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G E O L O G Y

Enhanced marine biological pump as a trigger for the 
onset of the late Paleozoic ice age
Feifei Zhang1*, Alexandre Pohl2, Maya Elrick3, Guang-Yi Wei1, Keyi Cheng4, Peter Crockford5, 
Mojtaba Fakhraee6, Yi-Bo Lin1, Na Li1, Xiang-dong Wang1, Shu-zhong Shen1

The mid-Tournaisian carbon isotope excursion (TICE) represents the largest positive carbon isotope excursion in 
the late Paleozoic, coinciding with the onset of the late Paleozoic ice age (LPIA). Here, to investigate changes in the 
marine biological pump during the TICE, we measured barium isotopes (δ138Ba) in two marine limestone sections 
in the Antler foreland basin (USA). We found the largest positive δ138Ba shifts recorded in geological history, indi-
cating increased marine export productivity in the Antler foreland basin, followed by the productivity-driven ex-
pansion of anoxia. The nearly identical stratigraphic trends, along with different absolute values in δ138Ba between 
the two sites, suggest spatial differences in marine biological pump intensity during the Early Mississippian. Earth 
system model simulations indicate that a global increase of 30% in marine export productivity is needed to ex-
plain observed changes. Our findings support the idea that an enhanced marine biological pump contributed to 
elevated organic carbon burial and the transition from a greenhouse climate to the LPIA.

INTRODUCTION
The transition from the middle Paleozoic “greenhouse” to the late Pa-
leozoic “icehouse” during the Early Mississippian is one of the most 
notable climatic changes in Earth’s history, yet its causes remain un-
clear (1–3). While the precise timing of this transition is debated on 
the basis of an extended cooling period, it has been argued that it 
was temporally linked to a pronounced positive carbonate carbon 
isotope (δ13Ccarb) excursion of up to +7‰ (per mil), referred to as 
the mid-Tournaisian carbon isotope excursion (TICE) (1, 2, 4–6). 
The TICE represents one of the largest positive carbon isotope ex-
cursions during the Phanerozoic and has been reported from locali-
ties all over the globe (1, 2, 4, 5, 7) and has spanned ~4 million years 
(Myr) (4, 6, 8). Marine biodiversity during the TICE interval, based on 
data from South China and the global Mississippian reef database, 
is evidenced to be among the lowest of the middle to late Paleozoic 
and is comparable to levels recorded after the end-Permian mass 
extinction (9, 10).

It has been suggested that the TICE was driven by an increase in 
the burial of organic carbon, which led to a reduction in atmospher-
ic CO2 concentration (pCO2) levels and caused global climatic cool-
ing (1, 4, 7, 8), initiating the late Paleozoic ice age (LPIA) (2, 11). 
However, the exact trigger for an increase in organic carbon burial 
remains poorly understood, and there is ongoing debate about how 
to interpret carbon isotope signatures at that scale in the sedimen-
tary record (12, 13). Many prior studies have invoked increased ma-
rine productivity in the Early Mississippian oceans to drive organic 
carbon burial and TICE development (5, 14–16). For example, car-
bon and nitrogen isotope results from previous works have been in-
terpreted to be the result of an intensification of marine productivity 
in the Early Mississippian (5, 15). Zinc isotope (δ66Zn) records from 

two TICE sections in South China indicate that marine primary 
productivity played a critical role in driving the carbon isotope ex-
cursion during the TICE event; however, reported increases in δ66Zn 
values are significantly delayed from the onset of the positive carbon 
isotope excursion (17). Uranium isotopes have also been used to 
propose an expansion of Early Mississippian marine anoxia/euxinia 
as a result of enhanced marine productivity, leading to enhanced 
organic carbon burial (8). A plausible chain of events leading to cli-
matic cooling may have involved increased carbon export fluxes to 
deep waters due to enhanced marine productivity and/or improved 
organic matter preservation from expanded anoxia, which fostered a 
significant positive carbonate carbon isotope excursion. This pro-
cess would subsequently have consumed atmospheric CO2 and 
resulted in a decrease in global temperatures. Despite the poten-
tially critical role of marine productivity in driving the TICE, Early 
Mississippian marine anoxia, climatic cooling, and the subsequent 
low marine biodiversity, direct evidence for enhanced marine pro-
ductivity in the Early Mississippian oceans remains absent.

Barium isotope variations (δ138Ba) in marine carbonates are an 
emerging proxy to place direct constraints on marine export pro-
ductivity (i.e., marine biological pump) in both modern and ancient 
oceans (18–20). This is because (i) the modern distribution of dis-
solved Ba (hereafter [Ba]diss) shows a pattern similar to major nutri-
ents such as silicon and (ii) the particulate Ba accumulation rate in 
certain regions has been shown to positively correlate with the down-
ward flux of organic carbon (21–24). The vertical distribution of sea-
water [Ba]diss and its isotopes depends on the precipitation of pelagic 
barites through microbial remineralization of sinking organic mat-
ter and the partial dissolution of barite particles at depth associated 
with microbial sulfate reduction (fig. S1) (24–28). Barite precipita-
tion from seawater is associated with a relatively large isotopic frac-
tionation, resulting in barite crystals enriched in the light isotope 
(δ138Babarite-diss = δ138Babarite − δ138Badiss ≈ −0.5‰ – −0.4‰, where 
δ138Badiss denotes the isotopic composition of [Ba]diss in seawater) 
(27, 29, 30). In contrast, barite dissolution is associated with a lim-
ited isotopic fractionation (18, 24, 27, 30). As a result, during periods 
of an increased marine biological pump, enhanced carbon export 
would pump more Ba from the surface to deep waters, decreasing the 
[Ba]diss in surface waters and shifting the δ138Badiss of those regional 
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waters to higher values. This phenomenon has been observed in 
multiple localities in the modern South Atlantic Ocean (26) and 
northern South China Sea (31). The residence time of Ba in modern 
seawater is comparable to the scale of ocean mixing, implying that 
the Ba isotope proxy is a basinal rather than a global paleoceano-
graphic proxy (24). Although the Ba isotope fractionation during 
carbonate precipitation remains less well constrained, existing studies 
suggest that the Ba isotope fractionation during aragonite (BaCO3) 
precipitation is a function of growth rate, while fractionation during 
calcite and witherite precipitation displays a negligible fractionation 
(32–35). For example, laboratory experiments on witherite dissolu-
tion and precipitation demonstrate that the Ba isotope fractionation 
between witherite and aqueous fluid under isotopic equilibrium is 
close to 0‰ (32). Therefore, when properly screening for diagenesis 
and evaluating changes in carbonate mineralogy, well-preserved ma-
rine limestone samples can record the δ138Ba signals of ancient sea-
water and be used to shed light on past regional changes to the marine 
biological pump.

