any microbeam technique is very challenging, because
of the small size of the organic fragments and the potential
strong contamination by oxygen from surrounding quartz.
Thus, OM must be extracted from the chert samples. After
isolation, the coal and kerogen samples were grinded into a
fine powder, from which a few mg were pressed into high
purity indium (99.999%) and then carbon coated for further
investigation using secondary electron microscopy (SEM)
and SIMS.

3.1. Anticipated hurdles related to O isotope analysis of OM
at the micrometre scale by SIMS

Despite the potential of SIMS to allow O isotope analy-
sis of OM, several important issues can be anticipated,
probably explaining why such type of analysis has never
been developed before:

e Oxygen abundance in fossil OM (coal, kerogen) is low,
typically between around ~3 and 25 wt.%, with an aver-
age around 10 wt.% (e.g., Durand and Monin, 1980;
Vorres, 1990).
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e Fossil OM contains micro-inclusions of O-rich mineral
phases such as oxides, even after isolation of the kerogen
residues following the HF-HCI treatment. Because the
ion emissivity of O from Ti- or Fe-oxide is strong rela-
tive to that from OM (see Section 5.1), and because these
oxides contain elevated O contents, the secondary O sig-
nal emitted from a mix of OM and oxides can be
strongly influenced, and even dominated, by that from
oxides.

e Reference material with established '30/'°O ratios does
not exist for correction of instrumental mass fractiona-
tion (IMF) produced during SIMS analysis of O
isotopes.

To overcome these potential issues, we have investigated
two coal samples, three kerogen samples and one recent
OM sample also isolated by acid treatment, combining bulk
O isotope analysis and ion microprobe analysis. We have
also investigated the mineralogy of the kerogen samples
using secondary electron microscopy to track the effects
of contamination of the spot area by mineral inclusions.

3.2. Bulk O isotope analysis

Bulk O isotope compositions were determined by TC/
EA-IRMS at Iso-Analytical Ltd. (Cheshire, UK) on four
selected samples (Table 2). Silver capsules were loaded with
3 mg of sample, sealed and oven-dried at 60 °C for 10 days
prior to analysis to remove moisture. The O isotope analy-
ses were conducted by total conversion at 1080 °C in a
quartz reactor tube lined with a glassy carbon film, filled
to a height of 170 mm with glassy carbon chips and topped
with a layer of 50% nickelised carbon (10 mm deep). Car-
bon monoxide (CO) and nitrogen (N) produced were sepa-
rated on a GC column packed with a molecular sieve SA
(1 m long ANCA-SL/GSL from Elemental Microanalysis,
UK) at a temperature of 65 °C. CO composition was mea-
sured by IRMS using a Europa Scientific 20-20 instrument
equipped with a triple Faraday cup collector array. Samples
were measured together with the reference material IAEA-
CH-6 (sucrose, 51.4 wt.% O and 8'80 = 36.4%o), which was
also used to calibrate the amount of O extracted from the
samples. IAEA-CH-3 (cellulose, 5'%0 =32.2%0) and
FIRMS 221-1 (nylon, 8'%0 = 10.3%0) were run for quality
control, and yielded 8'80 values of 31.8 +0.1%0 (n=2)
and 10.7 +0.1%0 (n =2), respectively. All the bulk data

Table 2

reported in this study (Table 2) are given at the 20 level
and include variability associated with repeated analyses
of individual samples and the reproducibility measured on
the reference sucrose sample.

3.3. SIMS O isotope analyses

Microanalysis of O isotope compositions was carried
out at the Centre de Recherches Pétrographiques et
Géochimiques (CRPG) in Nancy (France) during two ana-
lytical sessions, using the Cameca IMS 1280 HR ion probe
in February 2015 and the Cameca IMS 1270 E7 ion probe
in July 2015. The analytical protocols were identical for
both instruments during these two analytical sessions. Iso-
topes of %0 and '80 were first analysed using a Cs* pri-
mary beam of ~10nA with an acceleration voltage of
10 kV rastered over 20-30 um diameter areas, using the
electron gun for charge compensation. Secondary ions were
accelerated at 10 kV and measured in multicollection mode
using two Faraday cups (FC) on the L’2 trolley for '°O and
on the H1 trolley for '30 with a mass resolving power set to
~2500 (using slit #1 in multicollection mode), sufficient to
resolve %0~ from the interfering 'H,'®O~ species. For each
analysis, the FC backgrounds were measured during pre-
sputtering, and the measured '30/'°0 ratios were corrected
for background using the average of background measure-
ments performed immediately before (during pre-sputtering
of analysis n) and immediately after (during pre-sputtering
of analysis n + 1). The total analytical time for O isotope
analysis was ~5-6 min, including pre-sputtering (60 s) and
counting the secondary oxygen ions during 50-60 cycles
each of 5s. Also, the secondary species '2C'H, '°0, 2%si,
328 and *°Fe'®0 were then collected in the axial FC at a
mass resolving of ~4000 during a separate acquisition,
using the magnetic peak switching mode on the same ana-
Iytical spots and a ~1-10 nA Cs* beam, depending on C
and O intensities, in order to identify contamination of
OM by residual silica, sulphides, Fe-chromite or Fe-
oxides. Therefore, it should be pointed out that the volume
of materials sampled during both sequences of analyses are
different and that nugget effects resulting from ablating
mineral micro-inclusions cannot be entirely ruled out as a
potential cause of some of the heterogeneity of the O iso-
tope composition reported for OM.

