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As a sub-type of micrometeorites, I-type cosmic spherules form by complete melting and oxidation of
extraterrestrial Fe, Ni metal particles during their atmospheric entry. All oxygen in the resulting Fe, Ni
oxides sources from the Earth’s atmosphere and hence makes them probes for the composition of
atmospheric oxygen. When recovered from sedimentary rocks, they allow the reconstruction of the
triple oxygen isotope composition of past atmospheric O,, providing quantitative constraints on past
CO:, levels or global primary production. Here we establish using fossil I-type cosmic spherules as an
archive of Earth’s atmospheric composition with the potential for a unique record of paleo-
atmospheric conditions dating back billions of years. We present combined triple oxygen and iron
isotope compositions of a collection of fossil I-type cosmic spherules recovered from Phanerozoic
sediments. We reconstruct the triple oxygen isotope anomalies of past atmospheric O, and quantify
moderate ancient CO, levels during the Miocene (~8.5 million years) and late Cretaceous (~87 million

years). We also demonstrate this method’s competitive precision for paleo-CO, determination,
despite challenges in finding micrometer-sized unaltered fossil I-type cosmic spherules. Our work
indicates that morphologically intact spherules can be isotopically altered by terrestrial processes,

underscoring the need for rigorous sample screening.

Earth receives a continuous flux of small extraterrestrial particles. When
hitting the Earth’s atmosphere with hypervelocity, such particles are visible
as shooting stars. The remnants of such objects are termed micrometeorites
and comprise particles smaller than 2 mm'. Those micrometeorites that
suffered complete melting in the upper atmosphere at 85 - 90 km are termed
cosmic spherules’. Micrometeorites with terrestrial ages <2 Ma (hereafter
referred to as modern) can be collected in Antarctica or even from roof tops,
with the latter being called urban micrometeorites with very young decades
or centuries long terrestrial ages. Geologically old fossil micrometeorites are
preserved in sediments with the oldest record dating 2.7 Ga back in Earth’s
history’™®. Iron-rich I-type cosmic spherules are virtually the exclusive
component in fossil micrometeorite collections due to their resistance to
weathering®. The I-type cosmic spherules are composed of Fe, Ni oxides,
namely wiistite (FeO) and magnetite (Fe;O,) and residual metal’. Their
I-type micrometeorite precursor consists of Fe, Ni metal alloy, which is
gradually oxidized in molten state during atmospheric interaction’. Thus,
the entire oxygen in I-type cosmic spherules originates from the atmo-
sphere, which is, e.g., CO, for the Archean or O, for younger samples after
the Great Oxidation Event'*'".

It has been demonstrated on Quaternary Antarctic I-type cosmic
spherules that the triple oxygen isotope anomaly of air O, can be recon-
structed from combined triple oxygen and iron isotope compositions'*'".
Both, oxygen and iron in unaltered modern I-type spherules are enriched in
heavy isotopes due to evaporation during atmospheric entry'*"”. The iron
isotopes are used in this approach as proxy for the degree of atmospheric
evaporation, because iron is only affected by evaporation and, unlike oxy-
gen, not by exchange with the atmosphere.

Atmospheric O, carries a 7O oxygen isotope anomaly that is iso-
topically homogenous up to ~80km'. The oxygen isotope anomaly
observed in atmospheric O, is a function of atmospheric CO, levels or the
global primary production (GPP)“™". The “O depletion of air O,
counterbalances the O enrichment of stratospheric Os and CO,.
The larger the stratospheric CO, reservoir, the larger the negative
anomaly of O,. Anomalous O, is diluted by isotopically normal O,
from photosynthesis, ie., the anomaly of O, becomes smaller with
increasing GPP. The triple oxygen isotope composition of air O, hence is
a proxy for the size of the atmospheric CO, reservoir (i.e., CO, mixing
ratio) or GPP.
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Variations in the oxygen and iron isotope ratios are expressed with the
§ notation with Vienna Standard Mean Ocean Water (VSMOW) as
reference scale for oxygen and IRMM-14 for iron isotopes' (Eq. 1).
Equation 1 can equally be written for §'7O as well as for §°Fe and §” Fe with
*'Fe in the denominator of the isotope ratio expressions.
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Deviations in 870 from a reference line are expressed in the A7O
notation (Eq. 2). For A0, we use a reference line (RL) with a slope of
Age = 0.528 and zero intercept”"". Similarly, Eq. 2 can be used to express
deviations from the correlated relation of §°Fe and §”Fe (A“°Fe notation).
We use the high-temperature approximation for triple iron isotope equili-
brium fraction as a reference line with Ag; = 0.678 for A“°Fe”.
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Modern I-type cosmic spherules have §'°0 values up to 57%o and §*°Fe
up to 45%0'""". Reported AO and A™Fe of modern spherules vary
between —0.5%o0 and —0.8%o and —0.05%o and —0.18%o, respectively'*".
No such combined triple oxygen and iron isotope data have been published
on fossil I-type cosmic spherules yet. This is due, on the one hand, to alack of
analytical precision in A’’O analysis of established techniques for samples
as small as fossil I-type cosmic spherules with diameters predominantly
<200 um. On the other hand, it is not known whether widely abundant
chemical and mineralogical diagenetic alteration of fossil I-type cosmic
spherules™” also affects their oxygen and iron isotope composition.