To obtain constraints on the extent of changes in the marine bio-
logical pump in Early Mississippian oceans and to constrain potential 
drivers of the profound climate changes and carbon cycle perturba-
tions at this time, we document the first δ138Ba isotope trends across 
the TICE from two widely separated (by ~1300 km) and well-studied 
sections (Fig. 1): the Pahranagat Range (PR) section in southern 
Nevada (number of samples = 47) and the Sacagawea Peak (SP) sec-
tion in southwest Montana (number of samples = 30), USA. We then 
use a global, spatially resolved Earth system model of intermediate 
complexity [cGENIE; (36)] to simulate the biogeochemical landscape in 
Early Mississippian oceans. Through the combination of geochemical 
proxy data and model simulations, we establish clear links between 
the marine biological pump, global climate, marine redox chemistry, 
and low marine biodiversity during this critical climate transition.

RESULTS
We correlate the SP and PR sections via established high-resolution 
δ13C chemostratigraphy and biostratigraphy. In both study sections, 
we observed a large positive shift in the barium isotope values (δ138Ba). 
Specifically, the δ138Ba values from the PR section range from −0.15 
to 1.12‰ (Fig. 2), which span the entire range of values previously 
reported for geological samples and represent the largest positive ex-
cursion ever documented. δ13Ccarb values range from 0.31 to 7.06‰, 
and the trends match those reported by Maharjan et al. (6) and Cheng 
et al. (8), representing the largest positive carbon isotope excursion 
during the late Paleozoic. The stratigraphic variations in δ138Ba from 
the PR section can be subdivided into four stages (Fig. 2). Stage I 
exhibits a large positive δ138Ba shift from −0.15 to 0.68‰ that cor-
responds to the rising limb of the δ13Ccarb excursion. In stage II, 
δ138Ba exhibits a large negative shift from 0.68 to −0.08‰, when 
δ13Ccarb shows a large positive excursion to its first peak of 7‰, fol-
lowed by the onset of a brief ~3‰ negative shift (Fig. 2). In stage III, 
δ138Ba trends exhibit another large positive shift from −0.08 to 1.12‰, 
when δ13Ccarb displays a brief nadir, followed by a second positive shift. 
Last, in stage IV, δ138Ba remains at high values with a mild declining 
trend when δ13Ccarb values gradually decrease to pre-TICE values.

In contrast, although the δ138Ba values from the SP section yield-
ed similar four-stage variations to the PR section (Fig. 2), the overall 
variations are of lower magnitude, with respect to the δ138Ba value. 
Specifically, stage I in the SP section shows a positive shift from 

−0.08 to 0.20‰. In stage II, the δ138Ba values decline from 0.20 to 
−0.23‰ (Fig. 2). Stage III records another positive shift, from −0.23 
to 0.17‰; however, it is important to note that this excursion is rep-
resented by only a few data points. In stage IV, δ138Ba values remain 
comparatively stable, fluctuating between 0.00 and 0.27‰ (Fig. 2).

DISCUSSION
Evaluating the primary seawater signals of δ138Ba records
Several lines of evidence support the interpretation that our δ138Ba 
data represent a primary seawater signal, reflecting secular varia-
tions in δ138Ba within the Early Mississippian Antler foreland basin, 
rather than an artifact related to local diagenetic or depositional 
processes. Given the relatively high concentration of Ba in the upper 
continental crust [UCC; ~600 parts per million (ppm)] (37), detrital 
Ba contamination, which may occur during deposition, diagenesis, or 
sample dissolution, could potentially influence δ138Ba values. We eval-
uate these scenarios by estimating the proportion of carbonate-hosted 
Ba (fcarb; no unit, values ranging from 0 to 1), the carbonate-hosted Ba 
content (Bacarb; in parts per million), and the carbonate-hosted Ba 
isotopic composition (δ138Bacarb; in per mil)

Following the approaches of Wei et al. (19) and Bridgestock et al. 
(18), we set δ138Badetrital  =  δ138BaUCC  =  0.00‰ (38) and (Ba/
Al)detrital = 0.0037 (18, 39). The calculated values of fcarb, Bacarb, and 
δ138Bacarb are presented in figs.  S2 and S3. Except for one sample 
with an fcarb value of 0.5, the estimated fcarb values for the PR section 
vary between 0.80 and 0.99, with a median of 0.92. These values in-
dicate that, on average, less than 8% of Ba in our study samples ap-
pears to be related to detrital or sample preparation contamination. 
In the SP section, fcarb values range from 0.49 to 0.97, with a median 
value of 0.92. Furthermore, the stratigraphic trends of δ138Bacarb and 
δ138Basample are nearly identical (figs. S2 and S3), suggesting that the 
observed δ138Ba trends are not the result of detrital or sample prepa-
ration Ba contamination.

We compared our δ138Ba data with standard carbonate geochem-
ical tracers, such as Mn and Sr contents, Mn/Sr ratios, and δ18O 
compositions, to evaluate potential diagenetic influences. Although 
these geochemical proxies are not specifically designed for carbon-
ate Ba isotope studies, they are useful for identifying largely altered 
samples. Meteoric diagenesis typically decreases both δ13C and δ18O 
values of carbonate sediments (40). Except for two samples with 
relatively low δ18O values of −8.56 and  −8.40‰ (shown in gray 
in Fig. 2), the δ18O values for the PR section range from −2.95 to 
−5.97‰, with a median of −3.68. These results are indicative of a 
limited influence from meteoric diagenesis (41, 42). In the SP sec-
tion, two samples have δ18O values lower than −8‰ (shown in gray 
in Fig.  2), while the remaining samples vary between −3.19 and 
−6.56‰, with a median of −4.86‰. Cross-plots of δ138Ba versus 
δ18O show no statistically significant correlations [PR section: cor-
relation coefficient (r) = 0.31 and P = 0.04; SP section: r = 0.13 and 

fcarb = 1 − (Ba∕Al)detrital × (Ba∕Al)sample (1)

Bacarb = Basample − (Ba∕Al)detrital × Alsample (2)

δ138Bacarb =
[

δ138Basample−δ138Badetrital×
(

1− fcarb
)]

∕ fcarb (3)
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P = 0.57]. δ13C values are strongly positive for both sections, indi-
cating limited to no influence from meteoric diagenesis on our study 
carbonates.