All measurements of %0, whatever the intensity, were
carried out on a FC, thus not using an electron multiplier

Elemental and isotopic composition measured on the coal and kerogen samples.

Sample Type Elemental composition® (wt.%) Atomic ratio Isotopic composition

C H N o) Opa-rms’ H/C o/C 3" Opuik (%o) 8"%0smis (%o)
Blind Canyon Coal 80.7 5.8 1.6 11.6 13.9 0.86 0.13 1274+04 8.7+3.6
Illinois #6 Coal 71.7 5.0 1.4 13.5 16.1 0.77 0.16 13.54+0.2 16.6 +2.6
Clarno Kerogen 44.8 2.8 nd nd 243 0.75 0.41 14.3+0.1 13.9+0.5
Rhynie Kerogen 31.3 2.1 nd nd nd 0.81 - nd 19.0 £2.1
Zdanow Kerogen 69.4 2.6 nd nd 21.2 0.45 0.23 134+0.2 153+1.2

nd: not determined.

4 Moisture and ash-free compositions after Vorres (1990) for the coal samples and Bourbin (2012) for the kerogen samples.
® O abundances determined by TC/EA-IRMS (this study).
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(EM) for low 80 counts rates. This approach was chosen
to avoid additional uncertainties related to the inter-
calibration between the gains of the FC and the EM, and
to the drift of the EM efficiency with time. Due to the
low abundance of O in some of the studied coal and kero-
gen samples, the 'O intensities measured on the H1 FC
were often low, between ~1 x 10° and ~1 x 10° cps. There-
fore, we tested the linearity of the HI FC for variable %0
intensities by carrying out repeated analysis of the CRPG
reference quartz NL615 (618OSMOW = 18.4%0) while vary-
ing the primary Cs* beam intensity between ~50 pA and
~5nA. The raw 8'30 values (not corrected for IMF) mea-
sured for different primary beam intensities during two ana-
lytical sessions in January and February 2015 display an
increase of the dispersion of the values around the average
5'%0 with decreasing '®0 intensity, but globally 5'%0 values
measured over a range of 30 intensities from ~2 x 10° to
~9 x 10%cps are consistent for each analytical session,
averaging 12.6 £0.3%0 (2SE, n=4) and 10.1 £ 0.4%o
(2SE, n =5) for the January and February 2015 sessions,
respectively (Fig. 1). In addition, note that changing the pri-
mary intensity by about two orders of magnitude could
have induced slight variations of instrumental mass frac-
tionation of O isotopes, which are likely partly the cause
of the 0.3-0.4%o variations observed for the averaged mea-
sured 8'%0 values. Therefore, these tests show that the low
80 intensities inherent to measurements of coal and kero-
gen samples, all carried out using a 5-10 nA primary beam
current, did not cause significant shifts of the '%0/'°O
ratios.

The uncertainties associated with the SIMS 5'%0 values
must include uncertainties related to (i) the counting statis-
tics associated with each individual analysis, (ii) the external
reproducibility measured on a homogeneous standard, and
(iii) the uncertainty on the bulk ‘true’ 3'*0 for the standard
determined by TC/EA-IRMS. As discussed below, the
Clarno kerogen sample was found to be the most homoge-
neous and was used to estimate both the typical external
reproducibility and the uncertainty on IMF. Uncertainties

~14
2
~13
=
T 12
£ ®
E 11 i a
9 10 %
E - ®
g . g ¢
5 9
c
o 8i |l January 2015
b [ February 2015
7
108 108 107

80 intensity (cps)

Fig. 1. Oxygen isotope composition measured on the CRPG
reference quartz NL615 for various primary beam currents,
represented here as variable 30 intensities. The 3'30 values are
not corrected for instrumental mass fractionation (IMF), which
changed slightly by ~2.5%o0 between the two sessions. No significant
shift of 5'%0 values is observed over a two orders of magnitude
change of 130 intensity.

reported in Table 2 for SIMS 5"% 0gmow values include
all the sources of errors mentioned above and are given at
the 20 level.

3.4. Secondary electron microscopy

The analytical pits produced during O isotope analyses
were examined in details in selected samples in order to
check for the presence of mineral impurities (silica, sul-
phides, chromites, Fe-oxides) embedded within OM using
a TESCAN VEGA II SEM at the MNHN in Paris (France)
operated with a 15kV voltage. Mineral impurities were
located on back-scattered electron (BSE) images and qual-
itatively analysed using Energy Dispersive X-ray Spec-
troscopy (EDS).

