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14th Mar 22 

Dear Dr Dahl,  

Please allow me to apologise for the long delay in sending a decision on your manuscript titled 

"Stable ocean redox during the main phase of the Great Ordovician Biodiversification Event". It has 

now been seen by 3 reviewers, and I include their comments at the end of this message. They find 

your work of some potential interest, but important points are raised. We are interested in the 

possibility of publishing your study in Communications Earth & Environment, but would like to 

consider your responses to these concerns and assess a revised manuscript before we make a final 

decision on publication.  

We therefore invite you to revise and resubmit your manuscript, along with a point-by-point 

response that takes into account the points raised. Please highlight all changes in the manuscript 

text file.  

In particular, please ensure that the revised manuscript meets the following editorial thresholds:  

** Provide a compelling case that the Great Ordovician Biodiversification Event occurred during 

stable environmental conditions rather than during a sharp rise in ocean oxygenation, including 

accounting for the potential for this result to be an artefact of low data density during the event **  

** Fully justify your interpretations of the timing of the Great Ordovician Biodiversification Event in 

the light of relevant recent and previous work **  

** Present robust evidence that your carbonate record is representative of an open ocean 

environment and therefore able to inform on global ocean redox conditions **  

We are committed to providing a fair and constructive peer-review process. Please don't hesitate to 

contact us if you wish to discuss the revision in more detail.  

Please use the following link to submit your revised manuscript, point-by-point response to the 

referees’ comments (which should be in a separate document to any cover letter) and the 

completed checklist:  

[link redacted]  

** This url links to your confidential home page and associated information about manuscripts you 

may have submitted or be reviewing for us. If you wish to forward this email to co-authors, please 

delete the link to your homepage first **  

We hope to receive your revised paper within six weeks; please let us know if you aren’t able to 

submit it within this time so that we can discuss how best to proceed. If we don’t hear from you, and 

the revision process takes significantly longer, we may close your file. In this event, we will still be 

happy to reconsider your paper at a later date, as long as nothing similar has been accepted for 

publication at Communications Earth & Environment or published elsewhere in the meantime.  

We understand that due to the current global situation, the time required for revision may be longer 

Decision letter and referee reports: first round 



than usual. We would appreciate it if you could keep us informed about an estimated timescale for 

resubmission, to facilitate our planning. Of course, if you are unable to estimate, we are happy to 

accommodate necessary extensions nevertheless.  

Please do not hesitate to contact me if you have any questions or would like to discuss these 

revisions further. We look forward to seeing the revised manuscript and thank you for the 

opportunity to review your work.  

Best regards,  

Joe Aslin  

Senior Editor,  

Communications Earth & Environment  

https://www.nature.com/commsenv/  

Twitter: @CommsEarth  

EDITORIAL POLICIES AND FORMATTING  

We ask that you ensure your manuscript complies with our editorial policies. Please ensure that the 

following formatting requirements are met, and any checklist relevant to your research is completed 

and uploaded as a Related Manuscript file type with the revised article.  

Editorial Policy: <a href="https://www.nature.com/documents/nr-editorial-policy-

checklist.zip">Policy requirements </a>  

Furthermore, please align your manuscript with our format requirements, which are summarized on 

the following checklist:  

<a href="https://www.nature.com/documents/commsj-phys-style-formatting-checklist-

article.pdf">Communications Earth & Environment formatting checklist</a>  

and also in our style and formatting guide <a href="https://www.nature.com/documents/commsj-

phys-style-formatting-guide-accept.pdf">Communications Earth & Environment formatting 

guide</a> .  

*** DATA: Communications Earth & Environment endorses the principles of the Enabling FAIR data 

project (http://www.copdess.org/enabling-fair-data-project/ ). We ask authors to make the data 

that support their conclusions available in permanent, publically accessible data repositories. (Please 

contact the editor if you are unable to make your data available).  

All Communications Earth & Environment manuscripts must include a section titled "Data 

Availability" at the end of the Methods section or main text (if no Methods). More information on 

this policy, is available at <a href="http://www.nature.com/authors/policies/data/data-availability-

statements-data-citations.pdf">http://www.nature.com/authors/policies/data/data-availability-

statements-data-citations.pdf</a>.  

In particular, the Data availability statement should include:  



- Unique identifiers (such as DOIs and hyperlinks for datasets in public repositories)  

- Accession codes where appropriate  

- If applicable, a statement regarding data available with restrictions  

- If a dataset has a Digital Object Identifier (DOI) as its unique identifier, we strongly encourage 

including this in the Reference list and citing the dataset in the Data Availability Statement.  

DATA SOURCES: All new data associated with the paper should be placed in a persistent repository 

where they can be freely and enduringly accessed. We recommend submitting the data to discipline-

specific, community-recognized repositories, where possible and a list of recommended repositories 

is provided at <a 

href="http://www.nature.com/sdata/policies/repositories">http://www.nature.com/sdata/policies/

repositories</a>.  

If a community resource is unavailable, data can be submitted to generalist repositories such as <a 

href="https://figshare.com/">figshare</a> or <a href="http://datadryad.org/">Dryad Digital 

Repository</a>. Please provide a unique identifier for the data (for example a DOI or a permanent 

URL) in the data availability statement, if possible. If the repository does not provide identifiers, we 

encourage authors to supply the search terms that will return the data. For data that have been 

obtained from publically available sources, please provide a URL and the specific data product name 

in the data availability statement. Data with a DOI should be further cited in the methods reference 

section.  

Please refer to our data policies at <a 

href="http://www.nature.com/authors/policies/availability.html">http://www.nature.com/authors/

policies/availability.html</a>.  

REVIEWER COMMENTS:  

Reviewer #1 (Remarks to the Author):  

The del Rey et al manuscript is a straightforward, well organized study testing the hypothesis that a 

global seawater oxygenation increase triggered the GOBE. The authors use d238U trends from 

Swedish marine carbonates and comparisons to previously reported biodiversity, 

origination/extinction data sets to address the question. The new d238U data spans a relatively 

short time interval in the Middle Ordovician (~12 My) and assumes that the main onset of GOBE 

biodiversity increase occurs near the Dapingian-Darriwilian boundary. The entire hypothesis of the 

study is premised on assuming the GOBE onset occurred during this short time interval. However, 

the results of a recent study by Servias et al (2021) suggest that this assumption requires re-

evaluation because the various, widely used, biodiversity data sets are biased and/or incomplete. 

Instead, Servias et al argue that the Ordovician radiation was a complex, long-term process of 

multiple marine diversifications and that the idea of a relatively short, dramatic global radiation at a 

particular time interval is an oversimplification--neither was it short or coevally global, and the 

biodiversity data sets used in the past are biased and/or incomplete. Servias et al argue that 

depending on which biodiversity data set is used, the GOBE occurred anytime throughout the Early 

to Late Ordovician (Servias’ et al figure 1). Given this, the key interpretation of this study of the 

timing of the GOBE onset is associated with stable seawater redox conditions rather than increasing 

d238U trends (indicating increasing oxygenation) is problematic. The authors need to clearly address 



this issue, provide more explanation on the GOBE timing (and why they choose to use particular 

timing interpretations) and provide solid evidence to refute the Servias et al findings if they disagree.  

Below are specific line-by-line comments.  

Line 44—This is the first time the (assumed) GOBE timing is mentioned. A clearer discussion of the 

radiation and its timing is necessary as the entire study hinges on this.  

Lines 66-69- The second potential driver (Middle Ordovician oxygenation) is provided then an 

argument on why it is not supported is given. This same pattern should be provided for the first 

hypothesis (SST cooling) and why is or is not supported.  

Lines 73-81—this brief discussion of U isotopes as redox proxy is more appropriate in Background 

rather than in Introduction  

76- be specific in stating a large fractionation occurs in euxinic sediments specifically, not general 

anoxic sediments.  

77-78—not clear what modern values of -0.14 permil is referring to  

93- euxinic specifically  

102- ‘known’ is too optimistic, the ‘most recently documented range of diagenetic offset’ is better 

language  

109- readers outside the carbonate community do not know what cool water carbonates means  

119- need rock type information rather than just ‘beds’  

127- ‘variations’ cannot be stable, reword  

128-129- Confusing sentence, average measured values may be similar to modern carbonates, but 

the variance is not similar. Needs clarification.  

132-133- Best not to focus on the likely outliers within the Taljsten (for example similar point-by-

point variability at ~3 m in Dp2). These large point-by-point variabilities at the sub-meter scale of 

>~0.2-0.3 permil are not realistic for the global oceans. Focus instead on the major and longer term 

excursions starting above Taljsten.  

139- define gray facies  

142—statement is too optimistic, best to say they are not significantly altered by….  

154-157—see comments above about GOBE timing, this statement is based on the assumption that 

the main GOBE increase occurred in this relatively short time interval  

159- Interval I is not labelled on Figure 3 or mentioned in figure caption.  



161-169—entire discussion is based on assumption that diversity and extinction/origination rate 

trends of previous studies are correct and does not include Servias et al 2021 results  

175—opportunistic disaster taxa needs explanation, what are they, what do they suggest and why?  

181—to emphasis this, provide lateral distance between the two continents recording this event  

186—when did GOBE really start?  

192—see previous comments on GOBE timing  

202-203—be specific on what SST define ‘more favorable’. Cooler, warmer, transitioning?  

208-209—see GOBE timing comments  

216-221- run on sentence and confusing concepts, rewrite  

Figures  

1- Font size on all figures need enlargement  

2- Figure 3. Pink band not labelled and Interval I mentioned in text is not shown  

Maya Elrick  

Reviewer #2 (Remarks to the Author):  

Please find the full review report in the attached pdf file.  

Reviewer #3 (Remarks to the Author):  

This manuscript deals with the possible environmental forcings that triggered the Great Ordovician 

Biodiversification Event (GOBE). The authors quantify seawater redox by using a proxy method 

based on U isotopes in marine carbonates. They conclude that the maximum increase in biodiversity 

during the mid-Ordovician took place when marine anoxic zones were stable.  

I cannot understand how biodiversity, the one based on metazoans needing oxygen for respiration, 

may increase in an anoxic context (line 28)! Meanwhile, d13C values of carbonates increase, 

reflecting an increase in marine productivity and long-term storage of organic matter. The authors 

refer to the paper of Edwards et al. (2017; Nature Geosciences) who calculated atmospheric pO2 

based on the d13C. We must keep in mind that the main producuers of O2 in the oceans are 

cyanobacteria and that Earth's atmosphere was most likely O2-rich at least since the Proterozoic 

(see the recent works published by Steadman for the Precambrian and by Brand for the Paleozoic). 

So, I am not convinced that the uranium isotope record of these carbonates reflects a global redox 

state of the oceans but rather a specific local environment that was submitted to suboxic or anoxic 

conditions.  



Moreover, I also notice that post-depositional processes such as diagenesis has been eluded with 

the mention that "despite acquiring a known offset during carbonate diagenesis, it represents a 

measure of the global oxygenation state of the oceans" on line 102. How you can write that you 

measure confidently something with an offset? How do you it is a "constant" offset when you are 

studying Paleozoic sediments and referring to papers that were devoted to modern or very recent 

carbonate deposits? (Tissot et al. 2018; Chen et al. 2018).  

Some sentences are also senseless, see for example line 24: you cannot write that "animal life 

requires oxygen to SURVIVE".  