Burial diagenesis tends to decrease Sr content, increase Mn con-
tent, and thus increase the Mn/Sr ratio of carbonate sediments (43). 
A Mn/Sr ratio between 1 and 10 is suggested as a basic benchmark 
for indicating preservation of primary seawater signatures in an-
cient carbonate rocks (43). In the PR samples, Mn and Sr contents 
range between 14 ppm and 142 ppm (median: 40 ppm) and between 
471 ppm and 1260 ppm (median: 889 ppm), respectively (see fig. S4). 
In the SP section, Mn and Sr contents range from 11 ppm to 175 ppm 

(median: 39 ppm) and from 61 ppm to 1083 ppm (median: 443 ppm), 
respectively (see fig. S5). Together these results present the Mn/Sr 
ratio of the SP and PR samples to be between 0.02 and 0.28 with a 
median value of 0.04 and between 0.04 and 0.61 with a median value 
of 0.11, respectively. These values are well below the traditional thresh-
olds for carbonate sediments altered by burial diagenesis, suggesting 
potential preservation of original seawater δ138Ba trends in the Antler 
foreland basin. Cross-plots of δ138Ba versus Mn content, Sr content, 
and Mn/Sr ratios show no significant correlations (PR section: r = 
0.04 for δ138Ba-Mn, r = 0.30 for δ138Ba-Sr, and r = 0.02 for δ138Ba-Mn/
Sr; SP section: r = 0.01 for δ138Ba-Mn, r = 0.15 for δ138Ba-Sr, and 

Fig. 1. The geological localities of our two study sections. (A) Early Mississippian paleogeography of North America, modified from Scotese and Wright (69) (https://
creativecommons.org/licenses/by/4.0/). The red stars indicate the locations of the study areas in the present-day. (B and C) General paleogeographic reconstruction of the 
Antler foreland basin during the Early Mississippian (6, 8) showing the localities of SP (B) and PR (C).
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Fig. 2. The results for δ13Ccarb, δ138Ba, δ238U, and [Ba] for the PR and SP sections. δ238U data are from Cheng et al. (8). The geochemical profiles of δ13Ccarb (A), δ138Ba 
(B), Ba content (C), δ238U (D) for the PR section, and δ13Ccarb (E), δ138Ba (F), Ba content (G) for the SP section. For each study site (PR and SP), all isotope data were gener-
ated from the same suite of samples. The two gray markers for the PR section represent samples with low δ18O values (−8.56 and −8.40‰). L. Dev., Late Devonian; M. Miss., 
mid-Mississippian. S. crenulata, Siphonodella crenulata; G. typicus, Gnathus typicus; S. sandbergi, Siphonodella sandbergi; S. isosticha, Siphonodella isosticha.
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r = 0.31 for δ138Ba-Mn/Sr). These geochemical analyses, along with 
the geological evidence indicating the absence of subaerial diagenesis 
or exposure leading to meteoric alteration (44), suggest that burial 
diagenesis had a minimal influence on our study samples.

The effect of changes in mineralogy—such as the transformation 
of aragonite to calcite or dolomitization—on δ138Ba is also likely to 
be small to negligible. Except for one sample from the SP section, 
which has a Mg/Ca value of 0.13, all samples have Mg/Ca values 
below 0.05, indicating that they have not been dolomitized. Measure-
ments from modern carbonate precipitates demonstrate an isotopic 
offset of ~0.21‰ between seawater and aragonite, as well as a frac-
tionation of ~0.13‰ between high-magnesium calcite and ambient 
seawater (35). Our study samples are primarily composed of calcite, 
while the original mineralogy of the samples is difficult to determine. 
However, given that our observed δ138Ba excursions (from −0.15 to 
1.12‰) are significantly larger than the isotopic fractionations associated 
with different carbonate mineralogies, changes in the original carbonate 
mineralogy likely had a negligible influence on our δ138Ba records.

We examined the potential influence of local redox processes on 
δ138Ba values by evaluating δ138Ba against various redox-sensitive 
elements including Fe, V, Cr, and U concentrations (figs. S6 and S7). 
Cross-plots of δ138Ba against these elements show no significant co-
variations (PR section: r = 0.38 for δ138Ba-Fe, r = 0.23 for δ138Ba-V, 
r = 0.17 for δ138Ba-Cr, and r = 0.22 for δ138Ba-U; SP section: r = 0.02 
for δ138Ba-Fe, r  =  0.04 for δ138Ba-V, r  =  0.19 for δ138Ba-Cr, and 
r = 0.16 for δ138Ba-U). Last, we investigated the influence of local 
water depths on δ138Ba records from our samples. We identified four 
main depositional facies within the studied section, as shown in Fig. 2. 
Overall, δ138Ba distributions across these lithologic facies show no 
systematic differences (fig. S8), and δ138Ba values change smoothly 
across facies transitions for the PR section (Fig. 2). Specifically, δ138Ba 
values from packstone-grainstone (shallowest water) and lime mud-
stone (deepest water) show no statistical differences. We note that in 
the modern open ocean, barium isotopic gradients extend over a much 
larger distance, spanning several thousand kilometers, compared to 
the depths at which carbonate precipitation occurs in these study 
units (24). Therefore, the facies distribution observed in this study is 
not particularly unexpected.

In sum, results from these combined geochemical tracer and facies 
investigations suggest that δ138Ba trends reflect secular variations of 
seawater δ138Ba values in the Antler foreland basin. We further note 
that our measured δ138Ba values are very heavy, and if our study sam-
ples were influenced by sediment buffering and deviated from the sea-
water values, then this would only indicate even higher local seawater 
δ138Ba values. Therefore, our interpretation below is conservative.

