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ABSTRACT 

Shallow-water platform carbonate δ13C may provide a record of changes in ocean chem- 

istry through time, but early marine diagenesis and local processes can decouple these 

records from the global carbon cycle. Recent studies of calcium isotopes (δ44/40Ca) in shal- 

low-water carbonates indicate that δ44/40Ca can be altered during early marine diagenesis, 

implying that δ13C may also potentially be altered. Here, we tested the hypothesis that 

the platform carbonate δ13C record of the Kinderhookian–Osagean boundary excursion 

(KOBE), ∼353 m.y. ago, reflects a period of global diagenesis using paired isotopic (δ44/40Ca 
and clumped isotopes) and trace-element geochemistry from three sections in the United 

States. There is little evidence for covariation between δ44/40Ca and δ13C during the KOBE. 

Clumped isotopes from our shallowest section support primarily sediment-buffered dia- 

genesis at relatively low temperatures. We conclude that the δ13C record of the KOBE as 

recorded in shallow-water carbonate is consistent with a shift in the dissolved inorganic 

carbon reservoir and that, more generally, ancient shallow-water carbonates can retain 

records of primary seawater chemistry. 

fluid-buffered (high water-rock ratio) end 

members (Ahm et al., 2018). Primary isotopic 

compositions will be retained under sediment- 

buffered conditions, and Δ47 will plot along 

a mineral contour as δ18Omineral values remain 

unchanged (Bergmann et al., 2018). Under fluid- 

buffered conditions, sediments will be altered 
toward seawater values (↑ δ44/40Ca, ↓ δ13C), and 

TΔ47 will plot transverse to mineral contours as 

δ18Omineral values are altered. Thus, if covariation 

is observed between δ44/40Ca and δ13C, this most 

likely reflects changes in the style of diagenesis 

or a shift in mineralogy rather than seawater 

chemistry because of the much longer oceanic 

residence time of Ca compared to C (Ahm et al., 

2018). 

INTRODUCTION 

Shallow-water carbonate rocks are a store- 

house of geochemical information that can be 

used to decipher cause-and-effect relationships 

within the ocean-atmosphere-biosphere system 

through Earth history. Carbon isotopes (δ13C) in 

carbonate rocks are used as both a proxy for the 

ancient carbon (C) cycle and for chronostrati- 

graphic correlations, with the assumption that a 

primary marine signal is recorded (Kump and 

Arthur, 1999). However, recognition that Neo- 

gene shallow-water carbonates do not track 

global ocean δ13C (Swart, 2008) calls into ques- 

tion whether pre-Mesozoic carbon isotope excur- 

sions (CIEs) were related to the global C cycle. 
Recent work on early marine diagenesis using 

calcium isotopes (δ44/40Ca; Higgins et al., 2018) 

has reinvigorated discussion about the role of dia- 

genesis in producing spatial or temporal changes 

in δ13C in ancient shallow-water carbonates. 

Paired δ44/40Ca and Sr/Ca investigation is a 
powerful tool to assess the extent and style of 
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early marine diagenesis in carbonate rocks (Fan- 

tle and Higgins, 2014; Lau et al., 2017; Higgins 

et al., 2018), and it is complemented by clumped 

isotope thermometry (TΔ47; Staudigel et al., 

2021). In modern carbonates, δ44/40Ca and Sr/ 
Ca are primarily determined by carbonate min- 

eralogy (aragonite vs. calcite) and precipitation 

rate (Gussone et al., 2005; Tang et al., 2008), 

whereas clumped isotopes respond to tempera- 

ture and are unaffected by changes in carbonate 

polymorph and precipitation rate when miner- 

als form in isotopic equilibrium (Eiler, 2011; 

Fiebig et al., 2021). Aragonite is depleted in 44Ca 
(offset ∼−0.6‰ from calcite), and fast-forming 

minerals have lower δ44/40Ca compared to slow- 

forming diagenetic minerals (Gussone et al., 

2005; Fantle and DePaolo, 2007). Aragonite is 

enriched in Sr/Ca compared to calcite, and Sr 

is depleted during neomorphism and dolomiti- 

zation (Ahm et al., 2018). While all carbonate 

sediments are subject to early marine diagen- 

esis, the water-rock ratio is a major control on 

the extent to which the geochemical signature 

is altered (Fantle and DePaolo, 2007; Higgins 

et al., 2018) and can be characterized between 

sediment-buffered (low water-rock ratio) and 

Early Mississippian shallow-marine carbon- 
ates worldwide record a pronounced positive 

shift in δ13C known as the Kinderhookian–Osag- 

ean boundary excursion (KOBE) or Tournai- 

sian carbon isotope excursion (TICE), one of 

the largest positive δ13C excursions of the Pha- 

nerozoic of +7‰ (Saltzman, 2003; Chen et al., 

2021). The KOBE has been documented in the 

United States (Saltzman, 2003; Maharjan et al., 

2018; Oehlert et al., 2019; Myrow et al., 2023; 

