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Abstract:

The extraction of atmospheric gases from fluid inclusions has emerged as an extremely
promising approach for directly constraining the composition of Earth's ancient atmospheres.
However, the veracity of data obtained from these inclusions critically depends on how well one
can account for the effects of physical chemistry and post-depositional alteration. The Back
Calculation Method (BCM) attempts to discern unaltered atmospheric compositions from
variably modified inclusion gases, primarily O> and CO», but fails to account for the effects of
gas solubility. Moreover, the method lacks an explicit mathematical formulation, and limited
articulation of its implicit assumptions and limitations has introduced ambiguity in the
interpretation of reconstructed atmospheric compositions. From first principles, we derive the
formulation underlying the BCM and use it to formally evaluate the limitations of the method.
We expand this framework to include the variable effects of gas solubility and incorporate recent
techniques to partition inclusion volatiles trapped in the gaseous and aqueous phases. In re-
examining modern inclusion gases, we find evidence of heterogeneous entrapment of gas and
brine, as well as variable alteration extents and pathways. These observations violate the core
assumptions of the BCM, suggesting the technique has been applied inappropriately to ancient
samples and that their interpreted atmospheric compositions require thorough reevaluation. We
conclude by demonstrating carbon isotope measurements of inclusion CO> can incorporated to
assess the extent of gas alteration and provide an outline for future work intending to reconstruct
atmospheric compositions from these inclusions.
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1.0 Introduction

Fluid inclusions in surficial minerals have emerged as valuable archives for directly
investigating the evolution of Earth’s atmosphere and surface environments through time.
Mineral phases that precipitate in equilibrium with the atmosphere can capture and preserve
chemical signatures of the overlying atmosphere, often entrapping both air bubbles and air-
saturated brines (ASB). Following careful scrutiny, samples containing primary inclusions may
be selected for gas analysis (Blamey and Brand, 2019; Park and Schaller, 2025), where the
trapped gases are released systematically through mechanical or thermal decrepitation, and their
compositions and isotope ratios are quantified via mass spectrometry (Pettitt and Schaller, 2020).
This methodology has been applied to a variety of ancient materials, including hydrothermal
quartz (Avice et al., 2018; Marty et al., 2013), cherts (Pettitt et al., 2020; Sano and Pillinger,
1990), various evaporites (Blamey et al., 2016; Brand et al., 2021; Freyer and Wagener, 1975;
Park et al., Accepted) and even organic amber matrices (Berner and Landis, 1988; Landis and
Berner, 2018). These samples provide the rare opportunity to directly measure atmospheric gases
from millions, or even billions, of years ago, extending well beyond the capabilities of ice core
records (Bauska, 2025; Raynaud et al., 2020). While these samples may be temporally sparse,
this method provides a significant advantage over the numerous, and often conflicting, proxies
that attempt to indirectly constrain atmospheric composition and evolution (The Cenozoic CO2
Proxy Integration Project (CENCO2PIP) Consortium, 2023).

While the merit of these studies is clear, direct gas analyses are not without limitations,
especially in the interpretation of the bulk composition of the volatiles released during
decrepitation. Bulk atmospheric compositions are typically inferred from the quantification of
the major atmospheric species such as No, O», Ar, and CO;, and occasionally minor gases
including CH4, H», and He. Ideally, the relative abundances of these gases will be consistent
between samples of similar origin, at least within the bounds of analytical uncertainty. However,
gas compositions often vary significantly beyond these limits, and post entrapment alteration is
frequently levied to explain such variance. For example, studies of atmospheric gases in fossil
amber have shown that O» reacts with the organic amber matrix, as well as the CHs, H», and CO
rich gases exuded by the original tree (Berner and Landis, 1988; Landis and Berner, 2018),
consuming O and creating oxidized organic species in situ. Similar alteration pathways have
been proposed for halite fluid inclusions, where O: is thought to react with Organic Matter
decomposition Gases, namely CO> and CH4, whimsically abbreviated as OMG (Blamey and
Brand, 2019).

A common feature of these studies is the attempt to back-calculate unaltered atmospheric
compositions based on observable patterns within the ratios of the gases, in particular the
oxidative reactions involving the consumption of O and production of CO,. The back
calculation method (BCM) attempts to determine these values by fitting linear regressions
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between the relative abundances of two or more gases (e.g., Oz versus CO» for fossil ambers, and
O versus OMG for halite inclusions) (Berner and Landis, 1988; Blamey and Brand, 2019;
Landis and Berner, 2018). Regressions are interpreted to reflect either the degree of post
entrapment alteration, or the mixing of two distinct endmembers in the case of the ambers. The
intercept of these regressions is interpreted to be equivalent to the unaltered gas end member,
which often is viewed as representative of the atmosphere (Fig. 1). In the case of halite
inclusions, the BCM has become a prominent method for determining ancient atmospheric
oxygen levels (Blamey and Brand, 2019; Brand et al., 2021; Davis, 2018; Shaver, 2018).
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Figure. 1: A conceptual diagram outlining the application of the back calculation method as incorporated
in studies of inclusion gases (e.g. see Berner and Landis, 1988; Blamey and Brand, 2019; Brand et al.,
2021; Landis and Berner, 2018). The gases released from fluid inclusions are assumed to be altered to
various extents from an initial atmospheric composition. A linear regression is fit between the released O,
and CO; contents. The intercept of this regression is interpreted as O, contents of the atmosphere.

However, concerns regarding the large and often non-overlapping uncertainties between
samples of the same age, as well as apparent overestimations of O, levels relative to proxies or
the modern atmosphere, have hindered the general acceptance of results produced through this
method (Mills et al., 2023). Moreover, the absence of an explicit mathematical formulation and
limited articulation of the implicit assumptions behind the BCM have led to considerable
ambiguity in how results are interpreted. Nor is it inherently clear what the limitations of the
BCM are, and more specifically when the method can and cannot be applied. Considering these
concerns, a thorough evaluation of the BCM and its theoretical basis is overdue.
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Here we use first principles to derive a mathematical formulation describing the behavior of
O and COz under the key assumptions of the BCM. This includes two major assumptions
specific to the method: 1) The fluid inclusions initially captured a single, representative
atmospheric composition; 2) Compositional variability reflects alteration affecting only the gases
of interest. Separately, this includes a third major assumption implicit to nearly all inclusion
studies: 3) the inclusions have remained closed systems since the time of entrapment (i.e.
conforming to Roedder’s rules (Roedder, 1984a)). By explicitly addressing these assumptions,
we robustly identify limitations in the applicability of the BCM and evaluate how the method has
been misapplied to real datasets. Furthermore, we advance the method by incorporating
partitioning techniques that account for additional variability introduced from gas-aqueous
equilibria (Park and Schaller, 2025). We conclude this study with recommendations for
addressing variability introduced through phase chemistry and post-depositional alteration, and
for reevaluating datasets where the BCM has been applied erroneously.

2.0 Building a Theoretical Framework for the BCM

In the following derivation, several similar terms are introduced that could lead to
confusion. For clarity, we define here our nomenclature as it is applied below. We use superscript
t to denote the value of a variable at the time of entrapment. Similarly, superscript * denotes the
value of a variable after alteration has occurred, i.e., at the time of measurement.

