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Abstract 6 

Recent analyses of purportedly ancient atmospheric gases trapped in Neoproterozoic halite 7 

inclusions offer a fresh, but controversial perspective on the history of atmospheric oxygenation (Blamey 8 

et al., 2016). Those data, at face value, imply that the Tonian (815 ± 15 Ma) atmosphere contained about 9 

half the present atmospheric levels (PAL) of O2. Here, I reanalyze those data and argue that those samples 10 

were affected by preservation artifacts; the gases are likely contaminated with modern air and air 11 

dissolved in brines, and they may also contain signals of biogeochemical cycling within the halite 12 

inclusions. The Tonian atmosphere may instead have been low in O2, containing ≤6% PAL, not ~50% 13 

PAL as previously suggested. The analysis also reveals a surprisingly low Tonian argon inventory, ≤60% 14 

PAL, which, if accurate, challenges our understanding of the solid Earth’s degassing history. When 15 

placed in context with other empirical estimates of paleo-atmospheric argon, the data imply a period of 16 

relatively slow atmospheric Ar accumulation in the Paleo- and Meso-Proterozoic, followed by extensive 17 

degassing in the late Neoproterozoic or early Cambrian, before returning to a relatively quiescent state by 18 

the Devonian. Still more enigmatic contaminations than the ones presented here may be relevant, but they 19 

require more extensive geochemical, petrological, and biological investigations to understand. Gases 20 

trapped in evaporites may offer important new constraints on the evolution of Earth’s surface, climate, 21 

and atmosphere, but potential contaminations and other confounding factors need to be considered 22 

carefully before these records can be considered quantitative. 23 
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1. Introduction 1 

 The Neoproterozoic era was a time of great change in the Earth system. Following a period of 2 

crustal thickening during the Mesoproterozoic (Taylor and McLennan, 1985; Dhuime et al., 2015), rifting, 3 

metamorphism, and weathering accelerated during the breakup of Rodinia (Halverson et al., 2009; Cox et 4 

al., 2016; Hawkesworth et al., 2016). Regional and global glaciation events are likely linked to these 5 

tectonic events (Kirschvink, 1992; Schrag et al., 2002; Macdonald et al., 2010). Atmospheric and oceanic 6 

oxygen levels experienced their second great rise (Canfield, 1998; Lyons et al., 2014). A unified picture 7 

of the timing, magnitude, and interrelationships between these changes has not yet emerged, however 8 

(Planavsky et al., 2014; Sperling et al., 2015; Gilleaudeau et al., 2016), due in part to limitations in proxy 9 

records. Atmospheric archives offer an important perspective for these events, and while direct sampling 10 

is rare, when available they can reveal a high-resolution snapshot of the atmospheric evolution amidst 11 

these changes. 12 

 Recently, Blamey et al. (2016) reinvigorated the discussion about atmospheric records locked 13 

within ancient evaporite minerals. Early work revealed preservation of O2, but also N2, Ar, CO2, CH4, 14 

NH3, and H2S within halites of the Permian Zechstein formation (Freyer and Wagener, 1975). Unlike 15 

other candidate atmospheric archives in the rock record e.g., bubbles in fossil amber (Berner and Landis, 16 

1987; Cerling, 1989), halites are attractive because of their low permeability, low organic matter content, 17 

abundance of fluid inclusions, and simple petrologic criteria for identifying post-depositional alteration 18 

(Roedder, 1984). However, the fidelity of the gases within these archives has not been investigated. 19 

Migration of gases through defects and grain boundaries for example, is difficult to diagnose. It is clear 20 

from previous work that while atmospheric composition can be preserved in primary halites, some may 21 

preserve gases at the sediment-water interface instead (Siemann and Ellendorff, 2001), while others still 22 

may preserve dissolved gases or degradation products (Freyer, 1978). Microbes can be trapped within 23 

halite as well, cycling elements within fluid inclusions for at least tens of thousands of years (Schubert et 24 

al., 2009; Lowenstein et al., 2011) or perhaps even hundreds of millions of years (Vreeland et al., 2000). 25 

The observation of unexpectedly high O2 concentrations in primary Neoproterozoic bedded halites [~50% 26 