For all the reasons mentioned above, I cannot recommend publication of this manuscript in its 

present state, it should be at least deeply modified and revised before publication. You should more 

put emphasis on the need of cooler marine temperatures allowing more O2 to be dissolved in water 

and the availibilty of nutrients that is connected to the carbon isotope cycle.  
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ABSTRACT 18 

 19 

The Great Ordovician Biodiversification Event (GOBE) represents the greatest increase in 20 

marine animal biodiversity of the Paleozoic. What caused this transformative evolution of 21 

marine animal life is heavily debated. One hypothesis states that rising atmospheric 22 

oxygen levels drove the biodiversification based on the premise that animal life requires 23 

oxygen to survive. Here, we present uranium isotope data from a marine carbonate 24 

succession spanning the Middle Ordovician that shows the steepest rise in generic richness 25 
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 2 

and peak of the main phase of the GOBE occurred with global marine redox stability. An 26 

increase in oxygenation ensued later; thus it could not have driven the biodiversification. 27 

Stable marine anoxic zones were the environmental background in the interval leading up 28 

to the maximum increase in biodiversity of the GOBE during which the life expectancy of 29 

evolving genera greatly increased (Dapingian–early Darriwilian). Unstable ocean redox 30 

conditions occurred together with a marine carbon cycle disturbance and a decrease in 31 

relative diversification rates (mid–late Darriwilian). Thus, marine animal life expanded 32 

and lived increasingly longer when marine anoxia was stable over time. Therefore, we 33 

propose that oceanic redox stability was a factor in facilitating the establishment of more 34 

resilient ecosystems allowing marine animal life to radiate. 35 

 36 

Keywords: U isotopes, Marine Carbonates, Middle Ordovician, GOBE, Ocean Redox 37 

Stability 38 

 39 

INTRODUCTION 40 

 41 

The Great Ordovician Biodiversification Event (GOBE) was the greatest accumulation of 42 

metazoan richness in Earth‟s history (ref.
1
 and references therein). Generic richness 43 

increased four-fold during the Middle–early Late Ordovician and there was a complete 44 

restructuring of trophic relationships
2,3

. The first complex marine ecosystems with deeper 45 

tiering, intricate trophic cascades and ecospace partitioning were established
4
. Whereas the 46 

Cambrian–early Ordovician faunas had been dominated by detritus-feeding benthos, from 47 

the mid-Ordovician onwards suspension-feeding organisms vastly radiated not just on the 48 

sea floor but also throughout the water column, as did predation pressure
5
. Reef systems 49 

started resembling modern analogues, transitioning from algal and bacterial mats to ones 50 
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with complex frameworks constructed by metazoans
6
. What instigated this transformative 51 

ecological expansion in the marine environment is therefore a fundamental question to 52 

answer. A number of different causal mechanisms have been proposed
1
, including two 53 

abiotic factors that have gained momentum. One, climatic cooling inducing a decrease in 54 

tropical sea surface temperatures (SSTs) from Cambrian and Early Ordovician warm 55 

conditions (~42°C) to temperatures similar to present-day (27–32°C) during the Middle 56 

Ordovician Darriwilian Age, is thought to have provided more favorable conditions for 57 

marine animal life thus promoting the radiation
7–11

 (Fig. 1). And two, an increase in 58 

atmospheric oxygenation during the Middle Ordovician, in contrast to concurrent anoxic 59 

events and elevated extinction rates from the late Cambrian to early Ordovician
12

, has 60 

been proposed as a driver of the GOBE
13

 (Fig. 1). This is justified either by higher 61 

molecular oxygen (O2) levels in surface waters fuelling a more energetic lifestyle (e.g. 62 

carnivory) and allowing higher trophic levels, and/or by oxygenating new seafloor areas, 63 

creating new ecospace for marine animals
14–16

. Because animals depend on O2 to 64 

survive
17,18

, a more oxygenated world during the Middle Ordovician might have supported 65 

more animal life. Nevertheless, a recent paleontological study has suggested that there is a 66 

time difference between the onset of the GOBE and the rise in atmospheric O2
19

 and thus, 67 

the role of O2 as a direct causal mechanism in the expansion of biodiversity remains 68 

unclear. 69 

 70 

Here we assess the relationship between oceanic oxygenation and animal radiation during 71 

the GOBE by analyzing uranium (U) isotopes in marine carbonates from a sedimentary 72 

succession spanning the Middle Ordovician (Dapingian–Darriwilian). The U isotope 73 

signature of marine carbonates (δ
238

UCARB) can inform us about the global oxygenation 74 

state of the oceans because the marine U removal in anoxic settings induces a large 75 
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positive U isotope offset in sediments deposited under reducing conditions
20

. In general 76 

terms, fluctuations towards lower δ
238

UCARB values relative to today (δ
238

UCARB = –0.14 ± 77 

0.11‰, 1sd)
21

 indicates deoxygenation or an expansion of anoxic water masses, whereas 78 

swings towards higher δ
238

UCARB values similar to modern-day carbonates implies a lesser 79 

extent of anoxia or greater proportion of sediment burial in the oxygenated parts of the 80 

oceans
22

. Thus, by comparing the U isotope composition of marine carbonates from the 81 

Middle Ordovician with high-resolution global generic richness data, we examine whether 82 

or not changes in the global oxygenation state of the oceans were related to the expansion 83 

of marine animal life of the GOBE.  84 

 85 

BACKGROUND 86 

U isotopes in marine carbonates as a proxy for ocean oxygenation 87 

 88 

Microbial U reduction involves large isotope fractionation
23,24

. Because U(VI) is 89 

predominantly soluble and U(IV) insoluble in the oceans, the reduction process takes U 90 

out of solution and simultaneously fractionates its isotopes with the heavier 
238

U isotope 91 

enriched in the product
23,25

. Therefore, 
238

U is preferentially removed in anoxic settings 92 

where U accumulates into the sediments, leaving behind 
238

U-depleted (
235

U-enriched) 93 

waters. Hence, sediment burial under reducing conditions becomes the main sink of U 94 

associated with isotope fractionation
20,26

. The incorporation of U into biotic or abiotic 95 

carbonates, although also a large U sink
27

, only involves limited isotope 96 

fractionation
21,28,29

. Thus, the extent of anoxic water masses becomes the main control of 97 

the U isotope composition of the oceans
25

. Lastly, due to its much longer residence time 98 

(~400 kyr) compared to ocean mixing time (~1.5 kyr), U behaves conservatively and has a 99 

globally uniform isotopic distribution in the ocean
25

. Therefore, marine carbonates formed 100 
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under oxic conditions record the isotope composition of seawater at the time of deposition, 101 

which despite acquiring a known offset during carbonate diagenesis
21,30

, it represents a 102 

measure of the global oxygenation state of the oceans
22

. 103 

 104 

Geological setting 105 

 106 

The analyzed carbonate rocks from the Middle Ordovician consist of a continuous 107 

sedimentary succession from Kinnekulle in southern Sweden (Kinnekulle-1 drillcore, Fig. 108 

2A) that represent cool-water carbonate facies deposited with limited terrigenous input 109 

within the Baltoscandian Paleobasin
31

 (Fig. 2B). The carbonate succession comprises 110 

mudstones and wackestones with lesser marly limestones and calcareous shales. The basal 111 

part of the studied section (Fig. 3) consists of the Lanna Limestone (Dapingian–lower 112 

Darriwilian (Dw1 stage slice sensu ref.
32

)) and is followed by the Holen Limestone (Dw1–113 

upper Dw2). The Lanna–Holen interval is characterized by a reddish-brown color and a 114 

rather homogeneous macroscopic appearance. Within the lower Holen Limestone, a 115 

conspicuous and discrete gray limestone interval is referred to as the Täljsten
31

. The gray-116 

colored Skövde Limestone (middle Dw3) disconformably overlies the Holen Limestone, 117 

evidencing a hiatus at Kinnekulle encompassing the lower Dw3
31

. The top of the studied 118 

section comprises the gray basal beds of the Gullhögen Formation (upper Dw3) deposited 119 

conformably over the Skövde Limestone.  120 

 121 

RESULTS 122 

A δ
238

U record through the Middle Ordovician 123 

 124 

redacted
Highlight

redacted
Cross-Out

redacted
Highlight

redacted
Inserted Text
lime

redacted
Highlight

redacted
Cross-Out

redacted
Inserted Text

redacted
Inserted Text
  Middle Ordovician d238U trends



 

 6 

The δ
238

U curve from the carbonate succession of Kinnekulle (Fig. 3) exhibits secular 125 

trends that can be subdivided into two distinct intervals depending on the amplitude or 126 

stability of their δ
238

U variations (Fig. 3). In the lower part of the section up until the 127 

Täljsten (Dp1–Dw1), δ
238

U trends are stable with a lower average value and similar 128 

variance compared to modern carbonates at -0.36 ± 0.09‰ (1sd, n = 26). The most stable 129 

or invariant δ
238

U trend occurs from middle Dp3 to upper Dw1 (from -0.53 to -0.33‰). A 130 

second interval then follows (Dw2–Dw3) with large amplitude fluctuations or unstable 131 

δ
238

U (from -0.78 to 0.16‰), beginning in the Täljsten with an abrupt swing in δ
238

U 132 

values (-0.78 to -0.25‰). From this point on, a positive δ
238

U excursion is observed 133 

during the Dw2, followed by a negative one with a large point-by-point variability near 134 

the unconformity at the Dw2–Dw3 boundary. A large positive, yet highly fluctuating 135 

δ
238

U trend indicative of a change towards more oxygenated ocean conditions occurs from 136 

the Dw3. 137 

 138 

Elemental data shows elevated U content in the gray facies of the Täljsten and Skövde 139 

Limestone–Gullhögen Formation associated with higher δ
238

U variability. The secular 140 

δ
238

U changes are not coupled to variations in elemental ratios (Mg/Ca, Sr/Ca, Mn/Sr, 141 

Al/Ca, Mo/Ca) (Supplementary Fig. 1), indicating that the δ
238

U trends are not 142 

systematically related to changes in primary carbonate mineralogy, chemical alteration by 143 

diagenetic fluids, terrigenous input, or local redox conditions (see Supplementary 144 

Information for all isotopic and geochemical data and further discussion about diagenesis). 145 

 146 

DISCUSSIONS 147 

The global oxygenation state of the oceans and changes in marine biodiversity 148 

 149 
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 7 

The δ
238

U record across the Dapingian and Darriwilian shows a change from an interval 150 

with a relatively stable global ocean oxygenation state (particularly from middle Dp3–151 

upper Dw1) to unstable redox conditions characterized by large fluctuations in δ
238

U 152 

values (Dw2–Dw3) (Fig. 3). A continuous shift towards more oxygenated oceans is first 153 

seen in the late Darriwilian (Dw3). Thus, an increase in oxygenation could not have 154 

triggered the earliest Darriwilian inception of the main phase of the GOBE as previously 155 

suggested
13

. Both global and regional richness data shows that the peak of this main phase 156 

occurred during the late Dw1
1,19,33

. Therefore, we find that a relatively stable global 157 

oxygenation state of the oceans prevailed during the time period leading up to the 158 

maximum increase of biodiversity of the GOBE (Interval I, Fig. 3). 159 

 160 

After this stable δ
238

U phase, biodiversity and relative diversification and origination rates 161 

decrease when large δ
238

U fluctuations are observed (Interval II, Fig. 3). This change 162 

coincides with the onset of a perturbation of the global marine carbon cycle known as the 163 

“Middle Darriwilian Isotope Carbon Excursion” or MDICE (from ca. early Dw2)
34–36

. 164 

Thus, relative diversification slows down when the redox landscape becomes unstable and 165 

the carbon cycle is globally disturbed. Further, extinction rates increase and brachiopod 166 

richness reaches a low when the δ
238

U curve suggests a shift towards more anoxic water 167 

masses in the oceans, around the unconformity of the section (Dw2–Dw3 boundary) (Fig. 168 