Inclusions forming in equilibrium with the atmosphere will have gas compositions
dictated by the properties of the atmosphere and the inclusion fluids. The moles of each gas
trapped within the inclusion (n}) is dependent on the relative volumes of atmosphere and air
saturated brine. Park and Schaller (2025) model this scenario by combining the ideal gas law and
Henry’s law to represent the amount of a gas trapped in each phase:

@ . Eq. 1
nf =PV (R—; +(1-¢, ) HY(T, 5))

For simplicity, we set:

Vi(pp75) = (% +(1 -, ) Hs(T, 5)> Fa.2

where P; is the atmospheric partial pressure of the gas, V is the inclusion’s volume, ¢ is the
fraction of that volume occupied by an air bubble (i.e. the gas volume fraction), R is the ideal gas
constant, 7 is the entrapment temperature, and H's is the Henry’s constant of the gas, which is
dependent on the salinity and temperature of the fluid (Sander, 2023). Mole fractions are
computed by normalizing the amount of moles of a gas to the total moles of gas trapped in the
inclusion (nf,;):
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P;Y; (fpg. T, S) nt Eq. 3
Xf= =
Y PY; ((pg, T, S) Ntot

Where J is the set of relevant atmospheric gases. Post entrapment alteration changes the
abundance of the affected gases, which may alter their mole fractions following:

_ nf+An Eq. 4
Tlgot + Z]E] Anj

i
For this derivation, we consider cases where only O; and CO» are altered. Similar to the
respiratory quotient, the ratio of the two An values is described by an alteration quotient, Q.:

Anoz = Ancoz Qa Eq 5

The altered mole fractions of O» and CO, are thus represented as:

. Mo, +Bngp,Qq Eq. 6
% nttgot + AnCOZ (1 + Qa)
And
. ngo, + Anco, Eq.7
Xco2 =

nttgot + AnCOZ (1 + Qa)

Both equations can independently be solved for Ango,:

N Xp, Mo — N, Eq. 8
€% 7 Qa — X5,(1+ Qq)
Xco Nfor — néo Eq.9
Ancoz = z 2

1- Xéoz (1+0Qa)

After dividing both equations by nf,; and substituting in the appropriate forms of equation 3 we
obtain the form:
Xo,—X6,  Xo, —Xéo, Eq. 10
Qa — X(;z 1+0Q) 1- XEOZ (1+0Qa)

By solving this equation for X, , a linear relationship between X5, and X¢,, is found:
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x XEOZ [X(gz (Qa + 1) - Qa] + [Xéona - ng] Eq 11
o2 X, (Qu+ D —1

This result matches the expectations of the BCM. The slope (m) and intercept of this line (b) can
be defined as:

X5,Qu+ 1D - Q, Eq. 12
XEo,(Qe + 1) — 1

and

Xo,Qq — XS, Eq. 13

b=
Xio,(Qu+ D -1

Both terms are dependent on the alteration quotient and the original trapped mole fractions of O2
and COa. Q. can be isolated by dividing equation 12 by 13 and rearranging:

_ Xb,(m+Db) Eq. 14
C XE,m—X5 b+Db

Qa

Since the linear regression incorporates all degrees of alteration, by definition, the original
trapped mole fractions must also exist on the same line, such that:

Xb, =mXto, +b Eq. 15

This allows equation 14 to be simplified to its final form:

_m+b Eq. 16
" 1—b

This result shows that, from a linear regression between X, and X¢(,, one can calculate an

apparent value of Q.. The estimated value provides a useful descriptor of the stoichiometric
relationship between the two altered gases, which can be used to identify relevant mechanisms of
alteration. Our derivation is framed specifically in terms of O and CO, but the mathematical
structure applies equally to any two gases, or to combinations of gases, such as Oz versus the
total OMG content. However, as discussed below, the alteration quotient is more physically
meaningful when applied directly to the O2-CO; system. A proper incorporation of three or more
gases requires expansion of this framework and a more rigorous mathematical formulation. Such
relationships are typically non-linear, as additional degrees of freedom are introduced.
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3.0 Discussion

Although not previously expressed in explicit mathematical terms, the formulation presented
here captures the underlying logic of the BCM as it has been applied to halite and amber
inclusion gases (Blamey and Brand, 2019; Landis and Berner, 2018). By formalizing this
approach, we provide a mathematical basis to assess when, and under what conditions, the BCM
can be applied. In the sections below, we identify several challenges to the implicit assumptions
of the BCM, which limit its broader applicability.

3.1 Mathematical Artifacts Associated with Calculating Mole Fractions

Absent of diffusive loss or addition, fluid inclusions are physically closed systems.
Elemental abundances within inclusions are immutable, apart from elements gained or
transformed through radioactive decay. However, inclusion gases are reactive components that
are free to separate or combine with other species, such that the molecular composition changes
(Pingitore and Engle, 2022). The BCM attempts to link the relative abundance of two inclusion
gases through distinct alteration pathways. Yet, alteration acts on absolute quantities (moles),
with only indirect influence on relative proportions (mole fractions). When expressed as mole
fractions, inclusion gases are subject to the mathematical closure constraint; that is, they are
bounded between 0 and 1 and always sum to unity. These constraints introduce mathematical
artifacts and spurious correlations that must be carefully considered when evaluating the
relationships between gases using the BCM. Principal among these concerns is a lack of
independence (Aitchison, 1982): one gas cannot vary freely without affecting the others. As a
result, the most abundant gases (e.g., N») tend to compensate the most for changes in CO»,
potentially inflating the apparent strength of their correlation. This effect is evident in nearly all
modern halite samples, where R? values consistently increase as more abundant gases are
compared against CO; (i.e., in order of increasing correlation coefficient: Ar = Oz =2 Ny, Figs.
S1-S8). Conversely, a higher R? does not necessarily imply that the variance is isolated to the
two gases being compared (Chayes, 1960), despite this being a critical assumption of the BCM.
The closure constraint further implies that the true center of a set of compositions is not the
arithmetic mean of the components, but rather the closed geometric mean (i.e. the Aitchison
center; Aitchison, 1982).

Critically, mathematical closure imparts nuance in interpreting regressions between gas
mole fractions. Landis and Berner (2018) suggest the slope of an O> vs. CO; regression provides
useful information to track O> consumption. However, this interpretation is only partially
complete, as the slope is itself influenced by the closure constraint, whereas Q, is not. The only
case where the two are equal is when they are both -1, a condition that implies no net change in
the total moles of gas. While negative slopes are often interpreted as evidence of a negative
correlation between Oz and COy, this isn’t a requirement. O, can be positive (i.e., both gases
change in the same direction) if the intercept is greater than the absolute value of the slope
(assuming the intercept falls between 0 and 1, see Equation 17). This also applies when Q.= 0, a
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scenario where the regression passes through 100% CO.. When Q. approaches zero, regressions
offer limited value beyond simply renormalizing the data to exclude COs. As CO; increases, the
closure constraint compresses the possible values for the remaining gases, introducing
heteroscedasticity into the data (i.e. unequal variance attributable to the progressive reduction of
compositional space) (Chen et al., 2018). These points may also artificially flatten the slope of a
regression and either increase or decrease its apparent predictive strength.

3.2 The Physical Meaning of Q.

In the preceding derivation, the alteration quotient, Q,, is intentionally defined broadly,
such that it could take any value. However, there are physical and geochemical limits on the
range of possible values. The apparent value of O, determined from a regression will, at best,
reflect the net result of all relevant alteration pathways acting on Oz and CO-, and at worst, a
meaningless relationship entangling noise, analytical uncertainty, and variable net alteration.

There are minimal, if any, relevant reactions with a positive Q.. However, this is
expected for inclusions trapping variable volumes of air and ASB. Separately, non-uniform
alteration (e.g. heterogeneous Q,) can also produce an apparent Q, that is positive. Either
explanation violates the assumptions of the BCM. When Q. < 0, the chemical interpretation
depends on the oxidation state and elemental abundance of the reactants (LaRowe and Van
Cappellen, 2011), as well as the completeness of the reactions. When O, = -1, Oz is fully reacted
to form CO;, corresponding to either its complete removal by oxidation of organic matter
(Landis and Berner, 2018) or the respiration by trapped microorganisms (see Vreeland et al.,
2000; Lowenstein et al., 2011; Schreder-Gomes et al., 2022). More reduced organic molecules
produce less CO2 per mole of O, consumed, yielding O, values below -1 (e.g., Q. = -2 for
methane oxidation). Partial oxidation (e.g. forming CO not CO>) (Landis and Berner, 2018) or
the oxidation of non-carbonaceous compounds may produce even lower values (e.g., O
approaches ). Conversely, values between -1 and 0 may result from the oxidation of
compounds containing more oxygen, or entirely anaerobic reactions.