PAL, 10 mol %; Blamey et al. (2016)]  therefore places the reliability of these records under new 27 

scrutiny. 28 

 Fortunately, a great number of approaches has been developed, principally from the atmospheric 29 

and ice-core gas analysis field (Bender et al., 1997; Severinghaus and Battle, 2006), that can be applied in 30 

principle to evaluate post-depositional processes relevant to gas preservation in ancient halites. Here, I 31 

apply one such technique to reanalyze the data recently collected from Neoproterozoic (815 ± 15 Ma) 32 

halites in the Officer Basin, Australia. I find evidence for modern contamination and mass-dependent gas 33 
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loss processes, as well as depositional artifacts in some samples that demand further investigation. I argue 1 

that these halites are more consistent with a low atmospheric O2 concentration (≤6% PAL, ~1 mol %) at 2 

815 Ma and propose several tests of this hypothesis. Surprisingly, the results also suggest that the 3 

atmospheric Ar concentration is lower than generally thought for the Neoproterozoic. If true, it indicates a 4 

more complex solid-Earth outgassing history than is captured by first-order mantle degassing models 5 

(Pujol et al., 2013; Stuart et al., 2016). 6 

 7 

2. Methods 8 

In the Blamey et al. (2016) study, modern halite samples were sampled from hypersaline ponds 9 

near the Mosaic mine in the U.S.A. (32°21'24" N, 103° 55' 21.75" W) and at Lake Polaris, Western 10 

Australia (31°14'11.01"S, 119°19'58.99"E). The other Phanerozoic halite samples come from the 11 

Racalmuto mine in Italy (37°15' N, 13°44' E; Messinian) and the Mengyejing Formation in China 12 

(22°42'01" N, 101°38'24" E; Cretaceous). The Neoproterozoic samples are from the Empress 1A and 13 

Lancer 1 drill cores in the Browne Formation (Officer Basin, Australia), at 1450 – 1502 m depth (Stevens 14 

and Apak, 1999; Mory and Haines, 2005 ; Spear et al., 2014). The Lancer 1 sample has been correlated 15 

geochemically with the lower Browne formation (~1500m). These samples all appear to be bedded halite 16 

with primary chevron growth textures and banded fluid inclusions parallel to the growth faces showing 17 

undisturbed cubic “anticrystal” shapes. They are believed to have been precipitated in a subaerial salt pan 18 

(1478m Empress 1A sample) or a shallow lagoon environment (all other samples) (Spear, 2013). The 19 

reported Ar, O2, and N2 measurements for halites were originally obtained by fast-scanning quadrupole 20 

mass spectrometry of the gases released during 5 – 12 successive sample crushes. The reader is referred to 21 

Blamey et al. (2016) and Spear et al. (2014) for a full discussion.  22 

I computed Ar/N2 and O2/N2 ratios from these data and compared them to the ratios for New 23 

Mexico lab air (NMLA) reported in the same paper as δAr/N2 and δO2/N2 values, which characterize 24 

deviations from present atmospheric proportions. They are defined as δO2/N2 = [(O2/N2)sample/(O2/N2)NMLA 25 

– 1] and δAr/N2 = [(Ar/N2)sample/(Ar/N2)NMLA – 1]. Alterations of the primary air composition signal, such 26 

as contamination with more recent air, radiogenic Ar production, O2 production and consumption, mass-27 

dependent fractionation, and N2 production all fall on characteristic trajectories on a plot of δO2/N2 versus 28 

δAr/N2 values. I have excluded from the averages the crushes the previous authors had also excluded on 29 

the basis of the size of gas bursts and gas contents.  30 

The O2/N2 and Ar/N2 intercomparison approach assumes that atmospheric N2 has not changed 31 

significantly since the Neoproterozoic: long-term burial of nitrogen has only been a small fraction of the 32 
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atmospheric nitrogen mass balance (<1%) during the Phanerozoic (Berner, 2006). A more recent model 1 

of N2 over geologic time suggests that the N2 inventory could have increased by up to several tens of 2 

percent since 1 Ga, but it is unlikely to have decreased since then (Stüeken et al., 2016; Zerkle and 3 

Mikhail, 2017). Post-depositional addition of N2, such as denitrification or interaction with magmatic 4 

fluids rich in N2 (Norman and Musgrave, 1994), would manifest as a N2 excess.  5 

 6 

3. Results 7 

Calculation of δO2/N2 and δAr/N2 values for individual halite crushes yields modern (n = 2), 8 