Here, we report triple oxygen and iron isotope data of fossil I-type
cosmic spherules that were collected from sedimentary rocks of Silurian to
Miocene age (~411-7 Ma). We present a technique for the combined
analysis of oxygen and iron isotopes of small samples. We also provide
details of a non-destructive technique on the identification of diagenetic
alteration in a large set of cosmic spherules. We evaluate the isotopic results
for their potential to reconstruct past atmospheric A’ 70, CO, levels, or GPP,
and compare their precision and significance to established CO, proxies.

Results and discussion

Spherule characteristics and isotopic compositions

In total 92 micrometeorites were extracted from six sediments from dif-
ferent localities spanning the Carboniferous to Cretaceous periods. In
addition, eight micrometeorites from existing collections***' were included
in the study, extending the investigated time span from Silurian to Qua-
ternary periods (Supplementary Table S1). All micrometeorites are I-type
cosmic spherules. The spherules have diameters between 18 and 429 pm
(Supplementary Table S2). The estimated masses of individual spherules,
based on their diameters and assumed bulk density of 5gcm ™ *, range
from 0.02 to 103 pg with a median mass of 0.2 pg.

The I-type cosmic spherule exteriors show characteristic dendritic
textures and no signs of terrestrial alteration in the secondary electron
images (Fig. 1). The samples” surface mineralogy, determined with the
Energy Dispersive X-ray detector (EDX), is composed of Fe oxides. Nickel is
present in two Miocene spherules with 1.80 wt% (MDC-D4) and 4.28 wt%
(MDC-A5) and Cretaceous spherule SUT11-3 with 0.52 wt% (Supple-
mentary Table S3). Cobalt is abundant in one Carboniferous spherule with
0.50 wt%. Chromium is present in two Permian spherules and three Cre-
taceous spherules with concentrations between 0.08 wt% and 0.78 wt%.
Manganese is detectable from the surface EDX analyses in ~50% of the
analyzed I-type cosmic spherules with abundances between 0.21 wt.%
and 1.85 wt.%.

The triple oxygen isotope composition was determined for one
modern (MA-9) and 20 fossil I-type cosmic spherules large enough for
individual analysis (>1 pg”). The results are listed in Table 1. Modern
sample MA-9 was split into several aliquots to match the small mass of the
individual fossil spherules. The investigated I-type cosmic spherules show
two distinct patterns of triple oxygen isotope variations (Fig. 2). Most
samples cluster between 2.8%o and 10.0%o in §'*0, with a A"”O of —0.48%o
to -0.08%o referred hereafter as the low 8O population. A second group
comprising of five I-type cosmic spherules scatter in a wider range with
elevated 8O between 21.9%o and 54.0%o and A’’O values between
—1.54%0 and —0.03%o. Four of the high- §'*0 specimens, including one
modern, one Miocene and two Cretaceous spherules, fall on an extra-
polated linear triple oxygen isotope trend described by modern Antarctic
I-type cosmic spherules. Miocene sample MDC-D4 and Cretaceous
sample SUT11-3 have triple oxygen isotope compositions in the range of
unaltered modern specimens (8"0 = 39-48%o, A’O = —0.5 to —0.8%o,
Fig. 2). Cretaceous sample SUT16-1 is on an extended range of the trend
described by modern I-type cosmic spherules with a "0 of 21.9 and a
A0 of —0.03%o. The Miocene sample MDC-A5 has a distinctively low
A0 of —1.54%o, deviating from the trend of modern Antarctic I-type
cosmic spherules with an offset of —0.83%o.

The triple iron isotope composition was determined for one modern
(MA-9) and 12 fossil I-type cosmic spherules that were large enough for
individual analysis (Table 1). A majority of the I-type cosmic spherules
cluster around 0%o in 5*°Fe, 6 Fe and A®Fe (Fig. 3). Four I-type cosmic
spherules, including one modern, two Miocene and one Cretaceous speci-
men, show enriched §°Fe and §”Fe of 12.1%o to 34.6%o and 18.0%o to
51.7%o, respectively. The four heavily fractionated I-type cosmic spherules
follow a linear trend described by modern Antarctic I-type cosmic
spherules'’ in the A®°Fe versus 6" Fe space with A“Fe values down to
—0.26%o (Fig. 3). The A®Fe of the isotopically heavy fossil I-type cosmic
spherules is compatible with Rayleigh-type evaporation of Fe and FeO and
Graham’s law kinetic fractionation” with no back-reaction between the
spherule and the evaporated gas'' and thus indicative of a preserved primary
atmospheric signal.