3). 169 

 170 

The transition from a relatively stable to unstable redox landscape and accompanying 171 

changes in marine animal biodiversity occurs in the conspicuous Täljsten interval within 172 

the lower Holen Limestone near the Dw1–Dw2 boundary (Fig. 3). The Täljsten possess a 173 

series of atypical facies and paleontological features that evidence a period of stressed 174 
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environments, including opportunistic disaster taxa suggesting the collapse of marine 175 

ecosystems
31,37

. We see this expressed in a rapid and large δ
238

U fluctuation within these 176 

beds and elevated abundances of redox sensitive elements (U/Ca, Mo/Ca, P/Ca, 177 

Supplementary Fig. 2), which suggest reducing conditions in the local depositional 178 

environment
37

. In addition, a similar lithological shift is also observed in coeval 179 

limestones in South China
38,39

. Therefore, the abrupt lithological shift in the rather uniform 180 

carbonate succession in two distinct paleocontinents suggests the transition was initiated 181 

by a global event that disrupted sedimentary cycles and the marine redox landscape. 182 

 183 

Animal life thrived during the Dapingian–early Darriwilian 184 

 185 

An important factor that has been causally related with the onset of the GOBE is cooling 186 

oceans reaching tropical SSTs similar to present day in the Middle Ordovician, providing 187 

more favorable conditions for marine animal life
7,11

. Equatorial modern-like SSTs were 188 

attained from around the late Dapingian
7
 and a significant 4–5°C cooling affecting the 189 

Baltoscandian Paleobasin was identified in strata just above the Dapingian–Darriwilian 190 

boundary
11

. Thus, ocean cooling occurred in the same time interval with the comparatively 191 

most stable ocean redox conditions and the maximum increase in marine biodiversity 192 

(middle Dp3–upper Dw1).  193 

 194 

During the Dapingian–early Darriwilian, the life expectancies of genera reached an early 195 

Paleozoic maximum just prior to the onset of the GOBE
33

. Thus, generic lineages survived 196 

longer at the time with the most stable δ
238

U trends (Fig. 3). Long-life expectancies 197 

indicate a long persistence of the ecologic relationships among genera or ecosystem 198 

resilience, and processes that increased levels of ecosystem resilience were major factors 199 
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of marine biodiversity accumulation
33

. Therefore, we suggest ecosystems evolved and 200 

became more resilient, persisting for longer time spans, simply because animal life thrived 201 

when the marine redox landscape was stable and tropical ocean temperatures were more 202 

favorable (Fig. 3). 203 

 204 

CONCLUSIONS 205 

 206 

The comparison between the δ
238

U of marine carbonates and marine animal biodiversity 207 

through the Middle Ordovician shows that the inception and main phase of the largest 208 

animal radiation of the Paleozoic––the GOBE––was not linked to an increase in ocean 209 

oxygenation, but to a rather stable marine redox landscape. An oxygenation event in the 210 

oceans (this study) and atmosphere
13

 is recorded after and therefore, it could not have 211 

driven the biodiversification event. The GOBE is also marked by a notable peak in the life 212 

expectancies of genera just before the onset of the radiation and in the time interval with 213 

the most stable δ
238

U trends (Dapingian–early Darriwilian), prior to a global disturbance 214 

of the marine carbon cycle (pre MDICE) and when cooling oceans reached modern-like 215 

equatorial SSTs. Therefore, we suggests that the relative stability of the marine redox 216 

landscape over geological timescales (>1 Myr) was one of the fundamental factors 217 

allowing animal life to simply establish itself in its environment for longer times by 218 

preventing the expansion of anoxia to disturb marine ecosystems on shorter timescales like 219 

it occurred during the late Cambrian–early Ordovician. This created favorable conditions 220 

for marine animal life, which together with cooler oceans were likely key in promoting the 221 

greatest animal radiation in Earth‟s history. 222 

 223 
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 225 

Analyzed samples for U isotopes correspond to ca. 1 g powdered carbonate rock each. 226 

Powders were extracted from the rocks‟ matrices wherever possible, avoiding large grains 227 

and areas that macroscopically evidence secondary alteration (e.g., weathering, veins, 228 

etc.). Samples were dissolved using a soft leaching procedure using ca. 45 mL 0.5 M HCl 229 

to avoid the dissolution of any non-carbonate fraction, but achieving complete dissolution 230 

of the carbonates
22

. A small aliquot (0.15%) of the leachate was taken for major and trace 231 

element concentrations analyses and the rest (99.85%) was used for uranium isotope 232 

analyses. 233 

 234 

Major and trace element concentrations were analyzed using high-resolution sector field 235 

inductively coupled plasma mass spectrometry (ICP-MS), ThermoFisher Scientific 236 

Element XR, at the Yale Metal Geochemistry Center, Yale University. Measurement 237 

precision was generally better than 5% (2σ). BVO-2 and NOD-A-1 USGS geostandards 238 

were processed along with samples in each run using a standard sample introduction 239 

system
40

 and were within ±5% of reported values. 240 

 241 

For U isotope analyses, U was extracted and purified from the carbonate leachates using 242 

the UTEVA ion exchange resin procedure and measured using the 
233

U-
236

U double-spike 243 

method
41–43

 on a ThermoFisher Scientific Neptune Plus Multicollector ICP-MS at the Yale 244 

Metal Geochemistry Center, Yale University. Up to 150 ng U per sample were purified 245 

passing through UTEVA ion exchange resin twice after adding 240 μL double-spike 246 

solution per 150 ng U to have the same sample/spike ratio in all samples and standards. 247 

The IRMM-3636 
233

U-
236

U double-spike method is used to correct for instrumental mass 248 

bias and potential isotopic fractionation during column chemistry
41

. In summary, after 249 
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adding the spike, samples were dissolved in 7 M HNO3 and then loaded into 1 mL 250 

UTEVA-resin-loaded columns pre-cleaned with 8 mL 0.05 M HCl and pre-conditioned 251 

with 7 M HNO3. Matrix elements (except thorium) were eluted using 15 mL 3 M HNO3 252 

and Th using 6 mL 5 M HCl. U was then released from the resin using 13 mL 0.05 HCl. 253 

The final solutions with collected U were then dried down and treated with small amounts 254 

of H2O2 and concentrated HNO3 to eliminate potential residual organic compounds 255 

leached from the resin. This procedure was applied twice and after the second time, 256 

samples were dried down and brought up in 3 mL 5% HNO3 (50 ppb U) for isotope 257 

composition analyses. Samples were introduced to the multicollector ICP-MS using an 258 

ApexIR sample introduction system and measured at low resolution. Isotopes 
232

Th, 
233

U, 259 

235
U, 

236
U and 

238
U were measured simultaneously on Faraday collectors connected to 10

11
 260 

Ω amplifiers achieving a signal of ~ 25–45 volts on 
238

U, depending on concentration. 261 

Procedural blanks were 10-40 pg U. The data are reported as parts per thousand (‰) 262 

deviation of sample‟s 
238

U/
235

U ratio relative to the CRM-145 reference standard (δ
238

U). 263 

Accuracy and external reproducibility of the data were evaluated by analyzing Ricca and 264 

CRM-129a reference materials processed through the same chemical purification 265 

procedure with the same sample/spike ratio as the studied samples. External precision 266 

(1STD) was better than 0.07‰. 267 

 268 

ACKNOWLEDGMENTS 269 

 270 

We thank Xuefang Wu for laboratory assistance at Yale University during the COVID-19 271 

pandemic. We also thank Anders Lindskog for his work and discussions on the conodont 272 

biostratigraphy. AdR and TWD acknowledge financial support from the Carlsberg 273 

Foundation through its Distinguished Associate Professor program to TWD (CF16–0876). 274 



 

 12 

TWD thanks the Danish Council for Independent Research (7014-00295B and 8102-275 

00005B). CMØR is grateful for funding from GeoCenter Denmark (2015-5 and 3-2017). 276 

This is a contribution to the IGCP Project 653 „The Onset of the Great Ordovician 277 

Biodiversification Event‟. MC and RW acknowledge the Crafoord foundation (20140806) 278 

and the Royal Physiographic Society of Lund, respectively, for funding the recovery of the 279 

Kinnekulle-1 drillcore.   280 

 281 

AUTHOR CONTRIBUTIONS 282 

 283 

This study was designed by TWD with input from MC and CMØR. Sampling and isotope 284 

analyses preparation done by AdR. Isotope measurements made by DA. Conodont 285 

biostratigraphy made by RW. AdR and TWD wrote the paper with input from all co-286 

authors. 287 

 288 

COMPETING INTERESTS 289 

The authors declare no competing financial interests. 290 

FIGURES 291 



 

 13 

 292 

Fig. 1. Cumulative biodiversity
19

, sea surface temperatures
7,44

 and inferred atmospheric 293 

oxygen levels
13

 throughout the early Paleozoic. The pink area highlights the Middle 294 

Ordovician. The red vertical line represents the Dapingian-Darriwilian boundary. P: 295 

Pridoli. 296 

 297 

 298 

Fig. 2. A) Location of Kinnekulle, province of Västergötland, Sweden. B) 299 

Paleocontinental reconstruction of the Middle Ordovician (ca. 465 Ma)
45

. The continent of 300 

Baltica is indicated next to the approximate location of the Baltoscandian paleobasin. The 301 

red area indicates Kinnekulle. 302 
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Fig. 3. Stratigraphy and geochemical data (δ
238

U, δ
13

C, U/Ca) across the Kinnekulle-1 304 

drillcore (N 58°35.97792′, E 13°25.00083′). Conodont biostratigraphy after ref.
36

 and 305 

references therein. Stage-level marine animal biodiversity curves and brachiopod richness 306 

after ref.
19,33,46

. Horizontal lines represent the middle point of time bins to which 307 

biodiversity curves were calculated
19,33

. Stage slices sensu ref.
32

. Modern seawater 
238

U ~ 308 

–0.39‰
27

, modern carbonates 
238

UCARB ~ –0.14‰
21

. The dashed black line in the 309 

stratigraphic column marks the unconformity of the section. The blue curve corresponds to 310 

the spline interpolation of the 
238

U data points. Dp: Dapingian, Dw: Darriwilian, 1: Dp1, 311 

L: Lasnamägi, S: Skövde Limestone, B.: B. triangularis, L. a.: L. antivariabilis, Y. cra.: Y. 312 

crassus. 313 
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Review Report of del Rey et al. (COMMSENV-21-0778-T) 
 
Summary 
    This study presents a new set of U isotope data across the Great Ordovician Biodiversification 
Event (GOBE) from the carbonate succession of Kinnekulle. In contrast to previous studies, 
which attributed the GOBE to an increase in atmospheric oxygenation during Middle Ordovi-
cian, this study concludes that the inception and main phase of the GOBE were linked to a stable 
marine redox landscape. Thus, the author suggests the relative stability of the marine redox land-
scape over geological timescales over 1 Myr should be considered as one of the fundamental fac-
tors for animal radiation events. 
 
Overall Comments 
Strengths: The paper is straightforward with a nice and simple narrative. The major novelty is 
that this work evaluated the relationship between marine oxygenation and animal radiation by 
examining the fluctuation of oceanic anoxia throughout geological time rather than by determin-
ing the absolute extent of oceanic oxygenation at the time of biodiversity expansion. 

 
Weaknesses:  
1. Although the authors acknowledged the documented impact of carbonate diagenesis in the 
supplementary, the variable nature of this impact (0.27 ± 0.28 ‰) is seldom considered in the 
main text. This is problematic because diagenesis might not always systematically shift the δ238U 
values during the middle Ordovician, and changes in the depositional environment can change 
the magnitude of diagenetic offset (Zhang et al., 2020). This might substantially influence the ap-
parent presence or lack of δ238U fluctuation by either amplifying or reducing the noise variability 
of the data set. Combined with the lower data density in the GOBE (relative to the period just be-
fore it), it is unclear whether the apparent stability of the signal is real or an artefact of lower 
number of data points and changes in deposition environment. 
2. While the paper provides a detailed description of the sample lithology, there is not enough 
information on the depositional environment. The assumption of a constant offset between 
δ238UCARB and δ238USW would be even less valid if the carbonates were not deposited in an open 
ocean environment (Clarkson et al., 2018; Tissot et al., 2018).  