Messinian, and Cretaceous means of 103 ± 4%, 91 ± 12%, and 133 ± 35% (1σ) PAL of atmospheric O2 9 

and 109 ± 13%, 80 ± 8%, and 97 ± 9% (1σ) PAL of atmospheric Ar, respectively. These data are 10 

indistinguishable from those obtained by Blamey et al. (2016) using mole fractions. It is unclear why the 11 

Messinian halite yields an Ar inventory that is too low, but the measurement is of a single sample. 12 

Similarly, one of the modern samples yields a high Ar inventory (Lake Polaris; 118 ± 49% PAL), 13 

although its inaccuracy is largely due to two crushes with unusually low yields of gas (<1 pmol). The 14 

Cretaceous sample shows evidence for excess O2, but the spread in individual crushes is large. The 15 

accuracy of a single sample analysis (mean of crushes) is therefore considered to be ~±20% PAL for both 16 

O2 and Ar. The results for the Neoproterozoic halites are shown in Figs. 1and 2. 17 

The δO2/N2 and δAr/N2 values from Empress 1A halites tend to increase downcore, with the 18 

shallowest sample (1478m) having δO2/N2 = −0.94 and δAr/N2 = −0.59 and the deepest sample (1502.2m) 19 

having δO2/N2 = −0.41 and δAr/N2 = +0.07 (Fig. 1). The time interval covering these depths is ~30 Myr; 20 

it exceeds the atmospheric residence time of O2 (Bender et al., 1994; Berner, 1999; Stolper et al., 2016), 21 

but not the residence time of Ar. Atmospheric Ar increases inexorably through time (Hamano and 22 

Ozuima, 1978; Turner, 1989), which would yield in a decrease in Ar downcore instead. An increase in Ar 23 

downcore is thus opposite the trend expected from degassing of the solid Earth. I also note here that the 24 

Lancer 1 – 1466.3m sample, which is correlated to 1500 – 1501 m depth in the Empress 1A core using 25 

bromine concentrations (Spear, 2013), shows δO2/N2 and δAr/N2 values that are significantly different 26 

from those in the 1502.2m sample (p < 0.0008). 27 

Contamination by modern air and air dissolved in brine could be contributing to the measured gas 28 

concentrations. To evaluate the importance of this effect, one can inspect the trajectories for conservative 29 

mixing between the 1478m Empress 1A sample (the lowest-δO2/N2 and δAr/N2 sample) and modern air, 30 

and between the 1478m Empress 1A sample and air- and salt-saturated NaCl brines (Fig. 2). N2 is far less 31 

soluble in brine than either Ar or O2 (Onda et al., 1970), so contamination from dissolved air manifests as 32 
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a deficit in N2, or positive excursions in δO2/N2 and δAr/N2 values relative to the contemporaneous 1 

atmospheric δO2/N2 and δAr/N2 values. 2 

The mixing curves in Fig. 2 indicate that the Neoproterozoic halite samples could contain signals 3 

from atmospheric or dissolved air. All the Neoproterozoic samples lie within conservative mixing curves 4 

defined by three endmembers: (1) the Empress 1A – 1478m sample, (2) air-saturated brine for 5 

atmospheric composition 6% PAL O2 and 60% PAL Ar (equal to that found in the Empress 1A – 1478m 6 

sample), and (3) modern air. Both the mean δO2/N2 and δAr/N2 values, as well as those of individual 7 

crushes, lie within this mixing array given the analytical uncertainties (Fig. 2). Other mixing endmembers 8 

could be invoked, such a brine-saturated endmember for an atmosphere of 50% PAL O2 and 80% PAL 9 

Ar, but such endmembers cannot all of the variability and would not have obvious origins. In contrast, the 10 

three-endmember mixing array involving only a low-O2/low-Ar atmosphere, NaCl brine, and the modern 11 

atmosphere can explain the variability in the entire Neoproterozoic dataset. In this model, the high-O2 12 

Neoproterozoic samples would consist of 25-50% modern air. Such a contamination is possible given the 13 

small size of these analyses (≤10 pmol total gas yield from crushes) and contaminations of similar 14 

magnitude observed in other impermeable minerals (Marty et al., 2013; Pujol et al., 2013; Stuart et al., 15 