Interpreting temporal barium isotope changes
The observed positive shift in δ138Ba during stage I can be inter-
preted as an increase in the marine biological pump within the Antler 
foreland basin, which may increase the particulate organic carbon 
(POC) export flux and therefore pump surface Ba to intermediate 
water depths. In this process, the oxidative remineralization of sink-
ing organic matter releases Ba, which reacts with sulfate to precipi-
tate pelagic barite crystals, possibly in ephemeral, particle-associated 
microenvironments created by the oxidation of organic matter (45). 
Given that the Ba isotopic fractionation during barite precipitation 
from seawater is between −0.5 and −0.4‰, with the light isotope 
preferentially sequestered into barite (27, 29, 30), an enhanced 
biological pump leads to a shift of shallow-water δ138Ba toward 

higher values and carbonates precipitating from seawater, reflecting 
those values albeit with a small offset (26, 29, 46, 47). The gradual 
increase in δ138Ba values during stage I thus reflects a shift toward a 
more productive surface marine system in the Antler foreland basin. 
An increase in the marine biological pump in stage I, thus enhanc-
ing organic carbon export and burial fluxes, is consistent with the 
observed shift toward more positive δ13C values. An enhanced ma-
rine biological pump, in return, would have depleted water-column 
O2 through oxidative remineralization, resulting in the expansion of 
marine anoxia. The onset of productivity-driven oceanic anoxia is 
supported by decreasing δ238U values from late stage I to stage II, 
indicating an increase in the areal extent of anoxic/euxinic seafloor 
(Fig. 2). This scenario necessitates an increase in marine productiv-
ity well before the onset of anoxia, consistent with our paired Ba and 
U isotope records, where the δ138Ba shift predates the δ238U excur-
sion. The trigger for an increase in the marine biological pump dur-
ing the Tournaisian has been hypothesized to be linked to enhanced 
continental basalt weathering, which is evidenced by decreases in 
seawater 87Sr/86Sr ratios throughout the Tournaisian (16). However, 
a lack of sufficiently high-resolution age controls on the Sr isotope 
curve does not permit explicit links to continental weathering in-
creases in stage I Ba isotope data. It has also been hypothesized that 
the rise and expansion of seed plants during the Tournaisian intensi-
fied chemical and physical weathering of silicate rocks, which delivered 
nutrients to the oceans and stimulated marine primary productivity 
and organic matter production (14,  16). This hypothesis suffers 
from the fact that seed plant expansion spanned the entire Tournai-
sian rather than just stage I of this study, although pulses of land-
plant expansion have previously been invoked to explain TICE-like 
events characterized by positive carbon excursions and global climate 
cooling (48). The net impact of land-plant expansion on continental 
weathering during the Devonian also remains poorly constrained (49). 
Thus, the potential cause-and-effect relationship between continen-
tal weathering and the marine biological pump in the early Tournaisian 
ocean remains a question that merits future investigation.

The negative δ138Ba shift during stage II is interpreted as the re-
sult of pelagic barite dissolution and Ba release under anoxic/eux-
inic conditions facilitated by microbial sulfate reduction. Expanded 
anoxia/euxinia at this time is supported by a widespread negative 
δ238U shift, and previous mass balance modeling suggests a ∼17-
fold increase in anoxic/euxinic seafloor area (covering <2 to ~35% 
of seafloor area) (8). Under anoxic/euxinic conditions, barite disso-
lution would release isotopically light Ba from the sediments to the 
water column, leading to high [Ba] and low δ138Ba values in the wa-
ter column (20, 24, 29). The δ138Ba and [Ba] trends from stage II 
(and the subsequent stage III) display a moderate negative correla-
tion where lower δ138Ba values correspond to higher [Ba] (fig. S9), 
further supporting the interpretation that Ba was inherited from the 
regional dissolution of pelagic barite. Given that many of the δ138Ba 
values in stage II drop to levels significantly below modern riverine 
input values of ~0.2‰ (24), we suggest three scenarios that may be 
compatible with our observations. These three scenarios include the 
upwelling of anoxic deep waters into shallow-water environments 
(scenario no. 1, which refers to the vertical movement of deep, 
nutrient-rich waters to the surface and can lead to localized anoxia 
in shallow environments), the expansion of shallow-water anoxia 
(i.e., anoxia developed above 100m water depth) (scenario no. 2) 
(50), or strengthening of ocean overturning circulation (scenario 
no. 3, which refers to the increased movement of water masses in the 
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ocean’s circulation patterns and has broader implications for the dis-
tribution of marine nutrients over extensive geographic distances) 
in the Antler foreland basin. All three scenarios could return isoto-
pically light Ba from deeper waters to the surface. However, upwell-
ing processes (scenario no. 1) are typically associated with a transient 
negative δ13C excursion because deeper anoxic waters have lower 
δ13C values owing to organic matter degradation at depth. This sce-
nario appears to be inconsistent with the δ13C record during stage II 
where δ13C values increase rather than decrease. The low δ138Ba val-
ues are consistent with extensive shallow-water anoxia/euxinia (sce-
nario no. 2) that would shift the location of barite reduction from 
deeper-water to shallower-water environments. Our inference of 
shallow-water anoxia/euxinia is consistent with a prior study that 
used sediment-derived redox interpretations to identify local anoxia 
in the Antler foreland basin (8). Alternatively, strengthening oceanic 
circulation (i.e., faster water mass exchange between surface and 
deep waters) (scenario no. 3) is also consistent with Early Mississippian 
climatic cooling as inferred from conodont apatite oxygen isotopes 
(16) and carbonate δ15N records (15). In this stage II scenario, recycled 
nutrients (e.g., phosphorus) from the anoxic bottom waters of the 
Antler foreland basin enhanced ocean anoxia and provided nutrients 
for primary productivity, thereby facilitating organic carbon export 
through the water column (4). Therefore, the negative δ138Ba excursion 
and low δ138Ba values during stage II do not necessarily indicate 
low-productivity oceans; instead, they signify a high-productivity 
surface marine system, as is also supported by various other evidence 
from the TICE interval, such as δ15N and δ66Zn data (15, 17).