4. RESULTS
4.1. Bulk O isotopes

Analyses of the Blind Canyon and Illinois #6 coal sam-
ples yielded bulk O abundances of 13.9 £+ 2.7 wt.% (2SE,
n=4)and 16.1 £ 2.9 wt.% (2SE, n = 4), respectively, which
is slightly higher than the O contents of ~11.6 wt.% and
13.5 wt.% (moisture and ash-free basis) determined on the
same samples by Vorres (1990) (Table 2). Although there
is no definitive way to accurately measure the O yield of
the TC/EA-IRMS bulk analyses, the consistency of our
results with those obtained by Vorres (1990) suggests that
our bulk O abundances are accurate. In addition, the sum
of the literature C+ H + N and of our TC/EA-IRMS O
abundance yields 102.0 wt.% and 100.2 wt.% for Blind Can-
yon and Illinois #6 coal samples, respectively, suggesting
that these elemental compositions are accurate at a few per-
cent level. Analyses of Clarno and Zdanow kerogens
yielded 24.3 +2.7wt.% O (n=2) and 21.2+2.7wt.% O
(n = 2), respectively. The Blind Canyon and Illinois #6 coal
samples yielded 8'%0 values of 12.7 + 0.4%0 (2SE, n=4)
and 13.5 4+ 0.2%o (2SE, n =4), respectively (Table 2). The
bulk oxygen isotope compositions of the kerogen samples
are similar, with 3'%0 values of 14.3 +0.1%0 (n = 2) and
13.4 + 0.2%0 (n = 2) for Clarno and Zdanow, respectively
(Table 2).

4.2. SIMS analyses: O isotopes and elemental contents

All the 8'80 values measured for the six samples are dis-
played in Fig. 2 (each dot corresponding to a different spot
of analysis), together with the corresponding '2C'H, 'O,
288i, and *°Fe'®O intensities (normalised to the primary
beam intensity). All the data are provided in the Supple-
mentary Table 1. For the kerogen and Natron OM samples,
the 3'%0 values vary by about 8-12%., while they vary by
up to ~34%o0 and ~40%o for the Blind Canyon and Illinois
#6 coal samples, respectively (Fig. 2). The measured 5'0
values cluster around —15%o for the Clarno and Zdanow
kerogens, and around —10 =+ 5%o and 0 + 5%o for the Rhy-
nie kerogen and Natron OM, respectively (Fig. 2).

Large variations are observed at the spot scale in a given
sample for '2C'H, '°0, 28Si, 32S and >°Fe!®O intensities
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curves (F).

(Fig. 2). These measured intensities cannot be directly con-
verted into C (or O, Si, etc.) contents because all the indi-
vidual analyses are characterised by variable topography
and surface flatness, since the OM powders were pressed
into indium. However, on average these intensities are
related to the bulk composition of the samples. This can
be verified for '>)C'H intensities, for example, which are
consistent with the bulk C contents (Table 2) for both the

coals and kerogen samples: ~2-4 x 10° cps nA~! for Rhy-
nie (Cpue ~ 31 wt.%), 0.5-2.0 x 107 cps nA~! for Clarno
(Courk ~ 45 wt.%), 1.0-2.0 x 10" cpsnA~! for Zdanow
(Cpuik ~ 69 wt.%) and ~2.0-3.0 x 107 cps nA~! for the coal
samples, which have the highest bulk C contents around
80 wt.%. The Illinois #6 coal sample also displays **S inten-
sities about one order of magnitude higher than those mea-
sured on the Blind Canyon coal sample (Fig. 2), which is
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consistent with their bulk organic S contents of ~2.4 wt.%
and ~0.4 wt.%, respectively (Vorres, 1990). Clarno and
Zdanow kerogens contain amounts of S similar to those
of the Illinois #6 coal, while the Rhynie kerogen and
Natron OM are characterised by very low S contents
(Fig. 2).

The O isotope compositions show complex relationships
with the intensities measured for '?C'H, '°0, 28Si, 3?S and
3Fe'®0 at the spot scale (Fig. 2). In the coal samples, the
measured 3'%0 values are correlated with '°O intensities,
and either with 2Si or *°Fe'®0 intensities (Fig. 2). Finally,
the '2C'H, '°0, 2Si, 32S and ’Fe'®0 intensities also show
complex relationships with each other, with in most cases
clear linear trends towards the diagrams’ origin (Fig. 3),
indicating the presence of variable amount of porosity in
each individual analysis.