2016). No low-O2/low-Ar procedural standards—neither capillary tubes nor synthetic halites—were 16 

reported in the original Blamey et al. (2016) study. 17 

The δO2/N2 and δAr/N2 values of samples from below 1478m in the Empress 1A core may also 18 

express mass-dependent fractionation. Two potential sources are mass-dependent fractionation in the 19 

mass spectrometer and gas loss from the halites (Fig. 2). Using York’s regression (York et al., 2004)and 20 

the analytical 1σ errors, these samples define a best-fit slope of 0.39 ± 0.26 (r2 = 0.89), indistinguishable 21 

from the slope of ~1/3 expected for mass-dependent fractionation (N.B. calculated explicitly, the slope is 22 

0.23 for this range in δO2/N2 and δAr/N2 values). The Lancer 1 sample fits within this range as well, and 23 

the regression of the combined data has an identical slope (0.34 ± 0.16; r2 = 0.88). Knudsen diffusion 24 

within this system is possible, e.g., during gas migration along grain boundaries. If gas loss follows 25 

Rayleigh fractionation, however, then nearly complete gas loss between the 1497m and 1502.2m samples 26 

(~94%) would be required to explain the wide variation in δO2/N2 and δAr/N2 values. Primary chevron 27 

textures and banded fluid inclusions (Spear et al., 2014; Blamey et al., 2016) argue against catastrophic 28 

gas loss unless physical stresses created temporary fractures that have since healed (Roedder, 1984). 29 

Diffusion of Ar via interstitial hopping, which would express size-dependent molecular fractionation 30 

(Severinghaus and Battle, 2006) is too slow in halite to be important on 109-year timescales [D0 ~ 100 31 

cm2 s-1, ΔH = 135 kJ mol-1; (Norgett and Lidiard, 1968; Matzke et al., 1969)]: timescales for 1 m of 32 
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displacement exceed 1 Gyr, even at 200°C. Thus, while mass-dependent fractionation may be relevant, it 1 

is probably not responsible for the entirety of the correlation between δO2/N2 and δAr/N2 values. 2 

High temperatures and fracturing can result in gas loss, while recrystallization can incorporate 3 

new gases (Freyer and Wagener, 1975). Borehole temperatures in the Browne formation were measured 4 

to be 45 – 50°C (geotherm ~ 17°C km-1) during the drilling of Empress 1A. Apatite fission-track analysis 5 

of the overlying Kanpa formation (750 – 780 Ma) suggests that the Browne formation reached >100°C 6 

around 600 – 300 Ma, perhaps associated with the Petermann Ranges or Alice Springs orogenies (Stevens 7 

and Apak, 1999; Mory and Haines, 2005). The abundance of banded fluid inclusions suggests that these 8 

chevron halites have not been recrystallized as a result of these events. Diffusion along grain boundaries 9 

could yield correlated Ar, O2, and N2 abundances for the Empress 1A samples below 1478m..  10 

Post-depositional element cycling within the fluid inclusions by halophiles (Lowenstein et al., 11 

2011; Davila et al., 2015; Bernau et al., 2016) cannot be ruled out. While O2 can be ephemeral in 12 

biogeochemically active systems, the concurrent, correlated variations in Ar are more difficult to explain. 13 

A N2 excess of >50% from halophilic denitrifiers could reproduce the apparent deficit in both O2 and Ar 14 

observed in some of the Neoproterozoic halites, but only if the primary composition were near NMLA. 15 

Moreover, dissolved nitrogen concentrations in seawater, especially at the sea surface and prior to 16 

widespread oceanic oxygenation (Fennel et al., 2005), argue against this mechanism: Using ~0.1 wt % of 17 

brine in halite (Roedder, 1984), Neoproterozoic concentrations of dissolved nitrogen species would need 18 

to be tens of μM, orders of magnitude higher than those found today in the surface ocean, to yield such an 19 

excess in N2. 20 

 Taken together, this analysis indicates that preservation artifacts likely affected the O2 and Ar 21 

content measured in the Neoproterozoic halites. Contamination with modern air and air dissolved in brine 22 

is the most likely; it can explain all of the variability in the data. Mass-dependent fractionation due to 23 

physical processes may be important as well. Both of these mechanisms would artificially raise the O2 24 

and Ar content of halite-occluded gases relative to N2. Consequently, among these samples, the gas 25 

contents must be considered upper limits on ancient atmospheric concentrations.  26 