Although the influence of factors mentioned above is still an ongoing topic for U isotope 
studies, it would serve the main conclusion of the paper if a more thorough evaluation of these 
effects was performed. It is also, surprising that the authors do not attempt to provide a quantita-
tive estimate of seafloor anoxia during the GOBE, as numerous papers have reviewed typical 
models that can be used (Lau et al., 2016, 2017; Zhang et al., 2020) and more recent studies have 
even provided interesting and quantitative approaches to properly consider the impact of these 
offsets. For example, Monte Carlo simulation can quantify uncertainties introduced by early dia-
genetic alterations (Pimentel-Galvan et al., 2022; Kipp and Tissot, 2022). 
 
Provided the above main comments are properly addressed, I think the manuscript can would be 
acceptable for publication in Communications Earth & Environment. 
 
Minor Problems 
Main text 
L126. “Secular trends … δ238U variations”  

Reviewer #2 attachment: first round 



Because the division of different intervals based on amplitude or stability of δ238U is a key concept 
in this paper, it would be useful if a more detailed/quantitative description on the criteria used to 
distinguishing these intervals were provided. 
 
L238. There is a typo on the name of geostandard (BHVO-2 rather than BVO-2) 
 
L265. For checking external reproducibility with Ricca and CRM-129a, please provide δ238U of 
these standards. 
 
Figure 3. 
• For the U/Ca plot, the difference of the points near 0 can be better resolved with log scale. 
• Make the labelling of interval I and II clearer. It is difficult to find them in the figure now. 
 
Supplementary information 
Table 1. Please provide the unit for concentration ratios. 
Figure 1. It would be more informative and diagnostic to plot δ238U vs Al/U when trying to tease 
out detrital contributions to the data, as in such a space, detrital contamination with a single end 
member would be a straight line. I couldn’t test this hypothesis, as there are not enough signifi-
cant digits on the Al/C ratios and no Al/U ratios are reported.  
 
Reference: 
Clarkson M. O., Stirling C. H., Jenkyns H. C., Dickson A. J., Porcelli D., Moy C. M., Von 

Strandmann P. P. A. E., Cooke I. R. and Lenton T. M. (2018) Uranium isotope evidence 
for two episodes of deoxygenation during Oceanic Anoxic Event 2. Proc. Natl. Acad. Sci. 
115, 2918–2923. 

Kipp M. A. and Tissot F. L. H. (2022) Inverse methods for consistent quantification of seafloor 
anoxia using uranium isotope data from marine sediments. Earth Planet. Sci. Lett. 577. 

Lau K. V., Maher K., Altiner D., Kelley B. M., Kump L. R., Lehrmann D. J., Silva-Tamayo J. 
C., Weaver K. L., Yu M. and Payne J. L. (2016) Marine anoxia and delayed Earth system 
recovery after the end-Permian extinction. Proc. Natl. Acad. Sci. U. S. A. 113, 2360–
2365. 

Lau K. V, Macdonald F. A., Maher K. and Payne J. L. (2017) Uranium isotope evidence for tem-
porary ocean oxygenation in the aftermath of the Sturtian Snowball Earth. Earth Planet. 
Sci. Lett. 458, 282–292. Available at: http://dx.doi.org/10.1016/j.epsl.2016.10.043. 
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Reviewers' comments and authors’ responses Response to Reviewer 1 (Maya Elrick) 

 

Response:  We thank the reviewer for clear summary of our work, and also for the constructive comment regarding 
hypothesis testing for animal radiation during ~12 Myrs of the Mid-Ordovician.  

Reviewer 1 is correct that Servais et al. (2016, 2021), Servais & Harper (2018) and Harper et al. (2020) argue that 
the GOBE should be viewed as a prolonged phase spanning the entire Ordovician and with its roots in the late 
Cambrian. However, their claim is completely unsupported by any evidence. This we have tried to outline below. 

Opposed to the view advanced by the Servais–Harper papers stands the bulk of new and older research on the 
timing of the GOBE across geographical regions and across clades to come out since Webby et al. 2004 first 
coined the term GOBE (see, for instance, Miller & Foote 1996; Rasmussen et al., 2007; Trotter et al 2008; Harper 
et al., 2013; Adrain et al 2013; Trubovitz & Stigall 2016; Hints et al., 2018; Cole 2018; Colmenar & Rasmussen 
2018; Ernst 2018; Rasmussen et al., 2019; Kröger et al., 2019 and many more). Add to this, that the original 
Sepkoski dataset show the same trend of a Mid Ordovician diversity increase (Sepkoski 1979; 1981; 1995; 
Sepkoski & Sheehan 1983). We particularly base our conclusions on the most recent global estimates as they are  
highly resolved datasets backed up by rigorous statistical evidence (Kröger et al. 2019; Rasmussen et al. 2019). 
They show a clear rise in biodiversity accumulation during the earliest Middle Ordovician (Dp3–Dw2 timeslices).  

In the new study by Servais et al. 2021 they again argue for a prolonged rise in richness by comparing already 
published studies (see their figure 1). However, they show no new data at all to back up their claims. Only 
comparisons of other studies which supposedly should show different richness trends (Servais et al., 2021, fig. 1). 
This comparison completely ignores that recent studies are of much higher temporal resolution than the original 
Sepkoski dataset. Despite of this, Servais et al. 2021 figs 1a–c still clearly shows the same middle Ordovician 
event (that they try to argue against…). Only 1d, which is data from peri-Gondwana, show an earlier rise in 
biodiversity, which is already well known and described by several studies (see, for instance, Stigall et al 2019.). 
This apparent diachroneity between South China and the rest of the world was most recently shown to be much 

Reviewer 1 Comment 1 

The del Rey et al manuscript is a straighforward, well organized study testing the hypothesis that a global 
seawater oxygenation increase triggered the GOBE. The authors use d238U trends from Swedish marine 
carbonates and comparisons to previously reported biodiversity, origination/extinction data sets to address the 
question. The new d238U data spans a relatively short time interval in the Middle Ordovician (~12 My) and 
assumes that the main onset of GOBE biodiversity increase occurs near the Dapingian-Darriwilian boundary. 
The entire hypothesis of the study is premised on assuming the GOBE onset occurred during this short time 
interval. However, the results of a recent study by Servias et al (2021) suggest that this assumption requires re-
evaluation because the various, widely used, biodiversity data sets are biased and/or incomplete. Instead, 
Servias et al argue that the Ordovician radiation was a complex, long-term process of multiple marine 
diversifications and that the idea of a relatively short, dramatic global radiation at a particular time interval is 
an oversimplification--neither was it short or coevally global, and the biodiversity data sets used in the past are 
biased and/or incomplete. Servias et al argue that depending on which biodiversity data set is used, the GOBE 
occurred anytime throughout the Early to Late Ordovician (Servias’ et al figure 1). Given this, the key 
interpretation of this study of the timing of the GOBE onset is associated with stable seawater redox conditions 
rather than increasing d238U trends (indicating increasing oxygenation) is problematic. The authors need to 
clearly address this issue, provide more explanation on the GOBE timing (and why they choose to use 
particular timing interpretations) and provide solid evidence to refute the Servias et al findings if they disagree. 

Author Responses: first round



narrower than previously thought with the Chinese species richness data now also peaking during the earliest 
Darriwilian (Deng et al., 2021). 

So, it is indeed the claims of Servais et al. 2021 that represents a provocative oversimplication of the biodiversity 
data that already exists in the literature. Their argumentation of a prolonged rise in richness can only be supported 
by broader binned datasets that are not only misleading, but also blurs the richness signal (see, for instance, 
Harper et al., 2020). An example is that their argumentation for a prolonged rise in richness from the Cambrian 
through to the Late Ordovician completely ignores that when the data is binned at high temporal resolution, it is 
only the CR-method used by the Kröger and Rasmussen studies that predicts even just moderate richness levels in 
the late Cambrian – all other methods show a considerable drop in diversity during the last 10 myr of the 
Cambrian period (see Rasmussen et al., 2019, Supp. File). The CR-method clearly shows the dramatic Mid 
Ordovician rise that follows after a nearly 50 myr long richness plateau (where Servais-Harper argue for 
continued diversity rise). So, even though they try to argue against the result of the CR-method, they are actually 
heavily dependent on it if they are to back up their claims of a consistent rise in diversity during the late 
Cambrian. In any case, a broader temporal binning is not useful when species originate or go extinct within the 
scales of millennia – one could also make a study with just two bins: a Precambrian and a Phanerozoic bin. In 
such a case one would see a dramatic increase in richness at the Precambrian–Cambrian boundary, but that would 
obviously not inform us about the detailed timing of animal radiation.  

In addition to the above, the timing of the GOBE has been exhaustively reviewed by Stigall et al. (2019) which 
show the GOBE should be viewed as a Middle Ordovician ‘event’, not a protracted phase spanning 40 million 
years. That said, some clades do show a gradual rise earlier in the Ordovician and some originate during the late 
Cambrian, but neither of these can be characterized as other than background speciation, something that occurs 
basically throughout the Phanerozoic. The only exception globally from a Middle Ordovician main phase of the 
GOBE is in South China where a pre-GOBE radiation commenced during the Early Ordovician (Floian) and this 
may well have sparked the GOBE itself (see Zhan & Harper, 2006; Rong et al., 2007; Fan et al., 2020). But, this 
regional radiation cannot be deemed a global event.  

As all this knowledge has been completely ignored by Servais et al. 2021 and as that study does not bring forward 
any new data to the discussion we see no point in mentioning it, nor deviate from the common view of the bulk of 
the literature. 

 

 

 

 

Response: Yes. We specified that the study concerns the main phase of the GOBE. L71ff now reads: 

Here we assess the relationship between oceanic oxygenation and animal radiation during a ~12 million year-long 
time interval during the main phase of the GOBE by analyzing uranium (U) isotopes in marine carbonates from a 
sedimentary succession deposited in the Middle Ordovician (Dapingian–Darriwilian). 

Reviewer 1 Comment 2 

Below are specific line-by-line comments. 

Line 44—This is the first time the (assumed) GOBE timing is mentioned. A clearer discussion of the radiation 
and its timing is necessary as the entire study hinges on this. 



 

 

Response: Corrected. We added a supporting clause: 

L54ff now reads:  

One, climatic cooling inducing a decrease in tropical sea surface temperatures (SSTs) from Cambrian and Early 
Ordovician warm conditions (~42°C) to temperatures similar to present-day (27–32°C) during the Middle 
Ordovician Darriwilian Age, is thought to have provided more favorable conditions for marine animal life thus 
promoting the radiation7–11(Fig. 1). 

 

Response: Yes. We moved this paragraph down to Background. 

 

 

Response: Yes. We corrected this in line 83: 

The U isotope signature of marine carbonates (δ238UCARB) can inform us about the global oxygenation state of the 
oceans because the marine U removal in anoxic and sulfidic (euxinic) settings induces a large positive U isotope 
offset in sediments20, 

 

 

Response: Corrected. Line 86 now reads: 

“lower δ238UCARB values than modern carbonate sediments (δ238UCARB = –0.14 ± 0.11‰, 1sd)21” 

 

Reviewer 1 Comment 3 

Lines 66-69- The second potential driver (Middle Ordovician oxygenation) is provided then an argument on 
why it is not supported is given. This same pattern should be provided for the first hypothesis (SST cooling) and 
why is or is not supported. 