4.3. Mineral inclusions in coal samples and kerogen residues

As stated in Section 3.1, a potential issue associated with
microbeam analysis of kerogen samples is related to the
presence of micro-inclusions of various mineral phases,
not totally dissolved during the HF-HCI digestion of the
chert samples. The effect of such inclusions is naturally
stronger for the coal samples, which have not undergone
any HF-HCI treatment, and which show 23Si intensities

31

one to two order of magnitude higher than kerogen samples
(Fig. 3), indicating the presence of many silicate micro-
inclusions. We have developed an approach that allows to
identify and quantify the inclusions by monitoring the
2¢lH, 190, 28Si, S and >°Fe'®0 signals in the spot loca-
tions where O isotope analyses were carried out, which
proved to be an effective way to identify contamination
by such micro-inclusions during SIMS analysis of OM sam-
ples. Fig. 4 shows, for example, that SEM imaging of SIMS
spots (Fig. 4A—C) characterised by anomalously high i,
328 and/or *°Fe'®0 (Fig. 4D) indeed revealed the presence
of mineral micro-inclusions, such as of silica, sulphides
and/or Cr-rich minerals based on EDS analysis (Fig. 4E).

5. DISCUSSION

5.1. Treatment of the measured '*0/'°0 ratios to account for
the presence of mineral inclusions

The large range of oxygen isotope variations observed in
individual samples at the scale of tens of microns likely
result from (i) the heterogeneity of OM, (ii) the presence
of various mineral inclusions under the ion probe beam
and (iii) the samples’ topography, which is inherent to the
pressing of OM powders into indium. The effect of
topography on the analysis of homogeneous OM should
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Fig. 3. Measured '°O (A), 28Si (B), 32S (C) and *°Fe'°0 (D) secondary intensities (normalised to the primary beam intensity) versus 2C'H
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theoretically result in inter-element mixing trends pointing
to the origin, as shown to various degrees by all the samples
(Fig. 3). Outliers to such trends reflect the presence of min-
eral inclusions in the corresponding spots. A procedure was
developed to exclude all measurements affected by the pres-
ence of mineral inclusions from the data set. In binary dia-
grams of 28i, 32S and *°Fe!®O versus '>C'H, linear
regressions passing through the origin were calculated,
together with their 5¢ confidence intervals (such an interval
ensures that only true outliers are discarded, and not anal-
yses resulting from the variability of OM). Outliers falling
outside these intervals were interpreted as analyses contam-
inated by the presence of micro-mineral inclusions during
sputtering, and were discarded. This is illustrated in
Fig. 5 for measurements carried out during the February
2015 analytical session on the Clarno kerogen: a total of
8 spots can be discarded on the basis of anomalously high
28i (1 spot excluded; Fig. 5A), S (4 spots excluded;
Fig. 5B) and *°Fe!®O (6 spots excluded; Fig. 5C). The
extreme ranges of 28Si intensities measured in the coal sam-
ples (Fig. 3) forced us to first pre-filter the data visually by

excluding analyses corresponding to 28Si intensities above
3% 10° and 1 x 107 for Blind Canyon and Illinois #6,
respectively, before applying the screening procedure
detailed above.

The presence of sub-micron size silicate and oxide inclu-
sions in such spots with anomalously high Si, S and Fe inten-
sities has necessarily contaminated the O signal emitted from
the OM since they have a higher O emissivity than OM. For
example, we measured a '®O emissivity of ~3-5 cps ppm ™"
O nA~! for the CRPG reference quartz NL615, compared
to a 80 emissivity of ~0.4-0.5 cps ppm ' O nA~! for the
coal samples FOUT and AMB studied by Sangély et al.
(2005). Similarly, magnetite analysed using a similar protocol
with the Cameca 1280 ion microprobe at the University of
Wisconsin yielded an emissivity for 0 of ~10 cps ppm ™
O nA~! (Huberty et al., 2010).

Screening the data to exclude analyses contaminated by
O emitted by mineral inclusions greatly reduces the range
measured for 5'%0 values, especially for the two coal sam-
ples that did not underwent the acid maceration procedure.
However, most of the kerogen samples still display a



R. Tartese et al./ Geochimica et Cosmochimica Acta 182 (2016) 24-39 33

_30fp -
e

7)) 2.0 T

Q.

(&)

@ s =0.00319 -
2104 £0.00431 -~

&

0 05 10 15 20

T 20f

< C) s =0.00654 )
o 161 +0.00319 -~ ©
812 o g

S

08¢

o |

K 0.4]

g Ot

0 05 10 15 20
2C'H (107 cps nA")
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significant range (about 5-10%o, and up to ~20%o for the
Illinois coal sample, see below) of §8'%0 values (Fig. 6),
which is likely related to the OM structural and composi-
tional heterogeneous nature at the micro-scale.