 27 

4. Discussion 28 

4.1  Low O2 in the Neoproterozoic 29 

The youngest halite sample (Empress 1A – 1478m) yields an O2 content significantly lower than 30 

observed in the other Neoproterozoic samples: it implies a 6 ± 2% PAL O2 inventory. While Blamey et al. 31 
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(2016) argue that the low O2 reflects growth in dysoxic bottom water, the δO2/N2 and δAr/N2 data are 1 

inconsistent with that argument. Halite growth in bottom waters leads to increased incorporation of brine, 2 

which would yield δO2/N2 and δAr/N2 values closer to the air-saturated brine endmembers shown in Fig. 3 

2. Yet, the sample is displaced further from brine endmembers than the other samples; the sample does 4 

not contain more brine-dissolved air. Incorporation of O2-deficient groundwater would have a similar 5 

effect to the incorporation of brines, so it can also be ruled out. Another route to a deficit in O2 is post-6 

depositional O2 consumption. Some O2 could have been consumed after deposition if there were sufficient 7 

occluded organic matter or other reduced phase. Finally, instrumental mass fractionation, mass-dependent 8 

gas loss, and photosynthesis within the fluid inclusions (Lowenstein et al., 2011; Davila et al., 2015) 9 

would increase δO2/N2 values. The cause of low O2 can thus only be explained in one of three scenarios: 10 

(1) it reflects a selective N2 excess in the 1478m sample, but not the other samples, (2) it reflects post-11 

depositional O2 consumption in the 1478m sample, but much less O2 consumption in the other samples, or 12 

(3) it reflects a less altered atmospheric signal, while the other Neoproterozoic samples incorporated O2 13 

after deposition. 14 

The first scenario requires several tens of percent excess N2 to be incorporated, presumably due to 15 

denitrification. I reject that possibility based on the excessive amount of nitrogen that would need to be 16 

part of the primary fluid inclusion (see above) and the aerobic environment inside inclusions that 17 

disfavors denitrification (Rothschild et al., 1994). The second scenario cannot be ruled out, but why none 18 

of the other Neoproterozoic halites shows a similar amount of O2 consumption is puzzling: ephemeral salt 19 

pan environments (the depositional environment for the 1478m sample) are less likely to host a 20 

productive halophile community than perennial shallow lagoon environments, where the other Empress 21 

1A  halites were deposited (Schubert et al., 2010; Spear, 2013). They are therefore less likely to contain 22 

reduced carbon substrates for respiration, unless that carbon is allocthonous. The third scenario—a post-23 

depositional O2 increase—is plausible via two mechanisms. First, contamination by modern air or by 24 

contemporaneous brine-dissolved air can increase δO2/N2 and δAr/N2 values in accordance with the 25 

mixing curves in Fig. 2. Second, halophilic photoautotrophs could produce O2 after deposition within the 26 

fluid inclusions. Incorporation of viable microbes into primary halites has been observed, primarily in 27 

perennial saline lake environments (Schubert et al., 2009, 2010; Lowenstein et al., 2011), and 28 

photosynthesis has been observed in cyanobacteria living within halite (Rothschild et al., 1994; Davila et 29 

al., 2015). Preliminary evidence suggests that microbes were indeed incorporated into some Browne 30 

formation halites (Bernau et al., 2016), but whether they are oxygenic and whether subsequent respiration 31 

would eliminate any excess O2 produced is not known.  32 
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I therefore argue that the 1478m sample contains primary (or less altered) Neoproterozoic 1 

atmosphere. While this view remains somewhat speculative, it is the most consistent with the δO2/N2 and 2 

δAr/N2 data, low contemporaneous marine sulfate concentrations (Kah et al., 2004; Spear et al., 2014), 3 

and low contemporaneous marine phosphorus concentrations, which would limit the accumulation of O2 4 

in the atmosphere (Laakso and Schrag, 2014; Reinhard et al., 2017). The range in measured O2 content in 5 

the Neoproterozoic halites is best explained as variable post-depositional contamination by modern air. 6 

One can test more definitively for this contamination by examining the relationship between 40Ar/36Ar 7 

ratios and O2/36Ar ratios in these samples: 36Ar is primordial and not cycled biogeochemically, so 8 

performing a similar analysis normalizing against 36Ar instead of N2 will eliminate one of the assumptions 9 

in this study. Analysis of relative amounts of CO2 in these halites may also reveal the extent of post-10 

depositional organic matter oxidation that could have consumed O2 in the Empress 1A – 1478m sample. 11 

The importance of in situ photosynthesis on the occluded gas composition can be investigated by 12 

analyzing modern halites: The photoautotroph Dunalliela salinas has been routinely observed trapped 13 

within halite fluid inclusions (Rothschild et al., 1994; Schubert et al., 2009, 2010; Lowenstein et al., 14 