We interpret the gradual increase in δ138Ba values during stage 
III as the result of a reduction in the extent of seafloor anoxia/euxinia, 
which we infer from increasing δ238U values from late stage II to 
early stage III and the consistently high δ238U values recorded dur-
ing stage III (8). We suggest that a decrease in the areal extent of 
seafloor anoxia reduced barite dissolution via microbial sulfate re-
duction, while at the same time, pelagic barite precipitation was able 
to resume. This led to a gradual recovery toward a modern ocean–
like pattern of barium isotope distributions and an increase in sur-
face seawater δ138Ba values. During stage IV, δ138Ba values remained 
relatively stable at high values, significantly higher than the UCC or 
riverine inputs (38, 51). These high δ138Ba values suggest persistent-
ly high marine export production under more oxic marine condi-
tions. The decreasing δ13C values at this time suggest that the more 
oxic conditions led to a reduction in organic carbon burial flux (i.e., 
possibly due to intense oxidative organic matter remineralization).

The similarities in stratigraphic trends together with the ob-
served differences in absolute isotopic values between the two wide-
ly separated sections suggest a likely global control on δ138Ba trends, 
with local variations superimposed upon it. We propose that the fact 
that nearly identical stratigraphic δ138Ba trends are observed in our 
two widely separated sections, but with very different absolute 
δ138Ba values (Fig. 2), can be reconciled when considering that the 
Ba isotope proxy is inherently regional. The muted δ138Ba changes at 
SP may reflect changes in the marine biological pump weaker than 
at PR and/or different redox conditions that modulated the capacity 
of each study site to record changes in export productivity. Hereaf-
ter, we assess the robustness of our proposed series of events by 
means of Earth system modeling and show that our simulations 
support the second explanation implying a modulation of δ138Ba 
signals by local redox conditions.

A physically consistent series of events confirmed by Earth 
system modeling
We conducted a gridded ensemble of simulations using the Earth 
system model of intermediate complexity cGENIE (36, 52), config-
ured with Early Mississippian boundary conditions (Materials and 
Methods), to investigate the relationships between global climate, 
marine productivity, and oceanic oxygenation during the TICE. We 
adopted a continental reconstruction for the Early Mississippian (fig. S10), 
adjusted the model solar luminosity (53), and set the atmospheric 
O2 concentration (pO2) to its present-day value (54). Phosphate was 
defined as the single limiting nutrient. The two axes of our gridded 
ensemble of simulations were the atmospheric pCO2 that we varied 
between ×1 and ×8 preindustrial (280 ppm) concentrations (54) and 
the mean ocean phosphate concentration ([PO4]) that we varied 
from ×0.2 to ×2.0 of the present-day mean oceanic concentration of 
2.159 μmol kg−1. All simulations were run for 25,000 model years.

We looked for the best plausible scenario to explain available 
proxy data during the TICE. A first constraint was provided by pub-
lished conodont apatite oxygen isotope (δ18Oapatite) data that indi-
cated a drop in sea surface temperature (SST) from ~31° to ~26°C 
across the TICE (fig. S11) (2, 16). This cooling was best captured in the 
model by a decrease in pCO2 from ×8 to ×2 preindustrial CO2 levels 
(fig. S12). With these constraints in mind, we identified a trajectory 
in the pCO2 – [PO4] space, which captured the changes in δ138Ba 
and δ238U during the TICE (Fig. 3). The geochemical landscape for 
stage I (see Fig. 2) would match our simulation conducted for ×8 
CO2 and ×1.2 [PO4]. Under these conditions, the global extent of 
seafloor anoxia approximates the modern value (label no. 1 in Fig. 3A), 
which is in agreement with δ238U (Fig. 2). At the same time, POC 
export production amounts to 1.4 mol m−2 year−1 at the PR (Fig. 3C), 
and the ocean is locally well oxygenated in this area (label no. 1 in 
Fig. 4A). Stage II is reproduced by decreasing pCO2 from ×8 to ×4 
preindustrial CO2 levels (as a first step in cooling) and increasing 
[PO4] from ×1.2 to ×1.6 [PO4] (or equivalently, +33%). The areal 
extent of benthic anoxia rises to 32% of the global seafloor area, and 
export productivity increases by nearly 60% at the PR (label no. 2 
in Fig. 3, A and C). According to our interpretation of the proxy 
database for stage II, anoxia is expected to develop at PR, which 
would explain the δ138Ba decrease taking place in a background of 
rising δ13Ccarb. Only accounting for changes in pCO2 and [PO4] 
does not permit simulating any large decrease in subsurface oceanic 
dissolved oxygen concentrations [O2] at the PR (dashed arrow 
in Fig. 4A). This model-data mismatch can be resolved by accounting 
for regional sea level change. As testified by the changes in lithology 
from grainstones/packstones to wackestones/mudstones (Fig. 2), it 
appears that sea level significantly rose at PR during stage II (fig. S13). 
Accounting for this temporary deepening of the section permits the 
ability to capture the expansion of anoxia at the PR during stage II 
(solid red path in Fig. 4, A and B). Last, stages III and IV are simulated 
by maintaining [PO4] at ×1.6 and further decreasing pCO2 from ×4 
to ×2 CO2. Global cooling induces a further increase in export pro-
duction at PR by 14% (from 2.2 to 2.5 mol m−2 year−1; label no. 3 
in Fig. 3C). The concomitant sea level fall (fig. S13) allows ocean 
[O2] to increase back to predeepening values at PR (label no. 3 in 
Fig. 4, A and B). We note, however, that the simulated global extent of 
seafloor anoxia, although it decreases, does not reach modern-like 
levels (Fig. 3A) in disagreement with δ238U data (Fig. 2). Additional 
simulations show that solving this model-data discrepancy re-
quires invoking a rise in atmospheric pO2. A pO2 increase of 25% 
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A Seafloor anoxia
(global ocean)

B Primary productivity
(global ocean)

3 2

1

3 2

1

C Primary productivity
(Pahranagat Range)

3 2

1

D Primary productivity
(Sacagawea Peak)