Reviewer 1 Comment 4 

Lines 73-81—this brief discussion of U isotopes as redox proxy is more appropriate in Background rather than 
in Introduction. 

Reviewer 1 Comment 5 

Line 76- be specific in stating a large fractionation occurs in euxinic sediments specifically, not general anoxic 
sediments. 

Reviewer 1 Comment 6 

Line 77-78—not clear what modern values of -0.14 permil is referring to 



 

Response: Corrected.  

 

 

Response: Corrected.  

 

 

Response: We provide reference to Lindskog & Eriksson 2017 and Jaanusson 1973, who gives a careful description 
of cool water carbonate facies in Baltica at this time. We keep the description “cool-water carbonate facies” believe 
the sentence gives an accurate picture of the type of deposition environment also to the non-experts. 

 

 

Response: Corrected. Line 120ff now reads: 

The top of the studied section comprises the gray basal marly/nodular limestone of the Gullhögen Formation (upper 
Dw3) deposited conformably over the Skövde Limestone.  

 

 

Response: Corrected. Line 130 now reads: 

δ238U trends are steady 

and Line 131 now reads: 

The smallest δ238U variance occurs from the middle Dp3 to the upper Dw1 

 

Reviewer 1 Comment 7 

Line 93- euxinic specifically 

Reviewer 1 Comment 8 

Line 102- ‘known’ is too optimistic, the ‘most recently documented range of diagenetic offset’ is better language 

Reviewer 1 Comment 9 

Line 109- readers outside the carbonate community do not know what cool water carbonates means 

Reviewer 1 Comment 10 

Line 119- need rock type information rather than just ‘beds’ 

Reviewer 1 Comment 11 

Line 127- ‘variations’ cannot be stable, reword 



 

Response: Corrected. Line 129 now reads: 

In the lower part of the section up until the Täljsten (Dp1–Dw1), δ238U trends are steady with a lower average value 
and similar or even smaller variance than observed in modern carbonates at -0.36 ± 0.09‰ (1sd, n = 26). 

 

 

Response: Corrected. We focus on the main trends and added the fluctuations second. Line 132ff now reads: 

The following interval (Dw2–Dw3) shows unstable δ238U values with large amplitude fluctuations (from -0.78 to 
0.16‰). A positive δ238U trend is observed during the Dw2, followed by a negative one with a large point-by-point 
variability in the Täljsten and near the unconformity at the Dw2–Dw3 boundary.  

 

 

Response: Corrected. We added “gray limestone facies”. Ref 31 gives further details. 

 

 

Response: Corrected. We added “gray limestone facies”. Ref 31 gives further details. 

 

 

Reviewer 1 Comment 12 

Line 128-129 - Confusing sentence, average measured values may be similar to modern carbonates, but the 
variance is not similar. Needs clarification. 

Reviewer 1 Comment 13 

Line 132-133- Best not to focus on the likely outliers within the Taljsten (for example similar point-by-point 
variability at ~3 m in Dp2). These large point-by-point variabilities at the sub-meter scale of >~0.2-0.3 permil 
are not realistic for the global oceans. Focus instead on the major and longer term excursions starting above 
Taljsten. 

Reviewer 1 Comment 14 

Line 139- define gray facies 

Reviewer 1 Comment 15 

Line 142—statement is too optimistic, best to say they are not significantly altered by.... 

Reviewer 1 Comment 16 

Line 154-157—see comments above about GOBE timing, this statement is based on the assumption that the 
main GOBE increase occurred in this relatively short time interval 



Response: Corrected. We changed the wording to “Thus, an increase in oxygenation could not have triggered the 
earliest Darriwilian inception during this phase of the GOBE, as previously suggested13. 

 

 

Response: Corrected. We added the following text to the caption of figure 3: 

Intervals I and II are shown next to the δ238U data. 

 

 

Response: See our exhaustive reply to Reviewer 1’s comment 1. We may add that particularly when it comes to 
speciation rates this has been well covered both by C.M.Ø. Rasmussen et al. 2007; J.A. Rasmussen et al 2021; 
Trubovitz & Stigall 2018; Kröger et al. 2019; Deng et al 2021 but see also older literature, for instance, Miller & 
Foote 1996 – all studies that clearly show an extraordinarily high accumulation of species across clades during the 
earliest Darriwilian (see a more exhaustive list of references in Stigall et al., 2019).  This massive amount of 
evidence for a mid-Ordovician event – that is often referred to as the main phase of the GOBE – cannot be 
questioned by one study (Servais et al 2021) that merely compares published richness curves constructed using 
different statistical methods and temporal binning but without presenting any counter evidence in the form of new 
data. 

 

 

Response: In the Täljsten level widespread coquinas of the echinoderm genus Eosphaeronites is found (known 
locally as the Sphaeronites bed). The same is, for instance, seen with orthoceratites that occur abundantly in 
almost rock-forming quantities. This bears witness of an opportunistic lifestyle terminated by disaster events. We 
modified line 280ff, so it now reads: 

The Täljsten possess a series of atypical facies and paleontological features that evidence a period of stressed 
environments, including opportunistic disaster taxa., such as mass occurrences of the echinoderm genus 
Eosphaeronites, suggesting the collapse of marine ecosystems37,47 

 

 

Reviewer 1 Comment 17 

Line 159- Interval I is not labelled on Figure 3 or mentioned in figure caption. 

Reviewer 1 Comment 18 

Line 161-169—entire discussion is based on assumption that diversity and extinction/origination rate trends of 
previous studies are correct and does not include Servias et al 2021 results. 

Reviewer 1 Comment 19 

Line 175—opportunistic disaster taxa needs explanation, what are they, what do they suggest and why?  



 

Response: Longitudinal paleo-distances are not well constrained, but paleomap reconstructions suggest China and 
Baltica were at opposite sides of the planet (Scotese, 2013). To clarify this, we added “far apart” in line 179ff. Also, 
“transition” does not refer to GOBE, but to the environmental shift from stable to unstable redox landscape. We 
clarified this, so line 179ff now reads: 

Therefore, the abrupt lithological shift in the rather uniform carbonate succession in two distinct paleocontinents 
far apart suggests the transition from stable to unstable conditions was initiated by a global event that disrupted 
sedimentary cycles and the marine redox landscape. 

 

 

Response: We clarified where the rapid diversification is recorded. Line 306ff now reads: 

Thus, ocean cooling occurred in the same time interval with the comparatively most stable ocean redox conditions 
and the maximum increase in marine biodiversity accumulation (middle Dp3–upper Dw1). 

 

 

Response: Correct. We give an example of how lower temperatures may have contributed to animal diversification 
via a greater metabolic index (or “scope”) in larger parts of the oceans.  

Therefore, we suggest ecosystems evolved and became more resilient, persisting for longer time spans, simply 
because animal life thrived when the marine redox landscape was stable and tropical ocean temperatures were 
lower and more favorable, providing a higher metabolic index for animals in greater parts of the oceans1,2 (Fig. 3). 

  

 

Response: Corrected. We clarified that our study refers to the main phase of the GOBE. Line 211ff now reads: 

Reviewer 1 Comment 20 and 21 

Line 181—to emphasis this, provide lateral distance between the two continents recording this event  

Line 186—when did GOBE really start? 

Reviewer 1 Comment 22 

192—see previous comments on GOBE timing 

Reviewer 1 Comment 23 

Line 202-203—be specific on what SST define ‘more favorable’. Cooler, warmer, transitioning?  

Reviewer 1 Comment 24 

Line 208-209—see GOBE timing comments 



An oxygenation event in the oceans (this study) and atmosphere13 is recorded after and therefore, it could not have 
driven this phase of the biodiversification event. 

 

 

Response: Corrected. The sentence now reads: 

This phase is also marked by a notable peak in the life expectancies of genera when δ238U showed the most stable 
trend (Dapingian–early Darriwilian), equatorial seawater temperatures had reached modern-like SSTs and the 
marine carbon cycle was also rather stable (prior to the global disturbance recorded by the MDICE). 

 

 

Response: Corrected. The minimum font size is 8 pt as recommended in the guidelines. 

 

 

Response: The pink band and Interval I and II have now been clarified in the caption of figure 3. 

 

Reviewer 1 Comment 25 

Line 216-221- run on sentence and confusing concepts, rewrite 

Reviewer 1 Comment 26 

Figure 1-3. Font size on all figures need enlargement 

Reviewer 1 Comment 27 

Figure 3. Pink band not labelled and Interval I mentioned in text is not shown 



Response to Reviewer 2 (anonymous) 

 

Response: Indeed, we thank the reviewer for an exact summary of our manuscript. Our point is rather simple. 

 

 

Response: Yes, this is a valid concern. Interval I and II contains 20 and 35 samples, respectively. There are more 
than 100 data points from modern carbonates. We have now calculated the statistical significance of the observed 
δ238U variability and compared it to that of modern Bahamian carbonates using a statistical F-test of equal 
variances. Interval I has significantly lower variance than modern carbonates (p < 0.05), whereas Interval II has 
significantly larger variance. We added a sentence in L. 133-137 to introduce the significance of the observed 
variability in Interval I and II, and clarified why the larger variability observed in interval II is ascribed to secular 
changes in seawater composition: 

A statistical F-test demonstrates significantly smaller variance in Interval I (p < 0.05) and larger variance in 
interval II (p<10-4) than in modern Bahamas carbonates that have not been altered by meteoric diagenesis (Table 
S2). Therefore, the systematic variability of the δ238U curve in Interval II may reflect secular changes in the 
composition of global seawater. 

Reviewer 2 Comment 1 

This study presents a new set of U isotope data across the Great Ordovician Biodiversification Event (GOBE) 
from the carbonate succession of Kinnekulle. In contrast to previous studies, which attributed the GOBE to an 
increase in atmospheric oxygenation during Middle Ordovician, this study concludes that the inception and main 
phase of the GOBE were linked to a stable marine redox landscape. Thus, the author suggests the relative stability 
of the marine redox landscape over geological timescales over 1 Myr should be considered as one of the 
fundamental factors for animal radiation events. 

Overall Comments  

Strengths: The paper is straightforward with a nice and simple narrative. The major novelty is that this work 
evaluated the relationship between marine oxygenation and animal radiation by examining the fluctuation of 
oceanic anoxia throughout geological time rather than by determining the absolute extent of oceanic oxygenation 
at the time of biodiversity expansion.  

Reviewer 2 Comment 2 

Weaknesses:  

1. Although the authors acknowledged the documented impact of carbonate diagenesis in the supplementary, the 
variable nature of this impact (0.27 ± 0.28 ‰) is seldom considered in the main text. This is problematic because 
diagenesis might not always systematically shift the δ238U values during the middle Ordovician, and changes 
in the depositional environment can change the magnitude of diagenetic offset (Zhang et al., 2020). This might 
substantially influence the apparent presence or lack of δ238U fluctuation by either amplifying or reducing the 
noise variability of the data set. Combined with the lower data density in the GOBE (relative to the period just 
before it), it is unclear whether the apparent stability of the signal is real or an artefact of lower number of data 
points and changes in deposition environment.  



 

Response: Corrected. Line 127ff now reads: 

The depositional environment for the Lanna and Holen limestones was an open marine, fairly deep setting with low 
depositional rates (3-5 mm/kyr)40,38 and recurrent episodes of non-deposition and formation of corrosional 
hardgrounds. The erosional surface and associated hiatus at the top of the Holen limestone attests to a longer 
period of erosion and non-deposition. The alternating red or gray sediment colour may have been caused by sea-
level change through changing accumulation rates and early diagenetic redox potential41. 