2011). If photosynthesis within fluid inclusions alters the composition of gases trapped inside, then one 15 

would expect to observe O2 excesses in those samples.  16 

 17 

4.2  Low Ar in the Neoproterozoic 18 

A remarkable feature of the Neoproterozoic halite archive is that nearly all samples contain a 19 

significant Ar deficit compared to modern air (Fig. 2). The lowest-δAr/N2 measurement, from Empress 20 

1A – 1478m, implies an Ar inventory of 41 ± 9% PAL (1σ). The empirical uncertainty limit of ±20% 21 

PAL Ar suggests that the Tonian Ar inventory implied by the halite archive is likely no higher than ~60% 22 

PAL. Excluding the highest-δAr/N2 point (Empress 1A – 1502.2m)—because it is most likely to be 23 

contaminated—yields an atmospheric Ar inventory of 62 ± 18% PAL (95% confidence interval; n = 5). I 24 

will use this more conservative latter estimate in the quantitative discussion below.  25 

Unlike for O2, changes in Ar due to biogeochemical cycling are not important. The measurements 26 

are nonetheless upper limits in part because of the potential for Ar addition via radiogenic decay of 40K. 27 

There is no evidence for significant radiogenic Ar excess in these samples, however, contrary to what had 28 

been seen for other halites (Freyer and Wagener, 1975). Using an upper limit on K content of 4,000 ppm 29 

in the fluid inclusions (Spear et al., 2014) and 0.1 wt % of brine in halite (Roedder, 1984), I estimate that 30 

≤4 × 10-14 mol, or ≤1% of the argon in these samples, would come from from radioactive decay over 815 31 
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Myr. The halite-derived Tonian atmospheric inventory of ~60% PAL Ar therefore appears robust in this 1 

regard. 2 

It is useful to compare this halite-derived Ar inventory with those from other archives covering 3 

more of Earth history. Three other high-confidence determinations of ancient atmospheric argon exist in 4 

the literature, and they are compared with the results of this study in Fig. 3. The best estimate comes from 5 

Bender et al. (2008), who used 40Ar, 38Ar, and 36Ar trapped in polar ice to derive the change in 40Ar 6 

inventory over the past 800 ka. This record implies a contemporary outgassing rate of 1.1 ± 0.1 × 108 mol 7 
40Ar yr-1 (the total inventory today is 1.65 × 1018 mol), which is supported by a comprehensive outgassing 8 

budget and simple models based on the mass balance and heat budget of the Earth. A second higher-9 

confidence measurement comes from the exceptionally preserved Devonian Rhynie chert, which was 10 

formed in a silicic hydrothermal lake (Rice et al., 2002) and believed to contain uncontaminated 11 

atmospheric Ar (Cadogan, 1977; Rice et al., 1995; Stuart et al., 2016). Step-heating analyses of Ar isotope 12 

ratios imply an atmospheric 40Ar inventory at 404 Ma of 96.9 ± 0.3% present atmospheric level (PAL, 13 

assuming 36Ar has been constant); it is stated to be an upper limit. The Devonian 40Ar inventory, if 14 

accurate, implies a mean outgassing rate similar to the contemporary rate (1.27 ± 0.09 × 108 mol yr-1) over 15 

the past 404 Myr. Finally, an Archaean 40Ar/36Ar ratio was estimated by Pujol et al. (2013), who analyzed 16 

fluid inclusions in a 3.5 Ga hydrothermal quartz from the Dresser formation in the Pilbara craton 17 

(Western Australia). They argue that the samples, which have undergone low-grade metamorphism, 18 

preserve ancient atmospheric gases. If 36Ar had degassed completely by 3.5 Ga, their results imply that 19 

the 40Ar inventory was between 48% and 71% PAL in the Archaean, depending on when the fluid 20 

inclusions had formed between 3.5 Ga and 2.7 Ga. Many other examples of potential paleo-atmospheric 21 

argon archives, primarily silicates, are likely contaminated with younger atmosphere or excess 40Ar 22 

(Martinez et al., 1984; Hanes et al., 1985; Turner, 1988; Lee, 2009)  23 

The Tonian atmospheric Ar inventory derived here, if accurate, is significantly lower than the 24 

inventory predicted by linearly extrapolating the Devonian outgassing rate (i.e., 93.7 ± 0.5% PAL; p ≤ 25 