The value of Q. for O, and CO> holds geochemical meaning because the two gases are
chemically linked (i.e. they share elemental similarities). However, when these criteria are not
met, physical meaning is limited or absent entirely. There is no reaction that consumes O; to
produce CHg, or vice versa, as implied by OMG (Blamey and Brand, 2019; Brand et al., 2021).
Such relationships would require O to reduce carbon, contradicting its role as a terminal
electron acceptor (LaRowe and Van Cappellen, 2011), and they could not be linear, as a third
intermediate molecule, typically CO», is necessary. Strong negative correlations between Oz and
CH4 may reflect mixing with secondary hydrocarbon-rich fluids or the bulk decrepitation of
atmosphere rich inclusions and those containing substantial amounts of degraded organic matter.
The latter may indicate prolonged heating. Secondary inclusions cannot meaningfully be
included in the BCM, as they may capture multiple generations of fluids with distinct
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compositions. Similarly, primary inclusions subjected to prolonged or intense heating may lose
their atmospheric signatures due to physical, not chemical, alteration.

This conceptual inconsistency draws into question previous results obtained from
applying regressions to O2 vs. OMG (defined as CO; + CHy4) for halite inclusion gases. There
isn’t a meaningful interpretation of O, when defined as AO2/AOMG, suggesting this approach
rests on limited geochemical justification. Gases from modern halite inclusions contain very little
CH4 (Blamey and Brand, 2019; Brand et al., 2021; Park and Schaller, 2025). Regressions
between Oz vs. OMG and Oy vs. CO; are nearly identical, but they differ greatly from O, vs. CHs4
(Fig. 2). This demonstrates that CHy 1s of little utility to the method. Yet many studies use O vs.
OMG regressions to identify ancient atmospheric oxygen contents (Blamey and Brand, 2019;
Brand et al., 2021; Davis, 2018; Shaver, 2018). Greater error is introduced for inclusions
containing more methane. For example, halite from the Ara group (ca. 542 Ma.) of Oman
contains up to 80% CH4 (Brand et al., 2021). Regressions of Oz vs. OMG and O vs. CH4 yield
intercepts of 19.8% and 18.7% respectively, whereas an Oz vs. CO; regression has an intercept of
15.3% Os. All three yield Q. values near 0, implying CH4 and CO> are being added without
altering O». This is very likely evidence for the entrapment of secondary fluids containing little
or no O». Indeed, previous studies demonstrated the Ara halite is variably impregnated with
hydrocarbons, including solid bitumen, derived from the oil reserves of the underlying
lithologies (Schoenherr et al., 2007), thus implying these samples are likely unsuitable for paleo
atmospheric reconstruction.

The incorporation of both CO; and CH4in a BCM regression can mask two antagonistic
relationships as one: O2 and CH4 being consumed proportionally (a positive Q) and O> and CO,
being negatively correlated (a negative Q,). CO2 and CH4 themselves may be positively or
negatively correlated. These complexities indicate that the chemical relationships between the
three gases cannot be described by a simple line. Inappropriately combining multiple gases on
either axis may improve the fit of a regression, as variance is reduced when the sum of their
relative proportions approaches 100%.
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Figure 2: The back calculation method is applied to gases released from modern (A-C) and Cambrian
aged (D-F) halite inclusions. O, vs. OMG and O vs. CO; regressions are effectively identical for the
modern halite samples, but are substantially different for the Ara halite. O, vs. CH4 regressions show the
opposite trend. All mole fractions are renormalized to include only N, O, Ar, CO,, and CHj4 for the O,
vs. OMG and O, vs. CHy plots, and just N», O, Ar, and CO; for the O,-CO; plots. All data is sourced
from (Blamey and Brand, 2019; Brand et al., 2021; Park and Schaller, 2025)

3.3 Error is Introduced when the BCM assumptions are not upheld

When the core assumptions of the BCM are not held, significant interpretive errors may
be introduced. In the BCM it assumed that the intercept of the regression line reflects the O»
contents as they were originally trapped. This is correct only when the regression has a slope of
zero, or if no CO; was trapped. The first case renders the BCM moot, as the intercept simply
reflects the unweighted average of the Oz content. The second has more meaningful implications:
if any CO» was trapped within the inclusion, the intercept systematically overestimates or
underestimates the unaltered O contents. This issue is obscured for modern halite that formed in
equilibrium with negligible atmospheric CO> (~ 400 ppm (NOAA, 2024)), but it may be relevant
for ancient samples. During the Phanerozoic, atmospheric pCO- likely never exceeded 5000 ppm
(Steinthorsdottir et al., 2025; The Cenozoic CO2 Proxy Integration Project (CENCO2PIP)
Consortium, 2023). However, fully aqueous inclusions could reasonably contain a few 10s of
percent of CO; because of the comparatively high solubility of CO» relative to the other
atmospheric gases (Fig. S9). Since the BCM describes how Oz and CO» relate (Equation 12), the
original abundance of either gas cannot be known without independent constraints on the other.

The other two assumptions implicit to the BCM are satisfied only when Qa, X'02, and
X'coz are identical across samples, and if the other inclusion gases occur in consistent
abundances (e.g. constant N»/Ar). There is evidence these assumptions are not held for gases
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contained by many modern halite samples. First, there are distinct regressions between localities
(Fig. 3, Table 1), which highlights the inappropriateness of applying a single BCM across
different localities, as has been done previously (Blamey and Brand, 2019; Brand et al., 2021).
Half of the regressions yield positive apparent O, values that are unlikely to be caused by
uniform alteration, and another two yield values near zero. Despite this, the intercepts are in
general agreement with modern atmospheric O; levels (e.g., 21%), with values ranging from 18.8
% to 23.9% O» with uncertainties between +0.6 to +4.4%. This is fitting with the expectation of
the BCM, as the least altered (e.g., most atmospheric) samples will exert greater direct influence
on the intercept. However, there are factors that warrant additional consideration.

A deviation of + 2-3% may seem small relative to the modern atmosphere, but it could
represent a substantial relative error for samples precipitating under an atmosphere with much
less Ox. The R? of the regressions vary from 0.01 to 0.87. The weaker fits suggest inconsistent
relationships between Oz and COz, possibly reflecting noise, outliers with disproportionate
influence, or multiple relationships within the data (e.g., variable Q,, non-uniform initial
compositions, or alteration involving other inclusion gases). For these relationships the residuals
are inconsistent (Fig. S10). When highly influential points (i.e. those with large Cook’s
distances) are removed, R? values improve, sometimes substantially (e.g., see Lake Polaris and
South Africa, Fig. S11). At the same time the intercepts appear less atmospheric, ranging from
17.5 % to 24.3 % O, and some Q. values are completely changed. Conversely, the regression
with the highest R? (i.e., the Dead Sea halite) contains just three data points, making it far more
susceptible to outliers, noise, and any data point with significantly more or less CO>, as implied
by the large 95% confidence interval. This begs the question, are these intercepts simply
fortuitous? More broadly, can other properties of the fluids help explain the variance?
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Figure 3: The BCM is applied to the raw (left side of each pair) and partitioned (right side) gas
compositions from modern halite inclusions. Each pair of plots represents one locality.
Regressions are distinct between localities. Datapoints outlined in red have a Cook’s distance
exceeding 1, indicating a strong influence on the regression. All data is sourced from (Blamey
and Brand, 2019; Brand et al., 2021; Park and Schaller, 2025)