 

 

 

 

Response: Indeed, we intentionally do not provide estimates for the absolute coverage of seafloor euxinia because 
it distracts our main point: stability during diversification. The stability is significant during the main phase of the 
GOBE diversification regardless of the absolute extent of anoxic and sulfidic water masses. That said, other papers 
have provided estimates that are consistent with our results, so we added a sentence with reference to these works.  
Line 154ff now reads: 

A lower δ238U value of Mid-Ordovician carbonates relative to modern carbonates points to a generally more 
oxygen-depleted ocean with greater proportion of euxinic U burial than today, not too dissimilar from the Late 
Ordovician and late Silurian ocean states outside anoxic events (e.g. Bartlett et al. 2018; Del Rey et al. 2020; Dahl 
et al. 2021). 

 

Reviewer 2 Comment 3 

While the paper provides a detailed description of the sample lithology, there is not enough information on the 
depositional environment. The assumption of a constant offset between δ238UCARB and δ238USW would be 
even less valid if the carbonates were not deposited in an open ocean environment (Clarkson et al., 2018; Tissot 
et al., 2018). 

Reviewer 2 Comment 4 

Although the influence of factors mentioned above is still an ongoing topic for U isotope studies, it would serve 
the main conclusion of the paper if a more thorough evaluation of these effects was performed. It is also, 
surprising that the authors do not attempt to provide a quantita tive estimate of seafloor anoxia during the GOBE, 
as numerous papers have reviewed typical models that can be used (Lau et al., 2016, 2017; Zhang et al., 2020) 
and more recent studies have even provided interesting and quantitative approaches to properly consider the 
impact of these offsets. For example, Monte Carlo simulation can quantify uncertainties introduced by early dia- 
genetic alterations (Pimentel-Galvan et al., 2022; Kipp and Tissot, 2022). 



 

Response: We have now included the statistics in Table S2 that defines the two intervals (Interval I and II) with 
distinct variances, and provide the statistical measures in the text Line 132ff: 

“The smaller variance in Interval I is statistically significant (p < 0.05, F-test). The following interval (Interval II, 
Dw2–Dw3) shows unstable δ238U values with large amplitude fluctuations (from -0.78 to 0.16‰). The larger 
variance in interval II (p<10-4, F-test) compared to modern carbonates that have not been altered by meteoric 
diagenesis (Table S2)” … 

 

 

Response: Corrected 

 

 

Response: Corrected. Line 386ff now reads: 

Accuracy and external reproducibility of the data were evaluated by analyzing Ricca (-0.23±0.08‰, 2sd long-term 
reproducibility, n=12) and CRM-129a (-1.74±0.12‰, 2sd long-term reproducibility, n = 15) reference materials 
processed through the same chemical purification procedure with the same sample/spike ratio as the studied 
samples. 

 

 

Response: Corrected. U/Ca in in Figure 3 is now plotted on a log-scale and the font size is minimum 8 pt.  

 

Reviewer 2 Comment 5 

L126. “Secular trends ... δ238U variations”  

Because the division of different intervals based on amplitude or stability of δ238U is a key concept in this paper, 
it would be useful if a more detailed/quantitative description on the criteria used to distinguishing these intervals 
were provided.  

Reviewer 2 Comment 6 

L238. There is a typo on the name of geostandard (BHVO-2 rather than BVO-2)  

Reviewer 2 Comment 7 

L265. For checking external reproducibility with Ricca and CRM-129a, please provide δ238U of these 
standards. 

Reviewer 2 Comment 8 

Figure 3. For the U/Ca plot, the difference of the points near 0 can be better resolved with log scale. 
Make the labelling of interval I and II clearer. It is difficult to find them in the figure now.  



Response to Reviewer 3 (anonymous) 

 

Response: The reviewer is correct that we conclude that animal species richness increased when the marine redox 
landscape appeared to have been stable, but makes some general statements here that fails to appreciate the power 
of the geochemical proxy in use and how O2 is distributed in the oceans.  

To address the general concern that the U isotope paleoredox proxy generally cannot reflect a global redox state of 
the oceans, we point attention to the literature on the uranium isotope paleoredox proxy, which is rather well-
developed (e.g., Andersen et al. 2017; Zhang et al. 2020; Tissot et al. 2015; Romaniello & Lau 2022, etc) and we 
clarified this in Line 76ff: 

The U isotope composition of marine carbonates has been documented to respond to changes in the global redox 
landscape (e.g. Brennecka et al. 2011; Lau et al. 2016; Zhang et al. 2018). 

The reviewer is distracted by pointing attention to the fact that the atmosphere was oxic in the Ordovician, as if 
anoxia could not develop in parts of the oceans under such conditions. This fallacy rests in an immature 
understanding of the oxygen distribution in the oceans. Anoxia develops even in part of the modern oceans that is 
not to say that oceans are everywhere anoxic today. We added Line 65ff: 

Because animals depend on O2 to survive17,18 and marine O2 levels generally decline with ocean depth as O2 is 
merely consumed below the photic zone, a more oxygenated world during the Middle Ordovician might have 
supported more animal life on the continental shelves.  

Our study is to our knowledge the first to address the global ocean redox state during the Mid-Ordovician. By nature, 
our data has therefore not been validated yet. However, there is no indication that the stable d238U values in Interval 
I during peak diversification would not be representative of the global seawater trend. We stress that a strength of 
our approach is that future studies can test whether or not the reported trends are global in nature – by simply 
applying U isotope analyses in marine carbonates from other localities. 

 

Reviewer 3 Comment 1 

This manuscript deals with the possible environmental forcings that triggered the Great Ordovician 
Biodiversification Event (GOBE). The authors quantify seawater redox by using a proxy method based on U 
isotopes in marine carbonates. They conclude that the maximum increase in biodiversity during the mid- 
Ordovician took place when marine anoxic zones were stable.  

I cannot understand how biodiversity, the one based on metazoans needing oxygen for respiration, may increase 
in an anoxic context (line 28)! Meanwhile, d13C values of carbonates increase, reflecting an increase in marine 
productivity and long-term storage of organic matter. The authors refer to the paper of Edwards et al. (2017; 
Nature Geosciences) who calculated atmospheric pO2 based on the d13C. We must keep in mind that the main 
producers of O2 in the oceans are cyanobacteria and that Earth's atmosphere was most likely O2-rich at least 
since the Proterozoic (see the recent works published by Steadman for the Precambrian and by Brand for the 
Paleozoic). So, I am not convinced that the uranium isotope record of these carbonates reflects a global redox 
state of the oceans but rather a specific local environment that was submitted to suboxic or anoxic conditons.  



 

Response: Ultimately, recording a physical parameter with a proxy that has a variable offset is not forbidden, but 
it does add additional error. We clarified that the offset and it variability is well determined and fully taken into 
account. Importantly, the observed d238U variation in Interval II is greater than ascribed to modern carbonates that 
have experienced burial diagenesis.  

Line 137ff now reads: 

The larger variance in interval II (p<10-4, F-test) compared to modern carbonates that have experienced burial 
diagenesis (Higgins et al. 2018), but not meteoric diagenesis (Table S2), suggest systematic trends in the δ238U 
curve in Interval II could reflect secular changes in seawater composition. 

 

 

 

Response: Corrected. Line 22ff now reads: 

One hypothesis states that rising atmospheric oxygen levels drove the biodiversification based on the premise that 
animals require oxygen for their metabolism 

 

Yes, we clarified how cooling also affects O2 solubility and the metabolic scope (metabolic index). Line 212ff now 
reads:  

Reviewer 3 Comment 2 

Moreover, I also notice that post-depositional processes such as diagenesis has been eluded with the mention 
that "despite acquiring a known offset during carbonate diagenesis, it represents a measure of the global 
oxygenation state of the oceans" on line 102. How you can write that you measure confidently something with 
an offset? How do you it is a "constant" offset when you are studying Paleozoic sediments and referring to papers 
that were devoted to modern or very recent carbonate deposits? (Tissot et al. 2018; Chen et al. 2018). 

Reviewer 3 Comment 3 

Some sentences are also senseless, see for example line 24: you cannot write that "animal life requires oxygen 
to SURVIVE".  

For all the reasons mentioned above, I cannot recommend publication of this manuscript in its present state, it 
should be at least deeply modified and revised before publication. You should more put emphasis on the need 
of cooler marine temperatures allowing more O2 to be dissolved in water and the availibilty of nutrients that is 
connected to the carbon isotope cycle.  

 

Reviewer 3 Comment 4 

For all the reasons mentioned above, I cannot recommend publication of this manuscript in its present state, it 
should be at least deeply modified and revised before publication. You should more put emphasis on the need 
of cooler marine temperatures allowing more O2 to be dissolved in water and the availibilty of nutrients that is 
connected to the carbon isotope cycle.  



Therefore, we suggest ecosystems evolved and became more resilient, persisting for longer time spans, simply 
because animal life thrived when the marine redox landscape was stable and tropical ocean temperatures were 
lower and more favorable, e.g. higher metabolic index (Deutsch et al. 2015; Penn et al. 2018) (Fig. 3). 
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ABSTRACT 16 

17 

The Great Ordovician Biodiversification Event (GOBE) represents the greatest increase in 18 

marine animal biodiversity of the Paleozoic. What caused this transformative evolution of 19 

marine animal life is heavily debated. One hypothesis states that rising atmospheric 20 

oxygen levels drove the biodiversification based on the premise that animals require 21 

oxygen for their metabolism. Here, we present uranium isotope data from a marine 22 

carbonate succession spanning the Middle Ordovician that shows the steepest rise in 23 

generic richness and peak of the main phase of the GOBE occurred with global marine 24 

redox stability. An increase in oxygenation ensued later; thus it could not have driven the 25 
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biodiversification. Stable marine anoxic zones were the environmental background in the 26 

interval leading up to the maximum increase in biodiversity of the GOBE during which 27 

the life expectancy of evolving genera greatly increased (Dapingian–early Darriwilian). 28 

Unstable ocean redox conditions occurred together with a marine carbon cycle disturbance 29 

and a decrease in relative diversification rates (mid–late Darriwilian). Thus, marine animal 30 

life forms increased in richness and persisted for increasingly longer time periods when 31 

marine anoxia was stable over time. Therefore, we propose that oceanic redox stability 32 

was a factor in facilitating the establishment of more resilient ecosystems allowing marine 33 

animal life to radiate. 34 

35 

Keywords: U isotopes, Marine Carbonates, Middle Ordovician, GOBE, Ocean Redox 36 

Stability 37 

38 

INTRODUCTION 39 

40 

The Great Ordovician Biodiversification Event (GOBE) was the greatest accumulation of 41 

metazoan richness in Earth’s history1. Generic richness increased four-fold during the 42 

Middle–early Late Ordovician and there was a complete restructuring of trophic 43 

relationships1–3. The first complex marine ecosystems with deeper tiering, intricate trophic 44 

cascades and ecospace partitioning were established4. Whereas the Cambrian–early 45 

Ordovician faunas had been dominated by detritus-feeding benthos, from the mid-46 

Ordovician onwards predators and suspension-feeding organisms vastly radiated not just 47 

on the seafloor but also throughout the water column5. Reef systems started resembling 48 

modern analogues, transitioning from algal and bacterial mats to ones with complex 49 

frameworks constructed by metazoans6. What instigated this transformative ecological 50 
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expansion in the marine environment is therefore a fundamental question to answer. A 51 

number of different causal mechanisms have been proposed1, including two abiotic factors 52 

that have gained momentum. One, climatic cooling inducing a decrease in tropical sea 53 

surface temperatures (SSTs) from Cambrian and Early Ordovician warm conditions 54 

(~42°C) to temperatures similar to present-day (27–32°C) during the Middle Ordovician 55 