0.05). Moreover, it is lower than what the most recent Ar outgassing model would predict (Fig. 3). 26 

Instead, the mean measured Ar content implies that the outgassing rate between 815 – 404 Ma was 5 – 16 27 

times higher than that observed since the Devonian (i.e, 7 – 21 × 108 mol 40Ar yr-1). Between 2.8 × 1017 28 

and  8.7 × 1017 mol 40Ar would need to degas in ~410 Myr, or 7 – 23% of the total amount of 40Ar thought 29 

to be produced over Earth’s history (Zhang, 2014). These estimates require degassing fluxes at least 30 

several times the radiogenic Ar that would accumulate in the crust over 1 Ga [4 × 1016 mol (Porcelli and 31 

Ballentine, 2002; Bender et al., 2008)], and an amount several times greater than the estimated inventory 32 
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of the upper, degassed mantle. In contrast, the lower, undegassed mantle is estimated to contain ~1018 mol 1 
40Ar (Zhang, 2014). 2 

Based on the sizes of these reservoirs, the undegassed mantle reservoir would be the most likely 3 

source of this radiogenic 40Ar. Hotspot sources, which draw from less degassed mantle reservoirs 4 

(Deschamps et al., 2011; Mukhopadhyay, 2012; Caracausi et al., 2016), comprise only 2% of the 40Ar 5 

outgassing budget today [0.02 mol 40Ar yr-1; (Bender et al., 2008)], so a different degassing mode or 6 

mechanism may be relevant. The emplacement of large igneous provinces and the evidence for mantle 7 

superplumes during the breakup of Rodinia (Ernst et al., 2008; Li et al., 2008) suggests that direct 8 

degassing of the primordial mantle reservoirs could have accelerated toward the end of the 9 

Neoproterozoic.  10 

The data therefore suggest a more complex structure to solid-Earth degassing than first-order 11 

models would predict. After an initial “catastrophic” degassing period lasting <200 Myr (Ozima, 1975; 12 

Pujol et al., 2013; Tucker and Mukhopadhyay, 2014) and 1 Gyr of outgassing that could resemble a first-13 

order loss process, the atmospheric Ar inventory may have stayed near 60% PAL for much of the 14 

Proterozoic. The rapid accumulation between 815 Ma and 404 Ma was temporary and followed by 15 

another period of relatively quiescent outgassing activity. If mantle outgassing fluxes are capable of such 16 

punctuated rises and falls over geologic time, one may need to revisit the mechanisms through which 17 

tectonic variability modulates greenhouse gases (e.g., CO2) and climate on geologic timescales. 18 

Another way to reconcile these measurements with the existing Ar record is to invoke enigmatic 19 

preservation artifacts or contaminations within the silicate and halite archives. Arguably, the 800 ka ice-20 

core record of Ar degassing is the most reliable given our understanding of atmospheric bubble occlusion 21 

and preservation (Bender et al., 1997) and the low K concentrations in Antarctic ice. However, in both the 22 

Rhynie chert and Archaean quartz samples, the physics of atmospheric gas preservation are not known 23 

well. Endmember mixing arguments are invoked to infer atmospheric compositions, but precise air 24 

occlusion dates are difficult to determine. Thus the atmospheric Ar record derived from those archives 25 

must be considered upper limits subject to revision. The processes through which atmospheric gas is 26 

preserved in halite are also poorly studied (Freyer and Wagener, 1975), but primary air inclusions should 27 

be syndepositional (Roedder, 1984) and non-fractionating, based on the relative accuracy of modern 28 

halites and the observation that some halite crystals form inclusions at the air-water interface (Blamey et 29 

al., 2016). Most post-depositional fractionation processes should yield overestimates in atmospheric Ar 30 

inventory rather than underestimates using the Ar/N2 ratio method. It is conceivable, however, that Ar 31 

could be selectively excluded from halite fluid inclusions under certain conditions based on its size; 32 

laboratory studies of the gas inclusion process would be informative. 33 



11 
 

 Clearly, further investigation into the potential halite paleoatmospheric archive is warranted. 1 

Noble-gas studies would be especially useful, as they are not biogeochemically cycled. For example, 2 

simultaneous measurement of 40Ar, 38Ar, and 36Ar in halite could yield a 40Ar inventory insensitive to 3 

contamination by dissolved gases, mass-dependent fractionation, and size-dependent fractionation 4 