3.4 Alteration is not the only source of molecular compositional variability

There are numerous reasons to expect compositional variability between inclusions, even

among those formed within similar depositional environments. For example, halite can
precipitate at the air-water interface or the sediment-brine interface (Roedder, 1984b), where
trapped gas compositions may differ based on the distinct chemical conditions prevailing at each
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depth. Other physical effects, such as diffusion, may also introduce heterogeneity, as is the case
for soil carbonates precipitated at various depths (Cerling, 1995). Broadly speaking, alteration
may occur prior to fluid entrapment. Water bodies that are out of equilibrium with the
atmosphere may contain gas excesses or deficits dictated by biogeochemical processes occurring
in the water column. Take for example the Dead Sea: due to a variety of physicochemical
processes the brines contain very low dissolved oxygen levels (Shatkay et al., 1993) and elevated
COz contents (Golan et al., 2017). Gases released from Dead Sea halite show the same effects
(Figure 3). Inclusions trapping variable volumes of atmosphere and this out of equilibrium brine
may yield similar compositions to those that have been altered post entrapment, yet they may
require unique corrections (Fig. S12).

A major, and often overlooked, source of variability is physical chemistry. Inclusions
forming at or near the air-water interface capture variable volumes of the two phases, which, due
to the unique solubility of each gas, contributes to significant compositional variability (Park and
Schaller, 2025; Pettitt et al., 2020; Yeung, 2017). Inclusions are unlikely to trap the same gas
composition, unless they form under the same physicochemical conditions with the same ¢s.
Since O; and CO» have increased solubilities relative to N2 (Sander, 2023), the most abundant
atmospheric gas, Q. will appear positive for unaltered inclusions of variable ¢,. (e.g, See Conti
Vecchi halite in Fig. 3).

The combined effects of physical chemistry and post entrapment alteration can produce a
very large range of possible gas compositions (Fig. 4), as seen with the modern inclusion data. It
is possible that the extent of alteration and the alteration pathway may vary with ¢,. Phase
chemistry greatly expands the space of possible regressions, and provides a clear explanation for
why regressions may not pass through the atmospheric condition. Previous assertions regarding
the BCM, that “any population should be able to resolve a global atmospheric oxygen value.”
(Brand et al., 2021, pg. 8), are simply untrue. To accurately interpret BCM regressions, phase
chemistry must be accounted for.
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Figure 4: Both physical chemistry and alteration introduce variability in the amount of O, and
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compositions is possible when Q. is constant (filled grey area, e.g., Q. = -1). Four types of BCM
regressions are possible within this range. Fully gaseous inclusions (¢, = constant = 1) will yield

intercepts that match atmospheric O> values (assuming negligible CO,, Case 1). Inclusions that
trap a consistent mix of air and brine (¢ = constant < 1) will not (Case 2). Depending on

alteration extents, variable g, may or may not yield atmosphere-like intercepts (Case 3 and 4). B)

The breadth of possible compositions increases if multiple alteration pathways are considered
(i.e. distinct Q). Individual compositions can be obtained from multiple pathways. Models are

calculated for modern atmosphere and 7.5 M NaCl brines trapped at 25 °C.
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It is possible to use the ratios of conservative gases not included in the BCM (e.g., N»/Ar)
to check for the possibility of gas-aqueous mixing (Park and Schaller, 2025). From equation 2 it
follows that the ratio of any two gases as initially trapped within an inclusion can be expressed
as:

Piyi ((pg’ T, S) _ Pi Eq. 17

22

J

where fi is a specific partition coefficient reflecting the relative solubility of the two gases
(Note: previously aij has been used to denote this quantity, fi.j is used here to avoid confusion
with the isotopic fractionation factor used below). If the observed gas ratios vary beyond
analytical uncertainty, then they either represent entrapment with variable ¢, or alteration of
species assumed to be conservative. Both scenarios violate the core assumptions of the BCM.
Further, any two gas ratios should be related by a parametric curve as a function of p;. Modern
halite inclusions show variability that in part can be explained by mixing of variable volumes of
air and ASB (Fig. 5) (Blamey and Brand, 2019; Brand et al., 2021; Park and Schaller, 2025).

cee |:;’>:3> >

NufAr
Figure 5: A) N2/O»> and B) O2/Ar ratios are compared against No/Ar ratios for modern halite
inclusion gases. Variability can partially be explained by the mixing of trapped atmosphere (gold
stars) and air saturated brine (blue stars). Datapoints that don’t fall along predicted mixing
models (black lines) are likely altered to greater extents. Modeled curves assume 25 °C and 7.5
M NacCl inclusion fluids. All data is sourced from (Blamey and Brand, 2019; Brand et al., 2021;
Park and Schaller, 2025)

3.5 Accounting for Phase Chemistry
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A simple way to account for the effects of phase chemistry is to bin the data based on ¢,
and fit separate regressions for each bin. If Q. is constant within a bin, the regression should pass
through the unaltered trapped composition. However, only inclusions dominated by air will pass
through the atmospheric composition.

@¢ can be inferred from fno-ar if the atmospheric N2/Ar ratio is known. For the modern
atmosphere this ratio is approximately 84. Reasonable constraints on ancient N2/Ar ratios can be
placed based on the ratios observed within inclusions (Park and Schaller, 2025) and plausible
estimates from models and proxies. Like the BCM, this method of calculating ¢, implicitly
assumes the conservative gases have not been altered. If there is abundant “°Ar ingrowth, another
set of appropriately conservative gases can be used. In principle, fn2-ar should not exceed 1, yet
values above 1 are frequently observed in modern halite data. These inclusions are assumed to be
fully gaseous, which introduces a confounding source of error.

Applying a binary binning to gas data from the Bahamas halite demonstrates this effect
(Fig. 6). A regression through the most gaseous points yields an intercept matching atmospheric
O levels, whereas the more aqueous points yield an intercept farther from atmospheric, but
consistent with predicted Oz levels for that mix of gas and brine. Even though these fits are
stronger than the original, the binning is largely arbitrary. In theory, increasing the number of
bins could produce stronger relationships. However, the statistical robustness of the regression
tends to decrease with fewer points. At the extreme, isolating each datapoint makes it impossible
to use a regression.

35

O Highest ¢,
O Lowest ¢,
Modern Atmosphere
30 4 Modern ASB
{‘3 g ~ 0.006
Highest ¢y
y=1(-0.16 +0.03)x+(0.204 + 0.005)
R?=0.885 =0.06 +0.04
254 . Qa
g
E Q\ Lowest ¢y
o ““O\ y=(-0.24 +0.03)x+(0.235 £ 0.008)
o 2= -
R?=0.925, Q;=—0.01+0.05
20 - -h.-(b% ‘\Q a
~
- 5\
O TTeeal e
S~
T=-Dx
REPLTS o
15 ‘-\
I~
<
N

CO; (mol %)

Figure 6: Mole fractions of O> and CO; are compared for modern halite from the Bahamas
(Blamey and Brand, 2019; Brand et al., 2021). The data is arbitrarily split into two bins based on
@¢ values. A regression fit to the data with the highest ¢, (avg. = 0.201, range = 0.012—1) produce
a nearly atmospheric intercept. A regression fit to the bottom six points (avg. = 0.006, range =
0.002-0.008) yields an intercept closely matching the value expected for inclusions with ¢z =
0.006. Both regressions have stronger R?> compared to a regression through all of the data.
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To improve upon this, the data can be partitioned and corrected. Park and Schaller (2025)
developed the program MAGPI (Method for Atmospheric Gas Partitioning from fluid Inclusions)
to partition inclusion data based on observed N»/Ar ratios and apply a unique correction to each
sample. The magnitude of the correction is dependent on how gaseous the sample is perceived to
be. The correction effectively inverts equation 1 and computes new partitioned mole fractions for
each gas:

ni + An; Eq. 18
Y; ((pg, T, S)