Darriwilian Age, is thought to have provided more favorable conditions for marine animal 56 

life thus promoting the radiation7–11 (Fig. 1), for example via temperature-dependent 57 

oxygen supply and metabolic demand12,13. And two, an increase in atmospheric 58 

oxygenation during the Middle Ordovician, in contrast to concurrent anoxic events and 59 

elevated extinction rates from the late Cambrian to early Ordovician14, has been proposed 60 

as a driver of the GOBE15 (Fig. 1). This is justified either by higher molecular oxygen (O2) 61 

levels in surface waters fueling a more energetic lifestyle (e.g. carnivory) and allowing 62 

higher trophic levels, and/or by oxygenating new seafloor areas, creating new ecospace for 63 

marine animals in oceans with larger oxygen-depleted zones than today16–18. Because 64 

animals depend on O2 to survive19,20 and marine O2 levels generally decline with ocean 65 

depth as O2 is merely consumed below the photic zone, a more oxygenated world during 66 

the Middle Ordovician might have supported more animal life on the continental shelves. 67 

Nevertheless, a recent paleontological study has suggested that there is a time difference 68 

between the onset of the GOBE and the rise in atmospheric O2
21 and thus, the role of O2 as 69 

a direct causal mechanism in the rise of biodiversity remains unclear. 70 

71 

Here we assess the relationship between oceanic oxygenation and animal radiation during 72 

a ~10 million year-long time interval during the main phase of the GOBE1,21,22 by 73 

analyzing uranium (U) isotopes in 55 marine carbonate beds from a sedimentary 74 

succession deposited in the Middle Ordovician (Dapingian–Darriwilian). The U isotope 75 
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composition of marine carbonates has been documented to respond to global changes in 76 

the oceanic redox landscape (e.g. 23–25). By comparing the U isotope composition of 77 

marine carbonates from the Middle Ordovician with high-resolution global generic 78 

richness data, we examine whether or not changes in the global oxygenation state of the 79 

oceans were related to the expansion of marine animal life of the GOBE.  80 

81 

BACKGROUND 82 

U isotopes in marine carbonates as a proxy for ocean oxygenation 83 

84 

The U isotope signature of marine carbonates (δ238UCARB) can inform us about the global 85 

oxygenation state of the oceans because the marine U removal in anoxic and sulfidic 86 

(euxinic) settings induces a large positive U isotope offset in sediments26, leaving behind 87 

U in seawater with an isotopically distinct signature. In general terms, lower δ238UCARB88 

values than modern carbonate sediments (δ238UCARB = –0.14 ± 0.11‰, 1sd)27 indicates 89 

deoxygenation or an expansion of anoxic water masses, whereas higher δ238UCARB values 90 

similar to modern-day carbonates implies a lesser extent of euxinia or greater proportion 91 

of sediment burial in the oxygenated parts of the oceans28. Microbial U reduction involves 92 

large isotope fractionation29,30. Because U(VI) is predominantly soluble and U(IV) 93 

insoluble in the oceans, the reduction process takes U out of solution and simultaneously 94 

fractionates its isotopes with the heavier 238U isotope enriched in the product29,31. 95 

Therefore, 238U is preferentially removed in euxinic settings where U accumulates into the 96 

sediments, leaving behind 238U-depleted (235U-enriched) waters. Hence, sediment burial 97 

under reducing conditions becomes the main sink of U associated with isotope 98 

fractionation26,32. The incorporation of U into biotic or abiotic carbonates, although also a 99 

large U sink33, only involves limited isotope fractionation27,34,35. Thus, the extent of 100 
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euxinic water masses becomes the main control of the U isotope composition of the 101 

oceans31. Lastly, due to its much longer residence time (~400 kyr) compared to ocean 102 

mixing time (~1.5 kyr), U behaves conservatively and has a globally uniform isotopic 103 

distribution in the ocean31. Therefore, marine carbonates formed under oxic conditions 104 

record the isotope composition of seawater at the time of deposition, which despite 105 

acquiring a most recently documented range of diagenetic offset during carbonate 106 

diagenesis27,36, it represents a measure of the global oxygenation state of the oceans28. 107 

108 

Geological setting 109 

110 

The analyzed carbonate rocks from the Middle Ordovician consist of a continuous 111 

sedimentary succession from the Kinnekulle table mountain in southern Sweden 112 

(Kinnekulle-1 drillcore, Fig. 2A) that represent a condensed cool-water carbonate facies 113 

deposited with limited terrigenous input within the Baltoscandian Paleobasin37,38 (Fig. 114 

2B). The carbonate succession includes numerous mineralized hardgrounds and comprises 115 

a fairly monotonous succession of mudstones and wackestones with subordinate marly 116 

limestones and calcareous shales. The basal part of the studied section (Fig. 3) consists of 117 

the informal, topostratigraphic unit Lanna limestone (Dapingian–lower Darriwilian; Dw1 118 

stage slice sensu ref.39) overlain by the Holen limestone (Dw1–upper Dw2). The Lanna–119 

Holen interval is characterized by a reddish-brown color and a rather homogeneous 120 

macroscopic appearance. Within the lower Holen limestone, a conspicuous and discrete 121 

gray limestone interval is referred to as the Täljsten37. The gray-colored Skövde limestone 122 

(middle Dw3) disconformably overlies the Holen limestone, evidencing a hiatus at 123 

Kinnekulle encompassing the lower Dw337. The top of the studied section comprises the 124 
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gray basal marly/nodular limestone of the Gullhögen Formation (upper Dw3) deposited 125 

conformably over the Skövde limestone.  126 

The depositional environment for the Lanna and Holen limestones was an open 127 

marine, fairly deep setting with low depositional rates (3-5 mm/kyr)40,38 and recurrent 128 

episodes of non-deposition and formation of corrosional hardgrounds. The erosional 129 

surface and associated hiatus at the top of the Holen limestone attests to a longer period of 130 

erosion and non-deposition. The alternating red or gray sediment colour may have been 131 

caused by sea-level change through changing accumulation rates and early diagenetic 132 

redox potential41. 133 

134 

135 

RESULTS 136 

A δ238U record through the Middle Ordovician 137 

138 

The δ238U curve from the carbonate succession of Kinnekulle (Fig. 3) exhibits secular 139 

trends that can be subdivided into two distinct intervals depending on the amplitude or 140 

stability of their δ238U variations (Fig. 3). In the lower part of the section up until the 141 

Täljsten (Interval I, Dp1–Dw1), δ238U trends are steady with a lower average value and 142 

smaller variance at -0.36 ± 0.09‰ (1sd, n = 26) than observed in modern carbonates from 143 

the Bahamas (-0.14±0.13‰, n =150; Table S2). The smaller variance in Interval I 144 

compared to today’s carbonate sediments is statistically significant (p < 0.05, F-test). The 145 

following interval (Interval II, Dw2–Dw3) shows unstable δ238U values with large 146 

amplitude fluctuations (from -0.78 to 0.16‰). Interval II demonstrates a larger variance 147 

(p<10-4, F-test) than modern carbonates that have experienced burial diagenesis, but not 148 

meteoric diagenesis (Higgins et al. 2018; Table S2). The systematic δ238U trends in 149 
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Interval II could therefore reflect secular changes in ancient seawater composition. There 150 

is a positive trend during the Dw2, followed by a negative one continuing to the 151 

unconformity at the Dw2–Dw3 boundary. A large positive, yet highly fluctuating, δ238U 152 

trend occurs throughout Dw3 indicative of a change towards globally more oxygenated 153 

ocean conditions. 154 

155 

Elemental data shows elevated U content in the gray limestone facies of the Täljsten and 156 

Skövde limestone–Gullhögen Formation associated with higher δ238U variability. The 157 

secular δ238U changes are not coupled to variations in elemental ratios (Mg/Ca, Sr/Ca, 158 

Mn/Sr, Al/Ca, Mo/Ca) (Supplementary Fig. 1) or facies change, indicating that the δ238U 159 

trends are not systematically altered by changes in primary carbonate mineralogy, 160 

chemical alteration by diagenetic fluids, terrigenous input, or local redox conditions (see 161 

Supplementary Information for all isotopic and geochemical data and further discussion 162 

about diagenesis). 163 

164 

DISCUSSIONS 165 

The global oxygenation state of the oceans and changes in marine biodiversity 166 

167 

A lower δ238U value of Mid-Ordovician carbonates relative to modern carbonates points to 168 

a generally more oxygen-depleted ocean than today. With a greater proportion of global 169 

oceanic U burial in anoxic and sulfidic (euxinic) settings, this situation is not too 170 

dissimilar from that recorded in the Late Ordovician and late Silurian outside oceanic 171 

anoxic events42–44[meaning of ‘outside oceanic events’?]. The Dapingian and Darriwilian 172 

δ238U record shows a significant shift from an interval with a relatively stable global ocean 173 

oxygenation state (particularly from middle Dp3–upper Dw1) to unstable redox conditions 174 
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characterized by large fluctuations in δ238U values (Dw2–Dw3) (Fig. 3). A continuous 175 

drift towards more oxygenated oceans follows in the late Darriwilian (Dw3). Thus, an 176 

increase in oxygenation could not have triggered the earliest Darriwilian inception during 177 

this phase of the GOBE as previously suggested15. Both global and regional biotic richness 178 

data shows that the peak of this main phase occurred during the late Dw11,21,22,45. 179 

Therefore, we find that a relatively stable global oxygenation state of the oceans prevailed 180 

during the period leading up to the maximum increase of biodiversity of the GOBE 181 

(Interval I, Fig. 3). 182 

183 

After this stable δ238U phase, biodiversity and relative diversification and origination rates 184 

decrease when large δ238U fluctuations are observed (Interval II, Fig. 3). This change 185 

coincides with the onset of a perturbation of the global marine carbon cycle known as the 186 

“Middle Darriwilian Isotope Carbon Excursion” or MDICE (from approximately in the 187 

early Dw2)46–48. Thus, relative diversification slows down when the redox landscape 188 

becomes unstable, and the carbon cycle is globally disturbed. Further, extinction rates 189 

increase, and brachiopod richness reaches a low when the δ238U curve suggests a shift 190 

towards more anoxic euxinic water masses in the oceans, around the unconformity of the 191 

section (Dw2–Dw3 boundary) (Fig. 3). 192 

193 

The transition from a relatively stable to unstable redox landscape and accompanying 194 

changes in marine animal biodiversity occurs in the conspicuous Täljsten interval within 195 

the lower Holen limestone near the Dw1–Dw2 boundary (Fig. 3). The Täljsten possess a 196 

series of atypical facies and paleontological features that evidence a period of stressed 197 

environments, including opportunistic disaster taxa, such as mass occurrences [what is a 198 

‘mass occurrence’?] of the echinoderm genus Eosphaeronites, suggesting the collapse of 199 
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marine ecosystems37,49. We see this expressed in a rapid and large δ238U fluctuation within 200 

these beds and elevated abundances of redox sensitive elements (U/Ca, Mo/Ca, P/Ca, 201 

Supplementary Fig. 2), which suggest reducing conditions in the local depositional 202 

environment49. In addition, a similar lithological change is also observed in coeval 203 

limestones in South China50,51. Therefore, the abrupt lithological shift in the rather uniform 204 

carbonate succession in two distinct and widely separated paleocontinents far apart 205 

suggests the transition from stable to unstable conditions was initiated by a global event 206 

that disrupted sedimentary cycles and the marine redox landscape. 207 

208 

Animal life thrived during the Dapingian–early Darriwilian 209 

An important factor that has been causally related with the onset of the GOBE is climatic 210 

cooling reaching tropical SSTs similar to present day in the Middle Ordovician, providing 211 

more favorable conditions for marine animal life7,11,11,52,53. Modern-like uatorial modern-212 

like SSTs were attained from around the late Dapingian7 and a significant 4–5°C cooling 213 

affecting the Baltoscandian Paleobasin was identified in strata just above the Dapingian–214 