The diagenetic alteration of cosmic spherules

The presence of Mn in I-type cosmic spherules is diagnostic of diagenetic
terrestrial alteration’. Manganese should be absent in the Fe-oxides as
extraterrestrial metal does not contain any lithophile Mn”. Leaching of Ni,
Cr and Co, otherwise occurring in detectable amounts in pristine I-type
cosmic spherules, is accompanied by implantation of lithophile cations such
as Mn, but also Na, Mg, Aland Si'. We demonstrated that the Mn to Fe ratio
can be readily determined with non-destructive micro X-ray fluorescence
(Supplementary Fig. S1). Micro X-ray fluorescence can be utilized to
investigate a large number of spherules for terrestrial alteration (i.e., Mn/
Fe>5x107) in a time- and resource-efficient manner. The investigated
samples in this study show that terrestrial Mn is common in fossil I-type
cosmic spherules, independent of host rock lithology and residence time
(Supplementary Table S3). The enrichment of Mn is thus likely driven by
the abundance of Mn in diagenetic pore fluid.

Fossil I-type cosmic spherules fall into two groups. A small group
preserved atmospheric high 8O and 6*Fe, with elevated Ni and no
detectable Mn. A large group shows low 80 and §*Fe and elevated Mn
(Supplementary Fig. S2). The iron isotope composition of Mn-bearing I-
type cosmic spherules investigated here indicates complete mobilization
and replacement of extraterrestrial Fe with terrestrial from diagenetic fluids,
accompanied with terrestrial values around 0%o in §°Fe, §’Fe’*”” and A*Fe
(Fig. 3). Thus, the strong enrichment in heavy iron isotopes **Fe and *"Fe
seen in pristine I-type cosmic spherules (occurring during evaporation in
the atmosphere) is not preserved in diagenetically altered specimens.

The 60 and A0 variations in the low- §'®0 population can be
explained by mixing of inherited primary atmospheric O, with oxygen
obtained from equilibration with terrestrial fluids (Fig. 2). The degree of
oxygen exchange between unaltered and altered endmembers was estimated
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B) MDC-A5

D) A38-FZ2 _

Fig. 1 | Scanning electron microscope secondary electron images of I-type cosmic
spherules. Displayed are nine of the investigated spherules, exhibiting different
types of larger and smaller external dendritic textures. The figure shows samples
from the modern Antarctic sedimentary trap (A), Miocene marl (B), Cretaceous

C) TN1-N1-1

) H24-11

lime marl (C), Triassic paleosoil (D), Triassic arkosic sandstone (E, F), Permian
Halite (G, H), and Carboniferous Limestone (I). The images were taken prior to the
cleaning procedure for oxygen isotope analysis. Some samples show fragments of the
host sedimentary rocks sticking at the surface (B, C, D, I.

with a reconstruction of the mixing curve™ between hydrosphere-
equilibrated Fe-oxides and original, evaporated atmospheric Fe-oxides.
Under equilibrium low-T conditions there is little oxygen isotope fractio-
nation between magnetite and water’>”’. Among the diagenetically altered
fossil I-types the degree of exchange of oxygen by oxygen from meteoric
water ranges from 65% to 90%. The observation of oxygen exchange with
pore fluid is consistent with recrystallization of magnetite from primary
wiistite in a terrestrial diagenetic setting”.

We conclude that triple oxygen and iron isotopes can be utilized to
assess the proportions of atmospheric signals that are still preserved in the
low 80 population despite chemical alteration (traced by Mn enrichment).

Reconstructing ancient atmospheric oxygen isotope composi-
tions and paleo-CO, levels

We identified four fossil I-type cosmic spherules that entirely preserved their
original (from atmospheric interaction) oxygen and iron composition (no
Mn enrichment and high 8O and §°Fe). These unaltered fossil I-type
cosmic spherules are the Late Miocene samples MDC-A5 and MDC-D4
(~85-6.9Ma) and late Cretaceous samples SUT11-3 and SUT16-1
(~87 Ma). The samples fall on the §"O versus §°Fe trend described by
modern, unaltered I-type cosmic spherules (Fig. 4A). The relation of A7O
and 6°Fe of the high- 8§'°0 specimens agrees closely with the kinetic frac-
tionation trend described by modern I-type cosmic spherules (Fig. 4B).