> n} + An;
/el Y; ((pg,T, S)

Here X? reflects the partitioned atmospheric composition the inclusions are perceived to have
formed under. If no alteration has occurred, this is equal to the true atmospheric composition
(X, The relationship between X gz and X 2’02 is derived in the same manner as equation 11

(Supporting Information) and takes a similar form:

£ - XGo, X6 (e + 1) — k] + [XE50k — X5E™] Eq. 19
02 Xemk+1) -1
Where
k = ﬁcoz—o2 Qa Eq. 20

This presents a linear relationship if & is constant between points. This represents a major
improvement, in that regressions satisfying this constraint will pass through the true atmospheric

composition (X§:™ and XZ5™). In other words, the point at which these regressions intersect is

the atmospheric composition (Figs. S13-S15). This also implies the least altered gases will
cluster around the atmospheric composition when partitioned. This was previously shown for the
Conti Vecchi and Lab Grown halite, whose gas compositions collapse to match that of the
modern atmosphere when partitioned (Park and Schaller, 2025) (Fig. 3).

It is important to note that we are not implying that partitioning altered gas data will
automatically yield true atmospheric compositions. When applying this method to the other
modern halite gases, some converge toward atmospheric values (e.g., the Bahamas halite), while
others remain scattered about non-atmospheric compositions (Fig. 3, Table 1). Greater scatter
likely reflects a combination of variable ¢, and Q. values. For regressions through corrected data
with constant ¢, an apparent Q, can be calculated similar to equation 16:
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0, = mP + bP Eq. 21
¢ aco,-0,(1 —DP)

Q. can also be estimated individually with specific delta values for Oz and CO,. The
expected moles of either gas can be calculated relative to the observed moles of N> by inverting
the partitioning (Park and Schaller, 2025). The difference between the observed moles of each
gas and this value is the change in moles:

ref obs Eq. 22
An: = nobs _Xi "N, d
ng =mn ref
XNZ ﬁNZ—i((pg’ T'S)

Where By, —; is the relevant partition coefficient between N> and either Oz or COz, and X/ are
reference mole fractions. If atmospheric compositions are known, they can be referenced to
calculate exact A values, assuming the conservative species are observed at their expected
abundances. For the modern halite inclusions, this allows us to examine exactly how alteration
has affected the trapped gases. The extent of alteration varies between the two gases for each
sample, and thus distinct O, values are observed. Some localities yield narrower ranges of Q.
than others, which supports the dominance of one alteration pathway. The degree to which
individual Q, values agree with values estimated from unpartitioned regressions varies across
sites (Fig. 7, Table 1).
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Figure 7: A) Normalized A values are compared for O, and CO> released from modern halite
inclusion. Radial dashed lines represent lines of equal Q. (red = 0, blue = -1, and green = -2).
Points closer to the origin tend are less altered. B) Individual Q. values are plot against observed
02/COx ratios to show their deviance from the range expected from gas-aqueous equilibrium.
Normalized kernal density estimates (KDEs) are shown. The y axes are trimmed to highlight the
datasets that cluster about O, = 0. A values are calculated from equation 22 using the modern
atmospheric composition as reference and assuming 25 °C and a 7.5 M NaCl equivalent salinity
within the inclusions.

Table 1: Alteration quotients and partitioned gas compositions are compared across modern
halite localities. Q. values determined from BCM regressions are compared to actual values
determined using equation 22. The closed geometric means of the partitioned compositions
(Aitchison center) are presented with 95% confidence intervals, quantified using a non-
parametric bootstrap (10,000 resamples with replacement). Partitioning was performed with the
program MAGPI (Park and Schaller, 2025), assuming 25 °C and a 7.5 M NaCl equivalent brine.

Partitioned Gas Composition 02 pCO;
(%, 95% CI) (mbar) (ppm)

Locality Avg. O,
(Refs.) (BCM)

Actual O,




436

437
438
439
440
441
442
443
444
445
446

447

448
449
450
451
452
453

20

(Med,
. Nz Oz Ar COz
Min, Max)
Bahamas 0.07.-036
(Blamey and Brand, 2019; 0.04+0.04 ’ OTZO. ’ 77.313% | 20.0137 | 0.92%337 | 1.82754; 202*31 18000%3555°
Brand et al., 2021)
Carlsbad Pond 0.23. 0.50
(Blamey and Brand, 2019; -0.03+0.18 ’ 12,1.6 ’ 80.8133 | 17.7X1% | 0.95%383 | 0.56%34¢ 171%3§ 5400%3350°
Brand et al., 2021)
Conti Vecchi 0.06, -2.72
242 +0.41 y ’ 78.2192 | 20.8%53 | 0.93%393 | 0.08%5:0% 20812 770389
(Park and Schaller, 2025) 10.0 02 02 003 002 3 250
Dead Sea 031.-047. -
(Blamey and Brand, 2019; -0.26 £0.21 ' 6 14' ’ 82-2t5{'61.3 11-7322 098)58:% 5-23.32'1 111t§; 490003%880
Brand et al., 2021) )
Lab Grown -0.35,-6.48
2.15+0.95 ? ? 77.9%%3 | 21.1%33 | 0.93%391 | 0.03%5:93 2121 300+289
(Park and Schaller, 2025) 30.6 09 09 oot 002 " 150
Lake Polaris 0.24. 3.65
(Blamey and Brand, 2019; | 0.94+0.45 oo | 79765 | 188135 | 0921555 | 0.621555 | 1845 | 610013350°
Brand et al., 2021) )
Peru
-2.85,-8.31, -
(Blamey and Brand, 2019; -1.93+£1.63 f 31 ’ 81.511¢ | 16.9717 | 0967381 | 0.58%53% 162*33 56003350
Brand et al., 2021) )
Salty Lake
(Blamey and Brand, 2019; 81.2 17.9 0.97 ~0 172 2
Brand et al., 2021)
South Africa 0.26. -0.03
(Blamey and Brand, 2019; | 0.33+0.22 Teso | 749%ks | 221193 | 0.88IGGF | 2151355 | 23115 | 2200033560
Brand et al., 2021) )
Modern Atmosphere
(Brimblecombe, 1996; 78.08 20.95 0.93 ~0.04 209.5 ~400
NOAA, 2024)

In determining ancient atmospheric compositions, the geometric mean of the partitioned
gas ratios can be referenced to evaluate each points displacement relative to the central
composition. In this case, the equation shows the change in moles necessary to obtain a uniform
composition. Some caution is necessary, as this composition is not necessarily atmospheric (e.g.,
centered about an altered composition). Incorporating other observables (e.g., whether observed
gas ratios fall along a parametric line) can help examine the efficacy of partitioning. A plot of
Ang,vs. Ancg, can inform whether there are trends in the data. Relative deviations can be
determined by normalizing to the moles of either gas or the total moles observed. If the data falls
along a line passing through the origin, a larger trend persists in the data. That line defines an
apparent O, that the samples share that has not been accounted for fully.