5.2. Validation of a standard for determining the instrumental
mass fractionation during ion probe analysis of OM oxygen
isotope composition

Homogeneity is one of the key characteristics required
for a material to be used as a standard for micro-
analytical techniques. Among the studied samples, the
Clarno kerogen is the most homogeneous in terms of 5'%0

values, yielding average 8'30 values (not corrected for
IMF) of —17.3 +0.5%0 (2SE, n=23) for the February
2015 session and —16.3 + 0.9%0 (2SE, n = 20) for the July
2015  session.  Therefore, the Clarno kerogen
(8" 0pu = 14.3 & 0.1%0) was used as an internal reference
material to determine instrumental mass fractionation
(IMF, defined as [1000 x (**0/'°Opeasurea/ F0/ %Oue — 1))
taking place during ion probe measurements of OM oxygen
isotope composition (small quantities of this kerogen are
available upon request). Values for IMF of —31.2 + 0.5%0
are obtained for the February 2015 session using the 1280
HR ion probe, and of —30.2 4 0.9%o for the July 2015 ses-
sion using the 1270 E7 ion probe. All the 8'%0 data given
in Supplementary Table 2 have been corrected using these
IMF values, and their associated 2¢ uncertainties include
the error introduced by this correction.

In a detailed study of parameters influencing SIMS mea-
surement of the C isotope composition in OM, Sangély
et al. (2005) have shown that the atomic H/C ratio of the
OM has a strong effect on the measured C isotope compo-
sition, with variations of up to ~5%o for H/C ratios ranging
from around 0 to ~1.7. In this study, only one kerogen
sample is homogeneous enough to be used as an internal
OM standard, and, therefore, we cannot precisely evaluate
the role of varying H/C ratios on the measured O isotope
compositions. However, the range of H/C ratios for the
studied OM samples is relatively restricted, between 0.45
and 0.86 (Table 2). For such a range, the variations of
IMF for C isotope compositions are within about 1%o
(Sangély et al., 2005). Therefore, matrix effect-induced O
isotope variations are likely not significant in the studied
samples compared to all the other sources of uncertainty.
Anyway, this will have to be thoroughly tested once a set
of standard OM materials with a large range of H/C ratios
will be available for oxygen isotope measurements.

5.3. '30 variability in the coal and kerogen samples

The present SIMS data on fossil OM show the system-
atic presence of several per mill variations of the oxygen
isotopic composition both (i) at the micrometre-scale within
a given sample and (ii) in bulk between different samples
(Fig. 7). The Blind Canyon coal has 8'80 values ranging
from about 2-15%., with an average 5'0 of 8.7 + 3.6%o
(2SE, n=6) and a median 3'%0 of 8.6%0 (Table 2 and
Fig. 7). For the Illinois #6 coal, the 3'30 values range from
~4%o 10 33%o, with an average 5'0 of 16.6 & 2.6%0 (2SE,
n = 24), and a slightly lower median 3'*0 of 15.1% (Table 2
and Fig. 7). The oxygen isotope compositions of the kero-
gen samples are more homogeneous with similar average
and median 8'%0 values for each sample (Table 2 and
Fig. 7): 8'"0 values from ~12%0 to 18%o for the Clarno
kerogen, with an average 3'*0 value of 13.9 4 0.5%0 (2SE
and n = 43; median §'0 = 14.0%c), from ~12%o to 23%o
for the Zdanow kerogen, with an average 8'°0 value of
15.3 + 1.2%0 (2SE and n = 19; median '*0 = 14.8%0), from
~10%0 to 22%c for the Rhynie kerogen, with an average
3180 value of 19.0+2.1% (2SE and n=12; median
3180 = 19.3%0), and from ~26%o0 to 34%. for the Natron
OM, with an average 8'%0 value of 30.3 4 1.7%. (2SE,
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Fig. 6. Oxygen isotopic compositions (given as 3'0 values not corrected for instrumental mass fractionation) measured by SIMS on the coal
and kerogen samples (plotted according to their analysis number), after discarding spots compromised by the presence of mineral inclusions

(see text). Error bars represent 2¢ internal uncertainties.

n=29). Fig. 7 shows that there is a good match between
bulk 8'80 values measured by TC/EA-IRMS and average
3180 values calculated from SIMS analyses. This observa-
tion indicates that these two techniques apparently measure
the same O signals in OM, and cross-validates the two tech-
niques at the same time. Additionally, the SIMS technique
demonstrates the presence of a large 8'30 variability at the
micrometre-scale, which is potentially an important param-
eter to constrain the origin and preservation of the oxygen
isotopic signal in fossil OM.