Sample SUT16-1 has a lower §"°0, A7O and §Fe than the other three
samples, suggesting low grades of evaporation at atmospheric entry. The
good agreement with modern, unaltered spherule entry dynamics indicate
that the oxygen in the spherules sources from the Miocene (MDC-A5 and
MDC-D4) and Cretaceous (SUT11-3 and SUT16-1) Earth atmosphere.
However, Miocene sample MDC-AD5 falls off the trend and shows a very low
A’V0 (—1.54%o), which we relate to the analytical uncertainty of that sample
with ~65% blank contribution (average blank = 44%). We therefore exclude
this sample from further discussion on the atmospheric composition,
although it otherwise appears structurally, chemically and isotopically
(except A"Q) pristine. The §"0 (45.4%o) and 8"Fe (25.5%o0) of MDC-A5
match well within the distribution of other unaltered I-type cosmic spher-
ules (Fig. 4A).

Unaltered fossil I-type cosmic spherules can be used to derive the A7O
of ancient atmospheric O, and, consequently, to constrain past pCO, or
GPP at these time intervals. Modern pristine I-type cosmic spherules fall on
a linear trend in the triple oxygen isotope space (A0 versus §'°0, Fig. 2)
with a slope of A = 0.4995 + 0.0003 (1SD) and an intercept of 0.57 + 0.13%o
(1SD)"". The slope is defined by the atmospheric entry processing (kinetic
evaporation and oxygen exchange) of the cosmic spherules, which we
assume to be similar for modern and fossil specimens. The intercept of the
regression function is expected to shift with shifting A’O of atmospheric O,
(modern A™O =—0.432%0'"). With this approach, it is possible to
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Table 1 | Triple oxygen and triple iron isotope composition of
investigated I-type cosmic spherules

Sample  Geologic 80 8§"%0(%) A0 &%Fe &Fe A°Fe
ID period (%0) (%o0) (%o) (%o) (%o)
MA-9 Quaternary  27.1  54.0 -1.03 33.9 50.7 -0.19
MDC- Miocene 221 454 -1.54 255 38.3 —0.26
A5

MDC- Miocene 248 49.2 —-0.81 34.6 51.7 -0.18
D4

SUT11-  Cretaceous 21.1  41.2 -0.46 1241 18.0 —0.04
3

SUT16-  Cretaceous 115 21.9 -0.03 0.0 0.1 —0.02
1

SUT-C1  Cretaceous - = = 0.8 1.2 —0.03
A38- Triassic 3.0 6.5 -043 -0.2 -0.2 —0.06
Fz2

AP1-1 Triassic 4.0 7.7 -0.08 - - -
AP1-2 Triassic 2.0 6.1 fil. - - -
AP2-1 Triassic 3.7 7.3 -0.18 - - -
AP2-2 Triassic 3.3 8.0 fil. 0.1 0.1 0.06
AP2-3 Triassic - - - -0.5 -0.7 —0.05
AP2-4 Triassic - - - -0.3 -0.4 —0.06
AP3-2 Triassic 2.3 4.7 -022 - - -
AP3-4 Triassic 4.9 10.0 -0.33 - - -
AP3-5 Triassic 4.3 7.4 fil. - - -
AP3-6 Triassic 241 5.2 fil. - - -
AP4-1 Triassic 3.4 6.8 -021 - - -
AP4-2 Triassic 3.8 7.7 -0.31 -0.1 -0.1 —0.02
AP4-3 Triassic 4.2 8.7 -041 - - -
AP4-4 Triassic 25 5.1 -0.14 - - -
AP5-2 Triassic 2.0 2.8 fil. - - -
AP8-2 Triassic 4.0 8.6 -048 - - -
G1-5-4 Permian - - - 0.1 0.4 —0.11
SUT22-  Silurian 3.7 7.3 -0.20 03 0.5 —0.02

1

The symbol “~” denotes not analyzed values and “fil.” denotes A*'"O filtered for an O, amount
<10 nmol. §'’0 and 6'®0 reported against VSMOW, A0 relative to a reference line with a slope of
0.528 and zero intercept. 6Fe and 6°’Fe reported against IRMM-014, A*°Fe relative to a reference
line with a slope of 0.678 and zero intercept. Uncertainties are: 6'70 = 0.3%. (1SD), §'°0 = 0.6%0
(1SD), A0 = 0.08%o (1SD), 5°Fe = 0.8% (2SD), 6"'Fe = 1.3%. (2SD), A°Fe = 0.04%o (2SD).

reconstruct the A0 of ancient atmospheric O, directly, even from the
isotope composition of a single fossil I-type cosmic spherule that has pre-
served its primary atmospheric signal (Eq. 3).