3.6 Isotope Ratio Measurements of Inclusion CO2

The preceding discussion highlights the modifications necessary to determine
atmospheric gas compositions using the BCM. In many instances, simply estimating O, is
insufficient to correct for the effects of alteration, particularly for ancient samples with unknown
atmospheric contents. Isotope ratios can provide additional information to solve this problem.
The initial isotope ratio of gases trapped within an inclusion (R;) reflects the mixing of variable
volumes of air and ASB (Park and Schaller, 2025).
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Ratmngas + Rbrinenaq Eq. 23

Rt =
Ngas + Ngq
Assuming equilibrium was reached between the two phases prior to entrapment, the isotope

ratios of the two phases can be linked by specific equilibrium fractionation factors (0g-aq). Thus
R; can be determined from the atmospheric ratio following:

% + @yaq(1 = 9g)Hs Fq. 24

@
rr + (1= 94)H;

R: = Rytm

If a gas had not reached equilibrium, the trapped ratios may not be proportional to those of the
atmosphere and more general mixing models would be necessary. Alteration may further
fractionate the trapped gases. In such cases a hierarchical mixing model is necessary to
deconvolute the various isotopic effects. Since COz is in excess for many modern halite gases,
the observed *C/2C ratio (R.»s) could be useful in identifying the degree of alteration. The
requisite mathematical treatment of this data depends on the type of alteration. Alteration that
adds CO; introduces carbon with a distinct isotope ratio (Rai) that can shift the bulk ratio of the
inclusion CO». The fraction of CO» that was originally trapped in the inclusion (f;) can be
calculated from mass balance assuming:

13C 13C t
f _ RObS - Ralt _ nCOZ Eq 25
t ™ p13C 13C ~ ,t
Rt - Ralt nCOZ + ATLCOZ

Alteration that removes CO> may preferentially consume one isotope progressively enriching the
remaining COz in the other (i.e. a negative An¢, with fractionation a.). The fraction of CO:
remaining in the inclusion (f;) can be determined via a Rayleigh-type fractionation model:

_1 Eq. 26
f _ (Robs>aalf_1 _ nE‘OZ + Ancoz q

r R, nk, ,
From both equations, Angq,can be calculated assuming Ram, ¢g, and either Rair or o are known.

If Q. is known the relevant alteration of CO2 and O can be addressed to provide a more accurate
estimate of the atmospheric composition.

Empirically constraining Rum values may be difficult, however, estimates can be garnered from
established records of marine carbonates and buried organic matter. Apart from a few major
excursions, these records reveal fairly consistent carbon isotope ratios through time (Garcia et
al., 2021), which suggests atmospheric ratios may be similar to preindustrial values, typically -
6%o to -8%o0 (VPDB, Rum =~ 0.011170 — 0.011147) (Rubino et al., 2013). If R.»s 1s close to or
within this range, the samples likely have experienced minimal alteration and are more
representative of the atmosphere. Thus, it is possible to constrain R, directly with the most
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pristine samples. Values that are further away reflect greater alteration. Ru likely reflects CO»
introduced biogenically or through organic matter decomposition with values between -25%o and
-30%o0 (Rai: = 0.010956 — 0.010900) (Garcia et al., 2021). Alternatively, these values can be
estimated relative to Rusm using appropriate fractionation factors (e.g. the nominal fractionation
associated with RuBisCO is € = -20%o =1000( 01t -1); Farquhar et al., 1989).

As proof of concept, we measured the §'°C of CO; released from several halite samples using an
Isoprime 100 Dual Inlet Isotope Ratio Mass Spectrometer at RPI (Supporting Information, Table
S1). While the ¢, of the samples is unknown, an apparent range of f; values can be estimated
(Fig. 8). For these calculations 8'3*Cam values were obtained from modern and glacial ice core
records and extrapolated from ancient marine carbonates (Supporting Information). §'3Cai was
assumed to be -20%o lighter than §'3Cam. Notably, halite from the 1.44 Ga. Sibley group yielded
a 813C of -8.38 £ 0.20%o (Park et al., Accepted), indistinguishable from estimated atmospheric
values (0.97 < f; < 1.0). This observation supports the authenticity of the 2760 + 1660 ppm CO-
obtained from the same samples (Park et al., Accepted). In contrast, halite from Death Valley
(collected in 1994), Baja California (collected in 1980), and the Atacama Desert (69 Ka) yield
much lower §'°C values (-20.09 £ 0.15%o to — 25.60 % 0.34%o). While their bulk CO, abundances
were not measured, these measurements indicate the dominance of alteration-derived carbon (f; <
0.34). Finally, CO; from a sample of Conti Vecchi halite (collected in 2012) yielded an
intermediate ratio of 8'*C = -15.56 £ 1.61%o (Supporting Information), which suggests a
balanced mixture of atmospheric and altered carbon (0.55 < f; < 0.76). Applying these values to
the bulk CO; recorded by the Conti Vecchi halite (770%323 ppm, Table 1) yields between
490*339 ppm (assuming ¢, = 1, fully gaseous) and 520333 ppm (assuming @, = 0, fully
aqueous). These values overlap and more strongly agree with recorded atmospheric CO; (~393
ppm in 2012, (NOAA, 2024)).The accuracy of these results could be improved by measuring the
813C of trapped organic matter directly. Inverting the mass balance, we find a 8'*Caic of -23.2%o to
-22.0%0 would reproduce the observed atmospheric CO> (Fig. S16).
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Figure 8: The §'3C of CO; trapped within an inclusion reflects the relative mixing of trapped air
(8'3Cam, gold stars) and ASB (blue stars). Alteration may add CO2 with a distinct carbon isotope
ratio (8'3Car, red dashed lines). The unaltered fraction of inclusion CO; (f;) can be determined
through mass balance if the §'*C is measured and §'3Cam, 8'*Cai, and ¢ are known (Equations
24 and 25). A) An example mass balance for modern fluid inclusions shows lines of equal
alteration (constant f;, black lines) for variable g,. Observed §'*C values from modern (B-D) and
ancient (E, F) halite inclusion CO2 (8'*Cops, colored bars) are distinct and reveal variable degrees
of alteration. All calculations assume inclusions formed at 25 °C with a 7.5 M NaCl equivalent
salinity, and that alteration introduces CO2 with 83 Cai¢ = 8'*Cagm - 20%o. 8'*Catm values are from
the Isotopic Data Gallery from the Scripps CO, Program (https://scrippsco2.ucsd.edu/), glacial
ice records (Eggleston et al., 2016), and extrapolated from marine carbonates (Krissansen-Totton
et al., 2015) using standard equilibrium fractionations (Deines et al., 1974; Zhang et al., 1995).

3.7 Application to Ancient Samples: A Path Forward

The preceding discussion outlines several limitations of applying the BCM in its original
form to determine atmospheric compositions from fluid inclusions. As a result, the method is
applicable to only gas dominated inclusions (i.e., high and consistent ¢,), where alteration has
uniformly influenced exclusively Oz and CO.. Applying the BCM to unpartitioned data is often
insufficient to properly address all sources contributing to compositional variability. Further, this
technique emphasizes the importance of Oz over CO; (Blamey and Brand, 2019; Brand et al.,
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2021), despite a demonstrated utility of inclusions for constraining atmospheric CO; levels (Park
and Schaller, 2025; Hudgins et al., In Review). Partitioning the gas from aqueous phase expands
the range of valid datasets, such that regressions pass through the atmospheric composition if ¢g
and Q. values are consistent. This modification allows both O, and CO; levels to be found,
within error, by identifying the intersection of regressions through two or more appropriately
constrained subsets of the data. For both raw and partitioned data, the strength of a linear
regressions can serve as a crude but useful test of a dataset’s validity: low R? values may indicate
variable alteration or heterogeneous @g.