Darriwilian boundary11. Thus, ocean cooling occurred in the same time interval with the 215 

comparatively most stable ocean redox conditions and the maximum increase in marine 216 

biodiversity accumulation-  this word does not make sense in this sentence (middle Dp3–217 

upper Dw1).  218 

219 

During the Dapingian–early Darriwilian, the life expectancies of genera reached an early 220 

Paleozoic maximum just prior to the onset of the GOBE22. Thus, generic lineages survived 221 

longer at the time with the most stable δ238U trends (Fig. 3). Long-life expectancies 222 

indicate a long persistence of the ecologic relationships among genera or ecosystem 223 

resilience, what does this mean? and processes that increased levels of ecosystem 224 
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resilience were major factors of marine biodiversity accumulation22. [again, this term 225 

‘accumulation’ is awkward] Therefore, we suggest ecosystems evolved and became more 226 

resilient, persisting for longer time spans, simply because animal life thrived when the 227 

marine redox landscape was stable and tropical ocean temperatures were lower and more 228 

favorable, providing a higher metabolic scope for animals in greater parts of the 229 

oceans12,13,11 (Fig. 3). 230 

231 

CONCLUSIONS232 

The comparison between the δ238U of marine carbonates and marine animal biodiversity 233 

through the Middle Ordovician shows that the inception and main phase of the largest 234 

marine animal radiation of the Phanerozoic––the GOBE––was not linked to an increase in 235 

ocean oxygenation, but to a rather stable marine redox landscape. An oxygenation event in 236 

the oceans and atmosphere15 is recorded after and therefore, it could not have driven this 237 

phase of the biodiversification event. This phase [which phase are you referring to-- U 238 

isotope trends or diversification?]  is also marked by a notable peak in the life 239 

expectancies of genera when δ238U showed the most stable trend (Dapingian–early 240 

Darriwilian), equatorial seawater temperatures had reached modern-like SSTs and the 241 

marine carbon cycle was also rather stable (prior to the global disturbance recorded by the 242 

MDICE).  Therefore, we suggest that the relative stability of the marine redox landscape 243 

over >1 Myr geological timescales (>1 Myr) was one of the fundamental factors allowing 244 

more time for complex ecological communities to evolve by preventing that the expansion 245 

of anoxia would disturb marine ecosystems on shorter timescales. [Incorrect grammar] 246 

Likely such killings occurred frequently during much of the Cambrian–Early 247 

Ordovician—need to provide evidence for this statement. Thus, a stable marine redox 248 
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landscape in more temperate oceans was were likely key in promoting the greatest animal 249 

radiation in Earth’s history. 250 

251 

252 

253 

254 

METHODS 255 

256 

Analyzed samples for U isotopes correspond to ca. 1 g powdered carbonate rock each. 257 

Powders were extracted from the rocks’ matrices wherever possible, avoiding large grains 258 

and areas that macroscopically evidence secondary alteration (e.g., weathering, veins, 259 

etc.). Samples were dissolved using a soft leaching procedure using ca. 45 mL 0.5 M HCl 260 

to avoid the dissolution of any non-carbonate fraction, but achieving complete dissolution 261 

of the carbonates28. A small aliquot (0.15%) of the leachate was taken for major and trace 262 

element concentrations analyses and the rest (99.85%) was used for uranium isotope 263 

analyses. 264 

265 

Major and trace element concentrations were analyzed using high-resolution sector field 266 

inductively coupled plasma mass spectrometry (ICP-MS), ThermoFisher Scientific 267 

Element XR, at the Yale Metal Geochemistry Center, Yale University. Measurement 268 

precision was generally better than 5% (2σ). BHVO-2 and NOD-A-1 USGS geostandards 269 

were processed along with samples in each run using a standard sample introduction 270 

system54 and were within ±5% of reported values. 271 

272 



12 

For U isotope analyses, U was extracted and purified from the carbonate leachates using 273 

the UTEVA ion exchange resin procedure and measured using the 233U-236U double-spike 274 

method55–57 on a ThermoFisher Scientific Neptune Plus Multicollector ICP-MS at the Yale 275 

Metal Geochemistry Center, Yale University. Up to 150 ng U per sample were purified 276 

passing through UTEVA ion exchange resin twice after adding 240 μL double-spike 277 

solution per 150 ng U to have the same sample/spike ratio in all samples and standards. 278 

The IRMM-3636 233U-236U double-spike method is used to correct for instrumental mass 279 

bias and potential isotopic fractionation during column chemistry55. In summary, after 280 

adding the spike, samples were dissolved in 7 M HNO3 and then loaded into 1 mL 281 

UTEVA-resin-loaded columns pre-cleaned with 8 mL 0.05 M HCl and pre-conditioned 282 

with 7 M HNO3. Matrix elements (except thorium) were eluted using 15 mL 3 M HNO3283 

and Th using 6 mL 5 M HCl. U was then released from the resin using 13 mL 0.05 HCl. 284 

The final solutions with collected U were then dried down and treated with small amounts 285 

of H2O2 and concentrated HNO3 to eliminate potential residual organic compounds 286 

leached from the resin. This procedure was applied twice and after the second time, 287 

samples were dried down and brought up in 3 mL 5% HNO3 (50 ppb U) for isotope 288 

composition analyses. Samples were introduced to the multicollector ICP-MS using an 289 

ApexIR sample introduction system and measured at low resolution. Isotopes 232Th, 233U, 290 

235U, 236U and 238U were measured simultaneously on Faraday collectors connected to 1011291 

Ω amplifiers achieving a signal of ~ 25–45 volts on 238U, depending on concentration. 292 

Procedural blanks were 10-40 pg U. The data are reported as parts per thousand (‰) 293 

deviation of sample’s 238U/235U ratio relative to the CRM-145 reference standard (δ238U). 294 

Accuracy and external reproducibility of the data were evaluated by analyzing Ricca (-295 

0.23±0.08‰, 2sd long-term reproducibility, n=12) and CRM-129a (-1.74±0.12‰, 2sd 296 
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long-term reproducibility, n = 15) reference materials processed through the same 297 

chemical purification procedure with the same sample/spike ratio as the studied samples. 298 
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FIGURES 324 

325 

Fig. 1. Cumulative biodiversity21, sea surface temperatures7,58 and inferred atmospheric 326 

oxygen levels15 throughout the early Paleozoic. The pink area highlights the Middle 327 

Ordovician. The red vertical line represents the Dapingian-Darriwilian boundary. P: 328 

Pridoli. 329 

330 

331 

Fig. 2. A) Location of Kinnekulle, province of Västergötland, Sweden. B) 332 

Paleocontinental reconstruction of the Middle Ordovician (ca. 465 Ma)59. The continent of 333 

Baltica is indicated next to the approximate location of the Baltoscandian paleobasin. The 334 

red area indicates Kinnekulle. 335 
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336 

Fig. 3. Stratigraphy and geochemical data (δ238U, δ13C, U/Ca) across the Kinnekulle-1 337 

drillcore (N 58°35.97792′, E 13°25.00083′). Conodont biostratigraphy after ref.48 and 338 

references therein. Stage-level marine animal biodiversity (black, grey curves) and 339 

brachiopod richness (blue curve) after ref.21,22,60. Horizontal lines represent the middle 340 

point of time bins to which biodiversity curves were calculated21,22. Stage slices sensu 341 

ref.39. Modern seawater 238U ~ –0.39‰33, modern carbonates 238UCARB ~ –0.14‰27. 342 

Intervals I and II are shown next to the 238U data. The dashed black line in the 343 

stratigraphic column marks the unconformity of the section. The blue curve corresponds to 344 
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the spline interpolation of the 238U data points. NB! The U/Ca data is shown on a log-345 

scale to emphasize the details. Dp: Dapingian, Dw: Darriwilian, 1: Dp1, L: Lasnamägi, S: 346 

Skövde Limestone, B.: B. triangularis, B. norrl.: Baltoniodus norrlandicus, L.a.: L. 347 

antivariabilis, Y. cr.: Y. crassus, P. anserinus.: Pygodus anserinus. 348 

349 
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REVIEWERS’ COMMENTS: 
 
Reviewer #1 (Remarks to the Author): 
 
The majority of the Dahl et al revisions look good and I made some edits/changes in the 
attached Word file. However, their rebuttal to my main concern about the recent GOBE 
timing results from Servais et al (2021) is unsatisfying. They state that the Servais et al 
‘claim is completely supported by any evidence’ (which is incorrect) and therefore Dahl 
et al see ‘no point in mentioning it their manuscript because it deviates from the 
common view’. The Servais-Cascales-Harper team are well respected and well regarded 
paleontologists who have been working in the Cambro-Ordovician paleobiologic record 
for most of their careers and if we all simply decided not to mention new and 
provocative interpretations in our fields because the interpretations deviate from the 
‘common view’, the science would never advance forward. At minimum, Dahl et al 
need to acknowledge the alternative interpretation in the Introduction or Discussion 
and provide a brief explanation as to why they 
disagree with the results. 
 
 
[Author’s response] 
Thank you! We greatly appreciate the suggested edits and this general comment about GOBE. We 
have adopted the suggested changes and also added a few more sentences to the introduction to 
explain the two opposing views on the onset and duration of the ‘Great Ordovician 
Biodiversification Episode’. The introduction now reads: 
 
The Great Ordovician Biodiversification Event (GOBE) was the greatest accumulation of marine 
metazoan richness in Earth’s history1. Two widely different views on the onset and duration of the 
GOBE has been proposed: A slow, continues rise in richness over >40 million years through the 
Cambrian–Ordovician periods is observed based on broadly binned temporal analyses of early 
Paleozoic fossil occurrences2,3. Opposing this view stands studies conducted with high temporal 
resolution that show a rapid radiation that started during the Middle Ordovician1,4,5. Well-resolved 
richness datasets notably show two interesting patterns: firstly, a prelude to the GOBE occurred in 
South China and in the adjacent peri-Gondwanan areas1,6,7, but generic richness did not rise 
markedly until well into the early Ordovician7,8. Secondly, global metazoan richness data constrain 
the main onset and bulk of the GOBE outside South China and peri-Gondwana to have occurred 
within maybe as little as two million years during the earliest part of the Middle Ordovician 
Darriwilian Age9,10. It is this key interval in Earth history which is the focus of the current study. 
 
 
Reviewer #2 (Remarks to the Author): 
 
This study presents a new set of U isotope data across the Great Ordovician 
Biodiversification Event (GOBE) from the carbonate succession of Kinnekulle. The 

Author Responses: second round



justification of the U isotopes stability is strengthened in the revised manuscript revised 
manuscript by adding a statistical F-test. Meanwhile, most of the comments in the 
previous review are addressed. However, there are two minor comments on the 
supplements that haven't been mentioned in the new manuscript yet. 
 
Table 1. Please provide the unit for concentration ratios. 
 
Figure 1. It would be more informative and diagnostic to plot δ238U vs Al/U when 
trying to tease out detrital contributions to the data, as in such a space, detrital 
contamination with a single end member would be a straight line. I couldn’t test this 
hypothesis, as there are not enough significant digits on the Al/C ratios and no Al/U 
ratios are reported. 
 
 
[Author’s response] 
Thank you! We greatly appreciate the suggested edits. We have added units for the concentration 
ratios in the supplementary figures and table. Also, we have added a cross plot with δ238U vs Al/U 
to supplementary figure 1 (cross plots). We note that there is no correlation between this detrital 
proxy and the recorded U isotope signatures (R2 = 0.002). 
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