NVTONRO = ATOFEME | 00285 x '8 OPME — 1.005%  (3)

Using Eq. 3, the modern Antarctic I-type cosmic spherule from this
study (MA-9) yields a value of -0.49 + 0.08%o for A”O of atmospheric O,,
which is in good agreement with direct measurements of -0.432%o'". The
reconstructed paleo-atmospheric A"”O values for the investigated unaltered
fossil spherules are —0.29+0.08%o for Cretaceous samples SUT11-3,
—0.41 £ 0.08%o for SUT16-1 and —0.42 + 0.08%o for Miocene MDC-D4.

The A0 of paleo-atmospheric O, provides information about pCO,
and/or GPP (Eq. 4)'"". For the paleo-pCO,, we first adopt published GPP
estimates’. The pCO, is further depending on the atmospheric pO, to
pCO, ratio”. A 50% decrease in pO2 from the modern value of 21% is
reflected in a decrease of the atmospheric O, A™7O by -0.13%0". A —0.13%o
lower A0 of atmospheric O, would result in a ~300 ppmv higher pCO, at
a constant GPP (Eq. 4). In this study we apply the paleo-pCO,

reconstruction on Quaternary to Cretaceous spherules, periods with rela-
tively stable pO, compared to the modern value®. Possible fluctuations of
the pO, in the range of +5% do not affect the pCO, reconstruction above the
analytical precision (+180-370 ppmv [1SD]). We thus apply Eq. 4 to the
atmospheric O, A’”O with using the models modern day pO, estimate"’.
The paleo-pCO, reconstruction based on the A’”O of spherules older than
the Jurassic would need an adaption of the model Eq. 4 is based on" to
account for higher or lower paleo-pO.,.

pCO, (ppmv) = — 7.768 x GPP + 0.005 x GPP* — 300.810
x AV OM™O: _ 288 273 x (A7 OM™O: ) — 22219
x GPP x A'70%™0: _ 28 668
(4)

Using Eq. 4, the modern Antarctic I-type cosmic spherule MA-9 sug-
gests a pCO, of 417 + 180 ppmv (1SD), consistent with pre-industrial CO,
levels of 280 ppmv. The millennium-long residence time of atmospheric O,
prevents the anthropogenic rise in pCO, from immediately impacting
modern atmosphere’s A”7O", The pCO, reconstruction of MA-9, supported
by published data on Antarctic I-type cosmic spherules'*"!, validates the
overall approach. However, the interpretation of the reconstructed pCO, data
is challenged by the relatively large uncertainty resulting from analyzing such
small samples in the lowest microgram range for their A0 (+0.08%o [1SD],
resulting in pCO, + 180-370 ppmv).

Miocene spherule MDC-D4 with an age of ~8.5 Ma® yields a pCO, of
294 + 220 ppmv. Cretaceous specimens SUT13-11 and SUT16-1 with ter-
+360

_o bpmv

and 500 + 370 ppmv. The average pCO, from the two 87 Ma Cretaceous

restrial residence ages of ~87 Ma’ suggest pCO, levels of —40

. +250
spherules is 230 230 PPMY-

Significance of the reconstructed CO; levels

All reconstructed paleo-atmospheric CO, levels, based on the A7O of
I-type cosmic spherules, agree within uncertainty with existing proxy data
(LOESS fit)* and CO, level models (GEOCARBSULF)*** at the respective
time intervals (Fig. 5). The spherule, proxy and model data indicate
moderate CO, levels in modern times (<2 Ma) as well as 10 and 90 million
years ago.

The analytical precision of this dataset is +0.08%o for the A”’O of iron
oxides as small as 1 pg (10 nmol O,), resulting in pCO, reconstructions with
an uncertainty between +180 and +370 ppmv. The precision of the A7O
analysis dominates the reconstruction precision because it is directly
translated into the precision of the reconstructed A”’O of atmospheric O,
(Eq. 3), which in turn provides information on the atmospheric CO,
reservoir (pCO,) and bio productivity (GPP).

Existing proxy collections include 8"°C in liverworts, alkenones (phy-
toplankton) or paleosols, leaf stomata density and index of land plants and
boron isotopes in foraminifers™*”". The pCO, uncertainty in this study
(+180-370 ppmv) is of the same magnitude of the average uncertainty
of existing proxies for the Miocene and Cretaceous, which range from
+120

—70 P
The weakness of most existent proxies is that they become less available and
increasingly imprecise (several thousand ppmv) with geological age and
increasing pCO, (Fig. 5). The biological and geochemical pCO, proxy
uncertainties result, next to diagenetic loss of bio-geochemical tracers, from
model dependent error estimates that are strongly influenced by calibration
of fossil measurements to modern counterparts and imprecise input para-
meters of transfer functions™**, Corresponding fits (LOESS) based on these
proxies, therefore, become increasingly imprecise and are not used for time
intervals older than 420 million years (i.e., Devonian).