For ancient samples, it is important to distinguish between primary, secondary, and
altered inclusions. Screening protocols emphasize the steps necessary to separate primary and
secondary samples (Blamey and Brand, 2019); however, primary inclusions often retain
signatures of alteration. Successfully separating the three populations is critical to properly
interpreting the inclusion gases. While there is currently no protocol to identify the extent of gas
alteration prior to analysis, there are methods that can reduce the likelihood of incorporating
heavily altered inclusions. A variety of petrographic techniques have been used to identify
microorganisms and organic matter trapped within inclusions (see Vreeland et al., 2000;
Lowenstein et al., 2011; Schreder-Gomes et al., 2022). Non-destructive analytical techniques,
such as Raman spectroscopy (see Frezzotti et al., 2012; Osterrothova and Jehlicka, 2011; Winters
et al., 2013), provide complementary information relevant to characterizing the trapped material
and gases. If possible, secondary and heavily altered inclusions should also be analyzed for their
gas contents. Their compositions, while not necessarily atmospheric, provide end members to
which the primary samples should be compared. Statistical evaluations of the three populations
can assess the degree of mixing. If altered inclusions can be identified prior to analysis, the BCM
may be better suited as a diagnostic tool to examine the reactions that have altered inclusion
gases. The different means for estimating O, presented here should be incorporated and
compared.

As described above, isotope ratio measurements should be incorporated to further
distinguish between atmospheric and altered inclusion gases. Beyond 8'3C measurements, §!°N
and *°Ar/*SAr ratios can be used to identify sources of alteration among the conservative gases
(Blamey and Brand, 2019; Denk et al., 2017; Rama et al., 1965).For example, when fino-ar
exceeds 1 for inclusion gases, the phase relationships present within the inclusions are
obfuscated. Isotopic constraints may identify sources of excess N» (e.g., denitrification) or Ar
loss (diffusion). Ideally, compositional and isotopic measurements would be made on the same
aliquots of gas.

Few records of ancient atmospheric Oz from fluid inclusions exist have incorporated
partitioning and many have utilized BCM regressions between non-compatible gases (e.g., Oz vs.
OMG). It is unclear whether these datasets meet the criteria we have defined here, and thus re-
evaluations are necessary to identify the relative influences of phase chemistry and alteration.
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4.0 Conclusions

Gases released from fluid inclusions provide the rare opportunity to study the evolution
of Earth’s atmosphere directly. However, significant compositional variability among samples of
similar origin can arise from both physical chemistry and post depositional alteration. Back
calculation methods attempt to determine unaltered atmospheric compositions by fitting
regressions to the observed O> and CO; mole fractions. Yet, they do not account for gas-aqueous
equilibria and often misattribute variability to alteration alone. By deriving the mathematical
framework underlying these methods, we identify and address their core assumptions and
examine their limitations. We find that real datasets show evidence of non-uniform trapping
conditions, as well as variable alteration acting upon the inclusion gases, all of which violate the
core assumptions and limitations of the BCM.

By incorporating partitioning techniques, we provide means to account for variable gas
solubilities. Stark differences are observed between alteration quotients determined through
traditional back calculation methods and determined individually after accounting for phase
chemistry, highlighting the error that is introduced when variability is wrongly attributed to
alteration alone. A combination of the two techniques can yield true atmospheric gas
compositions, but some datasets may require additional information. We show alteration can be
further assessed through stable carbon isotope measurements of inclusion CO,. Mass balance can
be used to correct the trapped CO: contents of heavily altered inclusion gases, whereas the least
altered samples can be used to put constraints on paleo atmospheric §'°C.

We conclude that back calculation methods have often been implemented incorrectly in
fluid inclusion-based paleo atmospheric reconstructions. The conclusions drawn from these
studies should be revisited and a thorough reinterpretation of the available data is necessary. In
future studies, we emphasize the importance of evaluating the extent of alteration prior to bulk
gas analyses. The development of such screening protocols will greatly advance our ability to
accurately characterize the trapped gases, as will incorporating improved analytical techniques
that couple compositional and isotopic measurements. These improvements will improve
confidence in the interpreted results, paving the way for robust direct records of atmospheric O>
and CO; evolution.
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S1.0 Deriving Relationships between Partitioned Gases

The relationship between partitioned O2 and CO2 mole fractions (X gz and X, goz) is
derived very similarly to the relationship between raw mole fractions. We begin with equation 18
as presented in the main text:

nf + An; Eq. 18
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Where nf and An; are the trapped and altered moles of a gas, and Yi is the abbreviated term
describing gas-aqueous equilibria, as defined in equation 2 in the main text. Rearranging

equation 1 we obtain:
t
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Where P; is the atmospheric partial pressure of a gas and V is the volume of the inclusions. We
present two identities:
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Where J is the set of atmospheric gases. Partitioning attempts to determine P;V for each gas, but
alteration skews the apparent values:

_ni+An Eq. S4

If alteration is confined to only O and CO» and the two are related through Q,, their partitioned
mole fractions can be obtained by substituting the relevant forms of equation S1 into equation
18:
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These equations can be solved independently for the term Ancoz/PamV. After substituting in the
appropriate form of equation S3, we obtain the forms:

Ango, Xo, —Xgm Eq. S7
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And:
Anco, chooz - ggzn Eq. S8
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After dividing both equations by Yco> and substituting in the appropriate partition coefficient
(Bcoz2-02, equation 17), we obtain the relationship:
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Setting k = Bco2-02Qa and solving for X, pz, we obtain equation 19:
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This relationship is linear if & is constant.
S2.0 Isotopic Constraints on Inclusion CO:

Stable carbon isotope analyses were performed on CO; released from several inclusion bearing
halite samples. Three modern samples were analyzed, including halite collected in 2012 from
Conti Vecchi (Italy), in 1994 from Death Valley, California (USA), and in 1980 from Baja
California (Mexico). Additionally, two ancient samples were analyzed, including 69 ka. halite
from the Atacama Desert (Chile) and 1.44 Ga. halite from the Sibley Group, Ontario (Canada).
Samples selected for analyses demonstrated clear evidence of primary growth structures (see
Blamey and Brand, 2019), and the inclusions contained variable volumes of trapped air bubbles.
The Sibley halite, including this sample, are described in detail in Park et al., (Accepted).

For each sample, approximately 100 mg of primary halite was loaded into a stainless steel
crusher (Pettitt and Schaller, 2020) attached to an Elementar Isoprime 100 Dual Inlet Isotope
Ratio Mass Spectrometer (DI-IRMS; Elementar Americas Inc., Ronkonkoma, NY, USA).
Samples were pumped to high vacuum (~107 to 10" mbar) and crushed to release the trapped
gases. Cryogenic separation was used to collect the released CO» and separate it from the
remainder of the inclusion gases. The released inclusion water was initially trapped in a -80 °C
water trap, with subsequent CO; trapping in a -180 °C cold finger. At this stage the non-
condensable gases were evacuated. The CO> was then released by warming the cold finger to -80
°C and recollected in a second cold finger closer to the analyzer. Approximately 10 minutes was
spent at each stage. CO» entering the analyzer was ionized by electron ionization and accelerated
toward high sensitivity faraday cups to measure m/z 44, 45, and 46. During analysis the
instrument alternated between measuring the sample CO; and a reference CO> (8'°C =5.018 +
0.005%o0 and §'*0 = -5.80 + 0.01%o, VPDB) that is regularly checked against NIST NBS19 (12
comparisons of 10 seconds each). Craig corrections were used to track the relative influence of
isobaric interferences (Craig, 1957). Sample ion beams ranged in size from 5 to 50 pA, with the
smaller beams yielding increased uncertainty. All results can be found in Table S1.