(Bender et al., 2008). In addition, noble-gas isotope signatures from primordial mantle sources 5 

(Mukhopadhyay, 2012; Caracausi et al., 2016) could be used to test whether outgassing from a primordial 6 

mantle reservoir led to an unprecedented rise in atmospheric Ar during the Neoproterozoic. 7 

 8 

5. Concluding remarks 9 

 This reanalysis of gases extracted from Neoproterozoic halites highlights the need for a fuller 10 

understanding of how gases are trapped and preserved in these and other archives. Evidence for 11 

contamination by modern atmospheric and brine-dissolved air the initial conclusions of Blamey et al. 12 

(2016) in question. The covariation in O2 and Ar relative to N2 is difficult to explain otherwise. Instead of 13 

~50% PAL O2, the data suggest that the Tonian atmosphere contained ≤6% PAL O2 (≤1 mol %). 14 

Moreover, the halite archive suggests that the atmospheric Ar inventory during the Tonian was 15 

unexpectedly low, i.e., ≤60% PAL Ar. While the downward revision in Tonian O2 content makes the 16 

halite record more consistent with existing models of atmospheric oxygenation in the late Neoproterozoic 17 

(Lyons et al., 2014), the downward revision in Tonian Ar content is more surprising, as it has no 18 

precedent and is not obviously incompatible with our understanding of the evolution of the solid Earth.   19 

Can ancient atmospheric composition be inferred from gases trapped in halites? I would argue 20 

yes, in principle. However, additional laboratory and natural experiments should be undertaken before 21 

halite gas archives are further applied for paleo-atmospheric studies. Two key problems to address are (1) 22 

whether gas compositions drastically different from the modern atmosphere can be inferred without 23 

corrections for contamination and (2) whether the depositional environment and endolithic microbial 24 

communities influence the composition of gases locked within halite. With careful study, the systematics 25 

of these archives can be determined, and with them, a clearer picture of Earth’s atmospheric history in 26 

deep time.   27 
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 1 

Fig. 1. Variation in δO2/N2 and δAr/N2 with depth in the Empress 1A core.  2 
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 1 

Fig. 2. Multicomponent analysis of Neoproterozoic halite gas archives. Measured δO2/N2 vs. δAr/N2 2 

values are shown as (A) mean ± 1σ and (B) individual crushes for each sample. The origin represents the 3 

present-day atmospheric composition. Two-component mixing defines linear arrays between 4 

endmembers, such as that between the calculated δO2/N2 and δAr/N2 values for air- and NaCl-saturated 5 

brines (stars) and the Empress 1A – 1478m sample (black triangle). Points along the mixing arrays 6 

represent increments of 25% in the mixing fractions. The samples here may display contamination by 7 

modern air, brine-dissolved air, and mass-dependent fractionation after initial deposition. 8 

  9 

A B 
• Empress 1A- 1478m 1.0 100% PAL 0 2 1.0 100% PAL 0 2 • Empress 1A- 1482m 100% PAL Ar -u 100% PALAr-U I::,. Empress 1A- 1492m 
I::,. Empress 1A- 1497m • Empress 1A-1502.2m • Lancer 1 - 1466.3m u Air-saturated 0.5 0.5 

NaCl-saturated brine 

-e- Mixing curves 

"' 
~ 
o"' 

-1 .0 0.5 1.0 -1 .0 0.5 1.0 00 

' ' 50% PAL 0 2 50% PAL 0 2 

80% PAL Ar 80% PAL Ar 

I::,. 

'6% PALO2 d '6% PALO2 

25% 60% PAL Ar 60% PAL Ar 

8Ar/N2 8Ar/N2 



14 
 

 1 

Fig 2. The history of atmospheric 40Ar. With one exception, the Tonian halite data imply an Ar 2 

inventory below that predicted by the most recent first-order solid-Earth outgassing model of Stuart et al. 3 

(2016). Only one example output of that model is shown because the range of outputs compatible with 4 

both the Archaean, Devonian, and modern inventories is similar to the thickness of the line at -815 Myr. 5 

On average, the halite data imply ~60% PAL Ar at -815 Myr (see main text) and potentially a step-like 6 

increase in atmospheric Ar at the end of the Neoproterozoic. Three possible values are shown for the 7 

Archaean quartz because of an uncertainty in when the analyzed fluids were initially occluded (Pujol et 8 

al., 2013). 9 
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