Our study shows the feasible reconstruction of pCO, from the A™”O of
asingle, intact I-type cosmic spherule across various time intervals (Miocene

33,36,37

pmv in the Miocene to ti?g ppmv for the Upper Cretaceous
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Fig. 2 | Plot of the A0 versus §'°0 of the I-type V Modern ICS
cosmic spherules (ICS). The linear regression (gray 0.25 1 Meteoric waters O Miocene ICS
solid line) is defined by modern I-type cosmic / B Cretaceous ICS
spherules''. The majority of fossil spherules are @ Triassic ICS
diagenetically altered (black ellipse). The gray-blue 0.00 +- oy &> Silurian ICS -
dashed curves represent equilibration of oxygen NG ¢
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Fig. 3 | Plot of the A“°Fe versus 8°"Fe of investigated i .
I-type cosmic spherules (ICS). Modern Antarctic 0.1 T Rayle!gh—Graham: Fe
I-type cosmic spherules from the literature'' are Chondritic metal Raylelgh-Graham: FeO
presented as reference (gray triangles). The com- (Wang et al., 2023) A Modern ICS (Fischer et al., 2021)
position of chondritic metal® is depicted as the
presumed precursor of I-type cosmic spherules. The 0.0
slope of the regression line described by modern | | 7Tl
specimens (gray solid line) can be explained by Modern ICS
Graham’s law fractionation for Rayleigh-type eva- —_ |
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and Cretaceous) with a consistent precision of < + 400 ppmv. This degree of
precision should extend throughout the entire Phanerozoic and even
throughout the Precambrian, given the enduring geological preservation of
I-type cosmic spherules, with the oldest record of unaltered I-type cosmic
spherules dating back to 2.7 Ga’.

Potential and limitations of the atmospheric proxy

The oxygen isotope analytical method used in this study suits samples as
small as 1 ug or 10 nmol of O,, challenging the analytical limits of the laser
fluorination technique for micrometer-sized cosmic spherules™. The ~1 pg
samples allow for an external reproducibility of +0.04%o for A"7O”, close to
the 0.03%o internal precision of a gas-source isotope ratio mass spectrometer
(Supplementary Fig. S3), potentially reducing the pCO, reconstruction

uncertainty to £90-185 ppmv compared to +£180-370 ppmv reported in
this study.

Carbonate rocks are currently the sole source of I-type cosmic spher-
ules unaffected by terrestrial weathering’™, a conclusions supported our
findings. Targeting carbonate host rocks can yield larger populations of
pristine spherules, notably reducing uncertainty in pCO, reconstructions, as
larger sample quantities allow for considerably improved precision. For
instance, sampling 10 pristine spherules could achieve an average A’7O
uncertainty better than 0.025%o, leading to pCO, reconstructions of ~50
ppmv, irrespective of the examined time interval.

We demonstrated that even diagenetically altered fossil I-type cosmic
spherules (low 8'O-population) remain useful for paleo-atmosphere
reconstruction, because they still contain some oxygen (10 - 35%) of
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Fig. 4 | Plots of the oxygen isotope composition A i N
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Fig. 5 | Reconstruction of paleo-atmospheric CO,
concentrations. Displayed are pCO, reconstruc-
tions determined in this study based on fossil I-type
cosmic spherules (labeled) in comparison to pub-

lished data throughout the Phanerozoic, recon-
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atmospheric origin. Low A*7O values of altered fossil specimens indicate a
lower A"”O of the atmospheric O, component. For example, altered Middle
Triassic spherules show A"7O values as low as —0.48 +0.08%o (Fig. 2).
Accounting for diagenetic influences (ie., substitution of atmospheric
oxygen with oxygen from meteoric water), the unaltered endmember A’O

might be as low as approximately —1.20 + 0.08%o (Fig. 2). The investigated
Silurian spherule with a A”7O of —0.20%o is indicative of a higher A“’O of
atmospheric O, with respect to the Triassic specimens. However, more
unaltered spherules should be isolated in order to confirm the conclusion of
modern-like A’O of the Silurian atmosphere.
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Pristine fossil I-type cosmic spherules that preserved the entire atmo-
spheric O, signal are, however, the primary target for paleo-atmospheric
reconstruction. The current analytical capabilities provide pCO, estimates
from one individual unaltered spherule that are comparable or exceeding
other existing CO, proxy and model uncertainties especially with increasing
geologic age™ . The extraction of unaltered I-type cosmic spherules from 2.7
Ga old carbonates’ is promising in this context. The oxygen isotope com-
position of unaltered I-type cosmic spherules has the potential to trace paleo-
atmospheric processes further back in time than any other existing proxy.