Atmospheric §'*C values were obtained from well document modern and ancient sources.
Values for the Baja California, Death Valley, and Conti Vecchi Halite were obtained from modern
measurements through the Isotopic Data Gallery from the the Scripps CO, Program



(https://scrippsco2.ucsd.edu/). The 69 ka value for the Atacama halite was obtained from §'*C
measurements of CO: in glacial ice, largely from the Talos Dome region of Antarctica (Eggleston
et al., 2016). The 8'*Cam of 1.44 Ga was estimated from marine carbonate records formed 1.35 to
1.55 billion years ago. The binned §'*Ccar values vary between -3%o and 0.809%o, and modeled
estimates from Kernal and Lowess smoothing yield §'3Ceary between -1.25%o and 0.3%o
(Krissansen-Totton et al., 2015). From these numbers, standard isotopic fractions (i.e.
approximately 8%o between atmospheric CO2 and carbonate minerals; Deines et al., 1974; Zhang
et al., 1995) predict the 8'3Cam was in the range of -7.7%o to -9.25%o. This range overlaps with
the measured §'°C recorded by the Sibley halite COx (Park et al., Accepted).Accordingly, a value
of -8%o was used for calculations.



https://scrippsco2.ucsd.edu/

Table S1: Stable isotope ratios are compared for CO> released from halite fluid inclusions.

Halite Source Age Mass (mg) m/z 44 Beam (pA)  8°C (%0, VPDB)
Conti Vecchi (Italy) 2012 57.045 4.95% -15.560+1.609
Death Valley (USA) 1994 132.312 34.7 -25.601+0.336
Baja California (Mexico) 1980 127.134 40.4 -23.384+0.272
Atacama Desert (Chile) 69 ka. 101.376 39.1 -20.087+0.153
Sibley Group (Canada) 1.44 Ga. 114.890 533 -8.377+0.196

*Craig correction not applied due to size limitations
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Figure S1: Gas data from modern halite inclusion from the Bahamas are evaluated through the
back calculation method. Regressions are fit to paired mole fractions of N> vs. CO; (blue), O2 vs.
CO2 (red), and Ar Vs. CO», for both raw (Left) and partitioned (Right) mole fractions. Data is
retrieved from (Blamey and Brand, 2019; Brand et al., 2021).
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Figure S2: Gas data from modern halite inclusion from Carlsbad Pond (USA) are evaluated
through the back calculation method. Regressions are fit to paired mole fractions of N> vs. CO»
(blue), Oz vs. CO2 (red), and Ar Vs. CO», for both raw (Left) and partitioned (Right) mole
fractions. Data is retrieved from (Blamey and Brand, 2019; Brand et al., 2021).
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Figure S3: Gas data from modern halite inclusion from Conti Vecchi (Italy) are evaluated
through the back calculation method. Regressions are fit to paired mole fractions of N> vs. CO»
(blue), Oz vs. CO2 (red), and Ar Vs. CO», for both raw (Left) and partitioned (Right) mole
fractions. Data is retrieved from (Park and Schaller, 2025).
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Figure S4: Gas data from modern halite inclusion from the Dead Sea (Israel) are evaluated
through the back calculation method. Regressions are fit to paired mole fractions of N> vs. CO»
(blue), Oz vs. CO2 (red), and Ar Vs. CO», for both raw (Left) and partitioned (Right) mole
fractions. Data is retrieved from (Blamey and Brand, 2019; Brand et al., 2021).
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Figure S5: Gas data from lab grown halite inclusion are evaluated through the back calculation
method. Regressions are fit to paired mole fractions of N; vs. COz (blue), Oz vs. CO> (red), and
Ar Vs. CO, for both raw (Left) and partitioned (Right) mole fractions. Data is retrieved

from(Park and Schaller, 2025).
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Figure S6: Gas data from modern halite inclusion from Lake Polaris (Australia) are evaluated
through the back calculation method. Regressions are fit to paired mole fractions of N> vs. CO»
(blue), Oz vs. CO2 (red), and Ar Vs. CO», for both raw (Left) and partitioned (Right) mole
fractions. Data is retrieved from (Blamey and Brand, 2019; Brand et al., 2021).
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Figure S7: Gas data from modern halite inclusion from Peru are evaluated through the back
calculation method. Regressions are fit to paired mole fractions of N2 vs. CO2 (blue), Oz vs. CO2
(red), and Ar Vs. COo, for both raw (Left) and partitioned (Right) mole fractions. Data is
retrieved from (Blamey and Brand, 2019; Brand et al., 2021).
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Figure S8: Gas data from modern halite inclusion from South Africa are evaluated through the
back calculation method. Regressions are fit to paired mole fractions of N> vs. CO; (blue), O2 vs.
CO2 (red), and Ar Vs. CO», for both raw (Left) and partitioned (Right) mole fractions. Data is
retrieved from (Blamey and Brand, 2019; Brand et al., 2021).
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Figure S9: Fluid inclusion gas compositions are modeled for mixtures of a variety of atmospheric
compositions (gold stars) and air saturated brines (blue stars). For each row the partial pressure
of N2 or O changes relative to modern atmosphere levels: (A-C) modern atmosphere levels, (D-
F) ~ 0.5 times modern O levels, (G-I) ~ 0.5 times modern N> levels. The partial pressure of CO»
increases across columns. Modeled mixing lines yield positive and negative slopes, yet the
apparent alteration quotient (Qa) is always positive.
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Figure S10: The residuals of BCM regressions through modern halite gases are compared. For
each locality, the left plot shows residuals for the raw gases and the right for partitioned gases.

Some residuals through the raw data display evidence of heteroskedasticity (e.g., Bahamas-Raw)
or larger unaccounted for trends (e.g., Lake Polaris and South Africa). Data is sourced from

(Blamey and Brand, 2019; Brand et al., 2021; Park and Schaller, 2025)
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Figure S11: The BCM is reapplied to gas compositions from modern halite inclusions after
removing the points with the highest Cook’s distance from each locality (red circles). Each pair
of plots represents the raw (left) and partitioned (right) data from the locality. Removal of these
points has changed some regressions substantially (See Fig. 3). All data is sourced from (Blamey
and Brand, 2019; Brand et al., 2021; Park and Schaller, 2025)
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Figure S12: Inclusion gas compositions are modeled as a function of the gas volume fraction, g,
for two cases: A) a modern atmosphere in equilibrium with air saturated brines, and B) the same
system, but Oz and CO; are not in equilibrium. Both plots are computed using equation 2. The
out of equilibrium model assumes dissolved O> concentrations are only a quarter of the expected
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produce true atmospheric composition when partitioned assuming expected solubilities. All
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calculations assume entrapment at 25 °C with a 7.5 M NaCl equivalent brine.
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Figure S13: Possible fluid inclusion gas compositions are modeled for modern atmosphere (gold
stars) mixing with air saturated brine (blue stars) with alteration acting upon the trapped gases
with Q. =-0.5. Alteration is modeled as (A & B) constant for all ¢g, (C & D) proportional to the
trapped O, and (E &F) proportional to the trapped O> multiplied by the brine volume fraction
(i.e., 1- @g). The extent of the alteration is shown in a color scale. Solid grey lines reflect equal
alteration extents. The dashed grey lines and the solid black lines are lines of equal @g. In raw
data, only data with ¢, close to 1 are viable for the BCM. When partitioned, any set of data with
consistent @g is viable.
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Figure S14: Possible gas compositions are modeled for fluid inclusions trapping variable
volumes of air and brine, with alteration of Q. = -1. Subplots are displayed similarly to Fig. S13,
including lettering, color schemes, and alteration extents.
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Figure S15: Possible gas compositions are modeled for fluid inclusions trapping variable
volumes of air and brine, with alteration of Q. = -2. Subplots are displayed similarly to Fig. S13,
including lettering, color schemes, and alteration extents.
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Figure S16: The fraction of CO; that was originally trapped (f;) in the Conti Vecchi halite is
calculated for various combinations of ¢y and §'*Cai. A heat map shows f; for each combination.
The sold red line shows the combinations that yield f; = 0.51, the necessary value to yield the
recorded atmospheric pCO; in 2012 (0.51 =393 ppm / 770 ppm). Dashed red lines reflect upper
and lower bounds based on the uncertainty in the measured §'°C of the inclusion CO> (this does
not include the uncertainty of the pCO> measurements).
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