3 2

1

Fig. 3. Seafloor anoxia and primary productivity in the Earth system model cGENIE. (A) The extent of seafloor anoxia as a function of pCO2 and PO4 inventory. Each 
cell represents a single simulation. Numbers and colors represent the extent of anoxia (defined as the percentage of the global benthic surface characterized by seafloor 
[O2] ≤ 0 μmol kg−1). Red arrows and labels represent our preferred scenario discussed in the text, selected to capture the changes in ocean temperatures, benthic anoxia, 
and primary productivity. (B) As per (A) for the POC export production simulated globally. (C) As per (B) for POC export at PR. (C) As per (B) for SP. Note the different color 
scales used in each panel.
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(from ×1 to ×1.25 modern) is sufficient to reconcile our simulations 
with uranium isotope proxy data (fig. S14). This increase in atmo-
spheric pO2 may have resulted from the burial of organic carbon 
(55), such as reflected by the large δ13C excursion, which constitutes 
a net source of atmospheric oxygen at the million-year timescale. 
An atmospheric pO2 increase was similarly documented during the 
late Cambrian Steptoean positive carbon isotope excursion (56). 
Because of the large uncertainties in boundary conditions and model 
simplifications, our Earth system model simulations are not aimed 
at providing an accurate reconstruction of Earth system conditions 
during the TICE. In particular, changes in atmospheric pCO2 invoked 
to explain SST proxy data are dependent on the model’s climatic 
sensitivity. Similarly, the response of export production and ocean 
oxygenation to nutrient loading is expected to be model dependent, 
and other specific values of changes in ocean nutrient concentra-
tions may be necessary to simulate similar environmental changes 
using models of higher complexity and/or higher spatial resolution. 
However, and keeping these limitations in mind, our numerical 
simulations permit demonstrating that the series of events proposed 
to explain proxy records during the TICE is plausible in a physically 
consistent Earth system model.

Our simulations also allow us to propose an explanation for the 
muted changes in δ138Ba at SP. This second section was located clos-
er to the coast and slightly north of the PR section during the TICE, 
thus closer to the core of the west Laurentian upwelling system and 
oxygen minimum zone (fig. S10). In the model, absolute values of 
export production are two times higher at the SP section than at the 
PR section, and they undergo similar relative changes during the 
TICE (+57 and then +14% at PR compared to +57 and +19% at 
SP; Fig. 3, C and D). Simulated changes in export production thus 
provide no explanation for the muted changes in δ138Ba at SP. The 
direct consequence of higher primary productivity at SP, however, is 
a higher consumption of ocean oxygen during the remineralization 

of sinking organic matter, which locally depletes ocean water in dis-
solved O2 (compare Fig. 4, A and C). Locally anoxic conditions may 
induce the dissolution of sinking pelagic barite, and the resulting 
negative shift in δ138Ba would mask the positive shift associated with 
the high productivity levels (fig. S1). Our model results suggest that 
the local development of anoxic conditions would have limited the 
recording of productivity signals in the TICE δ138Ba record of SP.

This assimilation of geochemical data in an Earth system model 
permits better constraining of the mechanisms that led to middle 
Tournaisian oceanic anoxia. The latter contrasts with Permian-Triassic 
oceanic anoxia (57) and many other oceanic anoxic events during 
the Mesozoic (58), which were linked to the warming-induced ex-
pansion of anoxia. Similar to the end-Hirnantian (Late Ordovician) 
oceanic anoxic event (52), middle Tournaisian ocean anoxia occurred 
in the context of global climate cooling (fig. S11). Our simulations 
suggest that, contrary to the end-Hirnantian, however, the Tournai-
sian oceanic anoxia required not only global cooling (and associated 
changes in deep-ocean circulation) but also a rise in ocean nutrient 
concentrations (Fig. 3). This is because, unlike the Ordovician, no 
major reorganization of ocean circulation takes place in our cGENIE 
simulations for the Tournaisian, at least within the range of pCO2 val-
ues selected to match proxy-derived SSTs. Assimilation of the proxy 
database in our Earth system model demonstrates an increase in 
global export productivity by around 30%, resulting from an in-
crease in ocean nutrient inventories of the same order of magnitude 
(from ×1.2 to ×1.6 [PO4]; Fig. 3B), is required to explain the con-
comitant changes in SSTs, global extent of anoxia, regional oceanic 
[O2] changes, and regional changes in primary productivity docu-
mented in the Antler basin based on δ138Ba. Although underlying 
mechanisms are still to be defined, an increase in continental weath-
ering linked to the spread of land plants (49), or enhanced continental 
basalt weathering (16), may constitute likely triggers for the increase 
in oceanic nutrient concentrations and the spread of anoxic conditions.

1

2

A B[O2]
(Pahranagat Range )

C [O2]
(Sacagawea Peak)

[O2]
(Pahranagat Range )

3 3 2

1

at 120–m depthat 350–m depthat 120–m depth

Fig. 4. Ocean [O2] in the Earth system model cGENIE. (A and B) Ocean [O2] at PR as a function of pCO2 and PO4 inventory at 120 m (A) and 350 m (B) below sea level. Red 
arrows and labels represent scenarios discussed in the text. (C) Ocean [O2] at SP as a function of pCO2 and PO4 inventory at 120 m below sea level. Sea level changes hap-
pening at SP are expected to be the same as at PR but could not be represented here because the bathymetry at SP is too shallow in our paleogeographical reconstruction 
for 360 Ma interpolated at the cGENIE model resolution. However, we note that sea level rise would, if anything, further lower ocean [O2]; the simulation of the extent of 
anoxia at SP is therefore not affected by this bathymetric feature, and anoxia at SP stands out as a robust model result that is poorly dependent on the model bathymetry. 
Note the different color scales used in each panel.

D
ow

nloaded from
 https://w

w
w

.science.org on July 05, 2025



Zhang et al., Sci. Adv. 11, eadv2756 (2025)     2 July 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

9 of 12

Implications for the Early Mississippian Earth-life system
Our barium concentration and isotope results, combined with nu-
merical simulations, provide critical evidence supporting the hy-
pothesis that an enhanced marine biological pump had an important 
role in driving the TICE event in the Antler foreland basin. Infer-
ences from increased productivity in our study areas support links 
between the enhanced burial of organic matter during the TICE in-
terval and the drawdown of atmospheric pCO2, which likely con-
tributed to the Early Mississippian (Tournaisian) cooling and the 
initiation of the LPIA (2, 59). Tournaisian seawater cooling of ~5°C 
at equatorial latitudes is indicated by oxygen isotope records of con-
odont apatite (fig. S11) (2, 16) and is supported by the occurrence of 
glacial sedimentary deposits in both low and high latitudes (60, 61).