5.4. O isotope signature preservation in OM over geological
times

One of the apparent characteristics of the kerogen and
coal samples revealed by SIMS analyses is the large spread
of their 8'%0 values. Such observation is not surprising.
Indeed, large isotopic variations of ~5-10%. around an

average value consistent with bulk determinations have also
been observed for in situ 8'*C values of individual microfos-
sils in kerogen samples (e.g., House et al., 2000; Wacey
et al., 2011; Williford et al., 2013). Similar observations
have also been made for 3'%0 values determined in situ in
cherts themselves, ranging in age from Eocene to Palaco-
proterozoic, indicating the absence of significant effects
due to diagenetic and/or late hydrothermal fluids since this
would tend to homogenise the O isotope compositions
(Marin-Carbonne et al., 2012, 2014). It has been argued
that the 8'°C values determined in sifu on microfossils
enclosed within cherts ranging in age from 0.8 to 3.4 Ga
represented pristine biological signatures that were not sig-
nificantly affected by post-deposition processes (House
et al., 2000; Wacey et al., 2011; Williford et al., 2013).
Organic precursors in the Eocene and Early Devonian
Clarno and Rhynie cherts, which did not suffer metamor-
phism, and in the Silurian Zdanow chert, which only
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Fig. 7. SIMS 8'%0 values corrected for IMF for the coal and kerogen samples versus sample ages. White triangles indicate the bulk 8'%0
measured by TC/EA-IRMS, and black rectangles represent median 8'%0 values calculated from SIMS analyses. Note the high 8'%0 of Natron
OM, which precipitated from hypersaline brines with elevated 3'30 values.
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experienced prehnite-pumpellyite to pumpellyite-actinolite
grade metamorphism, are well preserved (Bourbin, 2012;
Bourbin et al., 2013). Therefore, it is likely that the 3180
values measured on the Clarno, Rhynie and Zdanow kero-
gen samples were not affected by post-depositional pro-
cesses, representing, therefore, the pristine biological O
isotope signatures.

The coal samples were not protected within resistant sili-
cified host rocks contrary to the kerogens. Nothing is
known regarding effects of diagenesis and thermal matura-
tion on the O isotope signatures of buried OM. On the
other hand, it has been shown that thermal maturation
can alter indigenous 6D values, since an enrichment of D
in hydrocarbon fractions and individual hydrocarbons is
observed with increasing maturity (e.g., Dawson et al.,
2005, 2007; Radke et al., 2005; Schimmelmann et al.,
1999, 2006). Yet detailed studies have also shown that H
isotope signatures can be preserved in immature sedimen-
tary OM over hundreds of million years. For example,
Dawson et al., 2004 have shown that n-alkanes from low-
maturity Carboniferous and Permian torbanites (organic
matter-rich sediments) preserve 6D values that correlate
with the paleoclimate at the time of the OM deposition.
Similarly, Pedentchouk et al. (2006) found very little change
in n-alkane 6D values for maturities up to R, of 0.7%, and
argued that the preservation of subtle 6D differences
between compounds found in successive horizons suggests
little exchange of hydrogen. Finally, Tuo et al. (2006) anal-
ysed D/H ratios in hydrocarbons of Eocene coal samples
with maturation degrees similar to those of the Blind Can-
yon and Illinois #6 coal samples (R, ~ 0.5%) and argued
that their indigenous H isotopic signatures remained largely
preserved during diagenesis and the onset of OM matura-
tion. If isotopic signatures of H, a very mobile element, in
hydrocarbons in immature coal samples are not affected
by diagenesis, it is likely that their O isotope signatures also
remained pristine. Therefore, the 5'%0 values measured in
the immature Blind Canyon and Illinois #6 coal samples
most likely correspond to those of the OM from which
these coals formed.

5.5. From OM samples O isotope composition to water O
isotope composition

Coal and kerogen samples are a mixture of heteroge-
neous components and are, therefore, particularly difficult
to characterise, notably those formed in Phanerozoic conti-
nental environments. Elemental abundances of C, H, O, N,
and S provide a first order indication regarding their com-
position, which reflects both their origin, but also the degree
of thermal maturation as the latter induces progressive
losses of H, N, O, and S relative to C through thermal aro-
matisation (e.g., Vandenbroucke and Largeau, 2007,
Summons and Hallman, 2014). In addition, synchrotron-
based in situ techniques, such as scanning transmission X-
ray microscopy coupled with near-edge X-ray absorption
fine structure, provide information on the types of C-
containing functional groups (e.g., aromatic, aliphatic, car-
boxylic, alcoholic) in organic matter samples (e.g., Bernard
et al., 2009, and references therein). In a pioneer study,