Methods

Samples

We included I-type cosmic spherules from ten localities in this study
(Supplementary Table S1). The sedimentary host rocks include marl,
limestone, dolocrete, arkosic sandstone and rock salt (halite). A modern
Antarctic I-type cosmic spherule from the TAM collection (sediment trap
#65) was included as a reference sample’'. The I-type cosmic spherules in
this study span Silurian to Quaternary ages (Supplementary Table Sl1),
covering a wide range of discrete points within the Phanerozoic Eon***"*~*,
Varying amounts of rock between 6 kg and 49 kg were collected from each
locality (Supplementary Table S2), depending on the expected number of
I-type cosmic spherules in the respective rock type. I-type cosmic spherules
from existing collections were also examined in this study™’.

Micrometeorite extraction

The I-type cosmic spherules were extracted with methods adjusted to the
respective host rocks. We focused on collecting the magnetic fraction of each
rock for the subsequent search for I-type cosmic spherules with an optical
microscope. The magnetic fraction in all the selected lithologies makes up a
small proportion of the total rock mass. Possible I-type cosmic spherules can
be concentrated efficiently in small magnetic fraction quantities from a large
sample quantity (Supplementary Table S2).

The I-type cosmic spherule candidates were identified microscopically
(round shape and dendritic texture) and first mounted on double sided tape.
That setup was used for micro X-ray fluorescence (uXRF) investigation
of the I-type cosmic spherule candidates. The candidates were subsequently
mounted and carbon coated on pin stubs for imaging and chemical
analysis of the micrometeorite surfaces under the scanning electron
microscope (SEM).

Micro X-ray fluorescence

Geochemical investigations were conducted at the University of Géttingen,
Germany. The I-type cosmic spherules were scanned for their Mn to Fe ratio
and possible Ni content with a Bruker M4 TORNADO pXRF. The pXRF was
equipped with an X-ray tube with a rhodium target. We used the uXRF under
low-vacuum conditions of 20 mbar, an acceleration voltage of 50 kV and
200 A beam current. A minimum spot size of 20 um and acquisition times of
120 s were selected for analysis. We used precidur® 11SMn30Pb30 steel as
reference with a Mn concentration of 1.03 + 0.02 wt%. We also analyzed nine
modern Antarctic I-type cosmic spherules with low Mn concentrations of
0.02 £ 0.02 wt% and Ni concentrations of 2.4 + 1.4 wt% multiple times within
each measurement sequence. The weight percentages were calculated semi-
quantitatively using a recent oxide calibration.

Scanning electron microscopy

The SEM analyses were carried out using a JEOL JSM-IT500 InTouch-
Scope™ equipped with a Tungsten source and an Ultim Max EDX detector
from Oxford Instruments allowing for semi-quantitative EDX analyses.
Analyses were performed under high-vacuum at a working distance of
11 mm. The acceleration voltage was set to 15 kV with a beam current of
20 nA and a focused beam. The SEM was used for the acquisition of sec-
ondary electron images of the I-type cosmic spherule candidates as well as
EDX spot analysis on their surfaces to investigate the size, texture, miner-
alogy and chemical composition. The SEM data was used to verify the
extraterrestrial origin of the I-type cosmic spherules as well as to identify

weathering and diagenetic alteration signatures. The detection limits as well
as elemental uncertainties varied between 0.04 and 0.21 wt% for (XRF and
SEM measurements. The efficiency of both uXRF and SEM in tracing Mn in
I-type cosmic spherules is illustrated in Supplementary Fig. S1.

Oxygen isotope analysis

The samples were removed from the pin holder and stored in individual
glass vials in preparation for triple oxygen isotope analysis of the identified
I-type cosmic spherules. In order to remove residual glue and sediment
sticking at the samples, the spherules were gradually cleaned with acetone,
ethanol and pure grade H,O. The samples were stored overnight in a drying
cabinet at 50 °C to remove residual moisture.

We used laser fluorination oxygen extraction and purification in
combination with gas chromatography and continuous flow isotope ratio
monitoring gas spectrometry (IRMS) for triple oxygen isotope analyses at
the University of G6ttingen, Germany. For continuous flow IRMS analyses a
customized Thermo Scientific™ GasBench II coupled with a Thermo Sci-
entific™ MAT 253 gas source IRMS was used. The oxygen isotope analyses
followed the procedure described by Zahnow et al.”* with adjustments made
to improve precision with regard to samples in the lowest microgram mass
range (Supplementary Fig. $4).