High-resolution reconstructions of marine biodiversity through-
out the Paleozoic indicate that biodiversity plateaued during the early 
Silurian and peaked in the early Middle Devonian, followed by a 
significant decline and sustained low levels after the Late Devonian 
(Frasnian/Famennian) mass extinction event (9). Biotic diversity did 
not recover until after the mid-Mississippian (middle Visean), indi-
cating a ~20-Myr delay in recovery (9, 10). Notably, the recovery 
period following the Late Devonian extinction was even more pro-
longed than the recovery after the end-Permian mass extinction, 
which is often attributed to repeated environmental disturbances 
such as oceanic anoxia and high SSTs (57, 62). Our barium isotope 
results suggest productivity-driven perturbations to the carbon cycle 
at least within the Antler foreland basin. Our Earth system model ex-
periments further demonstrate that the increase in productivity in the 
Antler foreland basin may have reflected a global perturbation, with 
global export productivity increasing by around +30% in our simula-
tions. Results from our coupled model-data approach, along with 
previous studies on seawater redox and stable isotopes (5, 8, 15, 16), 
suggest that dynamic oceanic conditions—particularly with respect 
to increases in the marine biological pump and expanded anoxia in 
the Early Mississippian oceans—may have contributed to the slow 
recovery of biodiversity in the late Paleozoic.

Summary
We generated high-resolution [Ba] and δ138Ba curves through well-
dated limestones across the Early Mississippian (Tournaisian) carbon 
isotope excursion in western Laurentia. The range of stratigraphic 
and geochemical data suggests that the δ138Ba trends represent a 
primary oceanographic signal of the Antler foreland basin rather 
than variations related to diagenesis or regional depositional pro-
cesses. We interpret the following sequence of events spanning the 
~4-Myr-long TICE: Increasing δ138Ba trends (stage I) are interpreted 
to be a result of increased marine export productivity likely caused 
by enhanced continental weathering, leading to enhanced organic 
carbon burial and increased δ13Ccarb. Decreasing δ138Ba values (stage 
II) associated with a negative δ238U shift are interpreted to represent 
the expansion of seafloor anoxia/euxinia, which promoted barite dis-
solution in shallower-water settings. The gradual recovery of δ138Ba 
values and rising δ13Ccarb isotopic values during stages III and the 
subsequent stabilization of δ138Ba during the recovery stage of the 
TICE (stage IV) suggest a return to less anoxic conditions. This se-
ries of events is qualitatively supported by a physically consistent 
Earth system model representing the coupled changes in climate and 
marine biogeochemistry in a spatially resolved, three-dimensional 
(3D) ocean. In these simulations, marine export productivity in-
creases by around +30% during the TICE. Together, our δ138Ba data 

and Earth system model simulations suggest that high marine export 
productivity was responsible for enhanced organic carbon burial and 
oceanic anoxia, leading to Early Mississippian cooling and the initia-
tion of the LPIA. Therefore, the highly dynamic oceanic conditions 
during the Early Mississippian may help to explain the documented 
low biodiversity during the Tournaisian.

MATERIALS AND METHODS
Geological background
During the Early Carboniferous, North America (Laurentia) strad-
dled the paleoequator, and convergence along its western margin led 
to the development of the Antler foreland basin, which extended from 
north Nevada to Canada (Fig. 1). During the Early Carboniferous, the 
PR study area accumulated carbonate-dominated distal foreland de-
posits, representing shallow through deeper marine environments 
(6). The SP succession represents slope, deep ramp through shallow 
ramp deposits accumulating along the distal foreland basin (44). The 
two study sections are separated by ~1300 km.

For the current study, we sampled the Lower Mississippian Joana 
Limestone and Limestone X from the PR section and the Lower 
Mississippian Lodgepole Formation and Mission Canyon Forma-
tion from the SP section (Fig. 2). The stratigraphy at the PR location 
has been described in detail by Saltzman et  al. (7) and Maharjan 
et al. (6). Briefly, the 86-m-thick Joana Limestone is dominated by 
crinoid-rich grainstone and packstone (representing upper shore-
face environments), and the overlying 186-m-thick Limestone X 
consists mainly of lime mudstone and wackestone, with subordinate 
thin packstone and grainstone storm interbeds (representing offshore 
to lower shoreface environments). The stratigraphy at the SP loca-
tion has been described in detail by Katz et al. (63) and Buoniconti 
(64). Briefly, the ~250-m Lodgepole Formation consists of deeper 
subtidal (offshore/slope) limestone, and the overlying >300-m-thick 
Mission Canyon Formation consists mainly of shallow subtidal lime-
stone, solution-collapse limestone breccias, and shallow subtidal 
dolostone (44, 63, 64). The carbon isotope stratigraphy and con-
odont biostratigraphy of the PR and SP sections were previously in-
vestigated by Saltzman et al. (7, 59), Buoniconti (64), Katz et al. (63), 
Maharjan et al. (6), and Cheng et al. (8), providing a high-resolution 
temporal framework for the study sections. Forty-seven limestone 
samples from the PR section and 30 samples from the SP section 
were analyzed for δ138Ba and major and trace elements in this study.

Using barium isotope in marine carbonates to track 
paleoproductivity change
The Ba isotope composition of marine carbonates is emerging as a 
promising proxy to track marine export production in the oceans 
(18, 19). The major source of Ba to the ocean is riverine inputs pri-
marily via continental weathering with an average δ138Bariver of ~0.2‰ 
(24). The average UCC has a high Ba content of ~600 μg/g (37) and 
a δ138BaUCC of 0.00 ± 0.04‰ (38). Pelagic precipitation (precipitation 
of discrete, micrometer-sized crystals in the seawater column) of barite 
in the modern ocean constitutes the major seawater sink for Ba (65).