Dunbar and Wilson (1983) analysed the bulk O isotope
composition of low rank coal, lignite and peat samples
from New Zealand, compared it with that of various coal
precursors such as cellulose, lignin and resins, and argued
that the major source of O in coal was cellulose. However,
the 8'80 values measured on low rank coal, lignite and peat
samples (880 ~ 19-21%0) were distinctly lower than the
8" 0cettutose Of ~27%o. Also, a fourth sample of higher rank
coal yielded a 8'30 value of ~13%., which is much more
consistent with the 8'%0 values measured by Dunbar and
Wilson (1983) on a resin sample (8'%0 ~ 11%0) and on
lipids extracted from a peat sample (8'%0 ~ 13%0). More
recently, Silva et al. (2015) analysed the O isotope compo-
sition of cellulose samples of various Cz and Cy4 plant spe-
cies and obtained 8'%0 values of ~26-34%., which is
about ~38 4 4%o higher than the average annual meteoric
water 880 value of —8%o. It is commonly assumed that
3180 ceimutose 1S elevated by ~27 4+ 4%0 compared to the
3'%0 of the leaf water present during its synthesis
(Epstein et al., 1977; DeNiro and Epstein, 1981; Cooper
and DeNiro, 1989; Sternberg, 2009), suggesting that about
10%o fractionation occurs during water transport from the
roots to the leaves of the plants. Silva et al. (2015) also anal-
ysed the O isotope composition of the lipid fractions of the
same plants and obtained 5180 values of ~13-17%o, about
~23 + 2%o above the average annual meteoric water 50
value. Cellulose quickly degrades during thermal matura-
tion of plant biomass, in contrast to plant lipids that can
persist in sediments due to their low biodegradability
(Matsumoto et al., 2007) and be transformed into insoluble
kerogens at moderate temperatures around 200-300 °C
upon burial (Shioya and Ishiwatari, 1983). Therefore, the
average O isotope compositions of the coal and kerogen
samples analysed here should be compared with typical
lipid O isotope compositions rather than with those of cel-
lulose fractions.

The kerogen extracted from the Eocene Clarno chert
mostly comprises remnants of continental plants (ferns,
angiosperms, bryophytes) that composed flora of a marsh
environment developed ~40 Myr ago in Oregon in the Wes-
tern US. Based on detailed isotopic studies carried out on
limestone and chert samples from the same age and the
same region, it has been proposed that meteoric water pre-
cipitation in that area around 40 Ma was characterised by
380 values around —14%o (Horton et al., 2004;
Abruzzese et al., 2005). Waters in marsh environments typ-
ically experience intense evaporation processes, and are
often characterised by 8'0 values ~6-10%0 higher com-
pared with local meteoric waters (e.g., Monjerezi et al.,
2011; Alvarez et al., 2015). Therefore, we postulate here
that waters in which the Clarno flora lived were charac-
terised by 8'%0 values of around —6 + 2%o.. Based on this
water O isotope composition and using the average SIMS
580 signatures measured in Clarno kerogen, we can calcu-
late a value for A®Oyerogen-water Of 19.9 +2.1%0. Such a
value is consistent with the Alsolipid_waler obtained by
Silva et al. (2015). Although different in nature, floras at
the origin of the Rhynie kerogen and the Blind Canyon
and Illinois #6 coal samples likely flourished in similar
quiet, swampy and marshy environments. Using the



36 R. Tartese et al./ Geochimica et Cosmochimica Acta 182 (2016) 24-39

Algokemgen_wmr value determined based on the Clarno
kerogen, 5'%0 values of —11.2 4 4.1%0, —3.3 + 3.3%0 and
—0.9 +2.9%0 can be determined for waters coeval with
OM at the origin of the Blind Canyon, Illinois #6 and Rhy-
nie samples, respectively. Such a range for 8%Ouaer is
within the range of present-day continental waters (3'%0
values range between around 5% and —20%o, based on
the composition of 8939 surface water samples collected
between 1990 and 2015 compiled in the IAEA Global Net-
work of Isotopes in Rivers database, https://nucleus.iaea.
org/wiser/gnir.php). While these estimates are associated
with a few per mill uncertainties, it is interesting to note
that there seems to be a correlation between these 880 ater
estimates and the rough latitude of the palaeo-
environments from which these samples originate, similarly
to what is observed today for surface waters. The lowest
3180 yater estimates are for the US Clarno and Blind Can-
yon samples that formed at a latitude of around 40-45°N
(Scotese et al., 1988), where present-day surface waters have
5'%0 values clustering around —10%o. At variance, the Illi-
nois #6 and Rhynie samples formed at latitudes of around
0° and —20°S, respectively (Scotese and McKerrow, 1990),
and their 8'80,.r appear slightly higher, in agreement
with most present-day surface waters at these latitudes
(5'%0 values from ~0 to around —5%o).

In contrast to the continental OM from the coals,
Clarno and Rhynie samples, the OM extracted from the
Natron and Zdanow cherts originate from marine microor-
ganisms (i.e., cyanobacteria). If numerous studies have
investigated the O isotope composition of carbonates asso-
ciated with cyanobacteria in order to derive palaco-climatic
and palaeo-environmental information (e.g., Pentecost and
Spiro, 1990; Andrews et al., 1993, 1997), we are not aware
of any O isotope investigation of cyanobacteria organic tis-
sues. A handful of studies have reported the O isotope com-
position of microbial cells and spores (e.g., Kreuzer-Martin
and Jarman, 2007) and of chitinous invertebrate remains,
such as chironomid larva head capsules (Wooller et al.,
2004, 2008; Wang et al., 2009; Verbruggen et al., 2011),
and showed that their O isotope signatures were strongly
correlated with the 8'®0 of the water in which they grew,
~70% of the total organic oxygen being derived from ambi-
ent water (Kreuzer-Martin and Jarman, 2007; Wang et al.,
2009). The relationship between 8300y and 880 aer for
both microbe spores and chironomid larva head capsules
were consistent with each other, being approximately given
by 8"%00m ~ 0.75 (£0.05) x 88 0yaeer +19.5 (£1.0), in
other words 5'®0gy; is enriched by around 20%o compared
to ambient waters.