Data was reduced and corrected according to the procedure for con-
tinuous flow IRMS analysis™. Aliquots as well as bulk I-type cosmic spherule
samples, investigated for their triple oxygen isotope composition, had
masses 21 pg and calculated oxygen amounts =8 nmol. The lower limit of
the applied continuous flow IRMS oxygen isotope analysis method is
~10 nmol of O,”. Samples with O, amounts <10 nmol experience a non-
linear drift in A”7O, due to the low signal intensity at the IRMS. We filtered
the A0 for O, amounts > 10 nmol in order to acquire a robust data set. We
used UWG-2 garnet as our primary standard with §"* Oyspow = 5.75%o0
and A0 55 = —0.059%0">*". As the matrix matched secondary standard,
we used magnetite 070113 with §"Ovsyow =9.9%0 and A’Oy s = -
0.09%o'"***. The external reproducibility is reported as 1SD of a single
analysis and was adopted for all samples based on 27 UWG-2 garnet and 16
magnetite 070113 analyses between 1 and 9 pg or 13 to 119 nmol O,
(Supplementary Table S4 and Fig. S5). The external reproducibility in §'°0
was 0.6%o and in A’O it was 0.08%o.

Iron isotope analysis

We developed a novel approach by employing wet plasma MC-ICP-MS for
Fe fluorides, instead of in situ laser ablation on intact I-type cosmic spherules
used in earlier studies'"*’. Utilizing Fe fluorides remaining after oxygen
isotope analysis was crucial due to the low masses of individual fossil I-type
cosmic spherules, often approaching or falling below the analytical limit of
the continuous flow IRMS method (~1 pg or 10 nmol O,). The goal was to
maximize the analysis of individual micrometeorites by initially utilizing the
entire sample mass for oxygen isotope analysis.

Iron fluorides that remained in the sample pits after laser fluorination
oxygen extraction were collected and stored in Eppendorf vials. The
fluorides were dissolved in 0.5 mL of 9 M HCI for extraction of Fe. The
digested samples were taken up in 1 ml of 9 M HCI, and pure Fe fractions
were obtained by passing the solution through AG MP-1 (100-200 mesh)
resin in 2 ml Bio-Rad® columns®.

Iron isotope measurements were performed at the University of
Hannover, Germany using a Thermo-Finnigan Neptune multi-collector
inductively coupled plasma mass spectrometer (MC-ICP-MS). For sample
introduction, the instrument was equipped with a quartz glass spray chamber
(double pass Scott design), a PFA nebulizer (~100 ul min~" uptake rate, Ele-
mental Scientific), a Ni sampler and a Ni X-type skimmer cone. Masses 5Cr,
*'Fe, *Fe, "Fe, (**Fe) **Ni and “Ni were detected simultaneously following the
procedure described in Roebbert et al.*’ and Oeser et al.”’, respectively.

The accuracy and precision of the Fe isotope analysis was monitored
using an in-house standard (Fe salt from ETH Zurich, Switzerland). Mea-
sured at the intensity above 8 V on *Fe, the average 8°°Fe and &' Fe values of
our in-house standard relative to IRMM-014 were —0.74 % 0.03%o
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(mean + 2SD, n=22) and —1.05+0.06%o0 (mean +2SD, n=22) respec-
tively, in a good agreement with previously published values
(8°Fe=—0.72%0, &8 Fe=—1.06%0""""). Larger uncertainties of
8Fe=—0.79 + 0.21%0 (mean + 2SD, n=6) and 8 "Fe = —0.92 + 0.27%o
(mean * 2SD, n = 6) occurred for the in-house standard measured at ~3 V
(~0.3 ppm Fe) on **Fe. We excluded micrometeorite data analyzed at lower
intensities than 3.5 V on *°Fe, to avoid a non-linear drift in A®°Fe.

Test measurements were conducted on Fe fluorides using magnetite
standard material (magnetite 070113) and a large modern Antarctic I-type
cosmic spherule (MA-9). This allowed us to confirm the efficacy of Fe
fluorides for iron isotope analysis and to quantify the fractionation intro-
duced by the laser fluorination oxygen extraction procedure (Supplemen-
tary Table S5 and Fig. S6). The resulting uncertainty from the Fe fluoride
procedure on iron isotope analyses is larger than the internal analytical
errors derived from the Fe in-house standard. We adopted the 2SD
uncertainty of fluoride measurements of magnetite 070113 standard with
8°Fe=0.9 + 0.8%o (mean + 2SD, 1 =6), §Fe=1.4 + 1.3%o (mean + 2SD,
n=6)and A”Fe = —0.02 + 0.04%o (mean + 2SD, n = 6) for all samples. The
uncertainties in §°Fe and 6°'Fe are correlated, thus the uncertainty in A**Fe
is smaller. The determined iron isotope values for magnetite 070113 are in
good agreement with published values from laser-ablation MC-ICP-MS
measurements (8°°Fe = 0.86%o, 8" Fe = 1.26%o, A™*°Fe = 0.00%o"").

Data availability

The chemical and oxygen and iron isotope data that support the findings of
this study are available in the Géttingen Research Online data repository
with the identifier https://doi.org/10.25625/MOBRRB.
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