The vertical distribution of [Ba]diss and its isotopes in seawater de-
pends on the precipitation of pelagic barite through microbial remin-
eralization of sinking organic matter and the partial dissolution of 
barite particles at depth associated with microbial sulfate reduction 
(fig. S1) (24, 28). Barite precipitation from seawater is associated with a 
large and detectable isotopic fractionation with barite crystals enriched 
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in the light isotope (δ138Babarite-diss = δ138Babarite − δ138Badiss ≈ −0.5‰ – 
−0.4‰, where δ138Badiss denotes the isotopic composition of [Ba]diss 
in seawater) (27, 29, 30). In contrast, barite dissolution is associated 
with very limited isotopic fractionation, similar to that of laboratory 
analytical uncertainty (18, 24, 27, 30). Therefore, during periods of 
increased marine export productivity, the enhanced carbon export 
flux would pump more Ba from the surface to deep waters, decreasing 
the [Ba]diss in surface waters and shifting the δ138Badiss of those re-
gional waters to higher values. In contrast, when waters become 
more anoxic at depth, the dissolution of sinking pelagic barite re-
turns the isotopically light Ba isotopes to seawater and leads to re-
gional increases in seawater [Ba]diss and negative shifts in δ138Badiss 
(24, 29). In the modern Pacific Ocean, the deep water (i.e., >1500 m) 
typically has high [Ba]diss (~150 nmol kg−1) and low δ138Badiss values 
(~0.2‰), while Pacific surface waters have low [Ba]diss (~35 nmol 
kg−1) and high δ138Badiss values (~0.6‰) (34). The residence time of 
Ba in modern seawater is partly on the order of the scale of ocean 
mixing in the modern ocean (24), implying that the Ba isotope proxy is 
a regional rather than a global paleoceanographic proxy and poten-
tially displaying sensitivity to ocean circulation changes (24). The 
δ138Ba values of carbonate sediments have been attempted to recon-
struct changes in the marine biological pump in Ediacaran, Late 
Silurian, and Paleocene-Eocene oceans (18–20).

Analytical methods
The fragments of rock chips were cleaned using deionized water and 
dried with compressed air, and fresh fragments without veins were 
chosen and powdered to ~200 mesh. The powders were dissolved 
using a well-developed sequential extraction procedure to effective-
ly extract the Ba fraction in lattices of carbonate minerals [see de-
tails in Lin et al. (35) and Zhang et al. (20)]. After treating with 
Milli-Q water and 1 M ammonium acetate buffer solution to remove 
any Ba from the water-soluble fraction and exchangeable phases, the 
samples were dissolved in 1 M acetic acid to extract Ba from carbon-
ate minerals. The resultant solution was dried down on a hot plate at 
100°C. After complete dry-down, the samples were dissolved and 
stored in 6 M HCl for elemental and isotopic analysis. An aliquot of 
each stock solution was dried down and redissolved in 3% HNO3 for 
major and trace element analyses. The major and trace elements were 
measured with a Thermo Element XR HR-ICP-MS at the Center for 
Research and Education on Biological Evolution and Environment 
(CREBEE), Nanjing University, with analytical errors better than 5%. 
An aliquot of solution corresponding to 200 ng of Ba was taken out 
from the stock solution and mixed with 130Ba-135Ba double spikes at 
a sample:spike ratio of 4:1. Then, the mixtures were dried down for 
complete equilibrium and redissolved in 2.5 M HCl for ion-exchange 
column separation (20, 35). Ba isotope ratios were measured on a 
Thermo Neptune XT MC-ICP-MS at the CREBEE, Nanjing Univer-
sity. The standard solution National Institute of Standards and Tech-
nology SRM3104a (100-ppb Ba) and a barite standard GSO-2 were 
analyzed after every five samples. The Ba isotopic compositions (δ138Ba) 
of standards SRM3104a and GSO-2 are 0.00 ± 0.045 ‰ [two stan-
dard deviations (SD), n = 14] and 0.29 ± 0.035‰ (two SD, n = 9), 
respectively.

Earth system model simulations
Description of the model
cGENIE is an Earth system model of intermediate complexity offer-
ing a coupled representation of climate and marine biogeochemistry 

in a 3D ocean (36). The model climatic component consists of a 3D 
frictional geostrophic ocean circulation model coupled with a 2D 
energy-moisture-balance atmospheric model and a sea ice model. 
We ran cGENIE on a 36 by 36 equal-area grid with 17 ocean vertical 
levels extending down to ~5900-m depth. The cycling of carbon and 
associated tracers in the ocean is based on a single (phosphate) nu-
trient limitation of biological productivity following Pohl et al. (52). 
Compared with recent climate models of the Coupled Model Inter-
comparison Project phase 6, the simplified representation of climate 
in cGENIE offers a rapid model integration time, facilitating the nu-
merous sensitivity tests necessary to assess the impact of the large 
uncertainties in boundary conditions in the deep geological past, as 
well as the >10,000-year-long model experiments required to en-
sure deep-ocean equilibrium. Despite its lower spatial resolution, 
cGENIE satisfactorily simulates first-order spatial patterns and val-
ues of ocean circulation and biogeochemistry in the modern (36, 66) 
and geological past (52, 67, 68).
Description of the numerical experiments
We configured cGENIE with Early Tournaisian boundary conditions 
using the 360-Ma model configuration of Pohl et al. (68). Specifically, 
we used the 360-Ma paleogeography of Scotese and Wright (69) 
(fig. S10), lowered the solar luminosity value to 1327 W m−2 (53), 
and used a null eccentricity-minimum obliquity orbital configura-
tion, which provides an equal mean annual insolation to both hemi-
spheres with minimum seasonal contrasts. We fixed the atmospheric 
oxygen concentration to the present-day value of 20.95% in agree-
ment with results obtained with long-term carbon cycle models (54).

Simulations were initialized with a sea ice–free ocean and homo-
geneous temperature and salinity in the ocean (5°C and 33.9‰, re-
spectively). The model was then integrated for 25,000 years, saving 
the results every 100 years over the past 5000 years. Results averaged 
over the past 5000 years were used for this analysis to account for 
the potential impact of oscillations in the deep ocean circulation and 
resulting temporal variations in ocean quantities (68).
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