The OM extracted from the Natron chert sample mostly
contains cyanobacteria remnants. According to Behr and
Rohricht (2000), these cherts essentially formed by silicifica-
tion of calcified cyanobacteria mats in very shallow water
pools containing high salt and silica concentrations. The
lakes Magadi and Natron are fed by hot springs charac-
terised by 8'80 values around —4%o to —1%o (O’Neil and
Hay, 1973; Hillaire-Marcel and Casanova, 1987). Intense
evaporation results in increasing 8'%0 values of the lakes’
waters. Analyses of stromatolites around the Lake Natron
yielded 8'%0 values of ~33.5 & 0.5%0 (Hillaire-Marcel and

Casanova, 1987), corresponding to 3% 0yater values of
~4.0 4+ 2.1%0 assuming calcite formed in equilibrium with
water at 30 & 10 °C. At present, 8'%0 values of up to ~8—
10%0 have been reported for present-day hypersaline brines
(O’Neil and Hay, 1973; Hillaire-Marcel and Casanova,
1987), consistent with elevated 8'30 values of up to ~12%o
we obtained on similar hypersaline brines collected in
2012. At the time of silicification, the cyanobacteria colonies
likely co-existed with such supersaturated hypersaline brines
with extreme silica abundances (20-60 ppm SiO, and 50-
100 ppm SiO, in streams and hot springs, respectively, and
~300-1500 ppm SiO, in waters and borehole brines of the
Lake Magadi; Jones et al., 1977). Therefore, we assume that
cyanobacteria in the Lake Natron co-existed with highly
evaporated brine-type waters at the time of silicification.
Considering a range of value for 5"80yaer between 8%o
and 12%o, and the average SIMS 5'80 value measured in
Natron OM of 30.3 £ 1.7%o, yields ABO0M.water i @ cON-
servative range comprised between ~18 +2%0 and 22
4 2%o. Interestingly, this range is consistent with the
A®Oopwater determined from microbe spores and chirono-
mid larva head capsules. A possible effect of temperature
cannot be precisely assessed from this study and this likely
adds a further ~1%o uncertainty to the ABOoM.water
estimated here for cyanobacteria. Using the range of
ABOOM.water estimated using the Natron OM and the aver-
age SIMS 8'%0 signatures of the Zdanow kerogen yields an
estimate of —5 + 4%o for the corresponding 5"80yater, Which
is consistent with the O isotope composition of Early Silurian
seawater around —5+ 1%0 estimated by Veizer and
Prokoph (2015) based on analysis of brachiopod carbonates.

6. CONCLUSION

In this study, we have demonstrated that the O isotope
composition of organic matter, in the form of coal and
kerogen samples, can be determined accurately at the sub-
per mill level using secondary ion mass spectrometry. The
3'%0 values determined by SIMS are on average consistent
with the bulk 8'%0 values determined by TC/EA-IRMS,
but often display large (~5-10%o0) spreads of 8'*0 showing
the presence and preservation of organic compounds with
variable initial 3'%0 values. Most of the 3'®0 values
obtained on two immature coal samples and two kerogen
residues extracted from the Eocene Clarno and Early Devo-
nian Rhynie continental chert samples range between ~8%o
and ~22-24%.. Average 8'%0 values of these samples yield
estimates for coeval 8'80yqte, from around —11%o to —1%e,
which are within the range of present-day continental
waters. Analyses of cyanobacteria remnants from the Sil-
urian Zdanow chert sample yielded §'%0 values in the range
12-20%o. Based on the O isotope composition measured on
recent fossil cyanobacteria from the hypersaline Lake
Natron in Tanzania, and on the O isotope composition of
the lake waters in which they lived, we argue that 5'%0 val-
ues of cyanobacteria remnants are enriched by about ~18
=+ 2%o to 22 + 2%o0 compared to coeval water. This relation-
ship suggests that deep ocean waters in which the Zdanow
cyanobacteria lived during Early Silurian times were char-
acterised by 8'30 values of around —5 + 4%o. In this study
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we have focussed on Phanerozoic remnants of organic mat-
ter samples, derived from both continental and marine envi-
ronments. Future studies notably targeting O isotope
measurements of early-life remnants found as kerogens pre-
served in Archean cherts have the potential to provide cru-
cial clues regarding the O isotopic composition of Archean
oceans. Ultimately, combining these new constraints with
the Archean chert O isotope record would allow recon-
structing the temperature of oceans on the Early Earth.
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