Braun et al., 2023; Quinton et al., 2023), Europe 

(Saltzman et al., 2004), and China (Yao et al., 

2015; Chen et al., 2021), coincident with a δ18O 

increase in brachiopod calcite and conodont apa- 

tite consistent with global cooling near the onset 

of the Late Paleozoic ice age (Fig. 1; Mii et al., 

1999; Yao et al., 2015; Chen et al., 2021). 

Our study aimed to test the hypothesis that 

the KOBE reflects a globally synchronous shift 

between fluid-buffered and sediment-buffered 

early marine diagenesis. We present paired δ13C, 

δ44/40Ca, and Sr/Ca data from three localities to 
better understand the role of diagenesis. At our 

shallowest buried section in Iowa, Δ47 was mea- 

sured and supplemented by petrographic analy- 
sis for additional constraints on diagenesis. 

 

CITATION: Braun, M.G., et al., 2024, Early Mississippian global δ13C excursion is not a diagenetic artifact: Geology, v. XX, p. , https://doi.org/10 
.1130/G52109.1 

 

 

Geological Society of America | GEOLOGY | Volume XX | Number XX | www.gsapubs.org 

https://doi.org/10.1130/G52109.1 

© 2024 Geological Society of America. For permission to copy, contact editing@geosociety.org. 
Published online 23 May 2024 

Manuscript received 25 February 2024 

Revised manuscript received 22 April 2024 

Manuscript accepted 10 May 2024 

http://pubs.geoscienceworld.org/gsa/geology/article-pdf/doi/10.1130/G52109.1/6442393/g52109.pdf
https://orcid.org/0000-0001-8052-1399
mailto:saltzman.11@osu.edu
https://doi.org/10.1130/G52109.1
https://doi.org/10.1130/G52109.1
http://www.geosociety.org/
http://www.gsapubs.org/
mailto:editing@geosociety.org
https://pubs.geoscienceworld.org/geology
http://www.geosociety.org/


Downloaded from http://pubs.geoscienceworld.org/gsa/geology/article-pdf/doi/10.1130/G52109.1/6442393/g52109.pdf 
by GSA RBAC, Dr. Matthew R. Saltzman  

2 

Bulk carbonate powders were digested and 
analyzed for elemental concentrations (Ca, Sr, 

Mg) and δ44/40Ca. A double-spike technique was 

used on a thermal ionization mass spectrom- 

eter to determine δ44/40Ca (‰), and results are 

reported relative to modern seawater (SW). 

External reproducibility of SRM-915a and 
SRM-915b yielded values of −1.88‰ ± 0.06‰ 

(n = 17, 2σ) and −1.14‰ ± 0.08‰ (n = 12, 

2σ), respectively. Splits of seven sample pow- 
ders were randomly selected and analyzed to 

confirm homogeneity, with average reproduc- 

ibility of ±0.04‰ (2σ); replicate analyses of 

samples were on average ±0.09‰ (n = 17). 

Clumped isotopic measurements followed the 

methods of Anderson et al. (2021) using a Nu 

Perspective isotope ratio mass spectrometer 

(IRMS) and carbonate-based standardization 

with a 1:1 unknown:anchor ratio. Pooled Δ47 

external repeatability (1 SD) of standards and 

samples, including error associated with con- 

struction of the reference frame, was 0.022‰. 
 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

 
Figure 1. (A) Paleogeographic map during the Early Mississippian showing study sites at Briggs 
Woods (red), Strawberry Creek (blue), and Funeral Mountains (green). Select Kinderhookian– 
Osagean boundary excursion (KOBE) sections in North America, Europe, and China are 
indicated by gray circles demonstrating global nature. (B) C and O isotopic trends from South 
China craton (Chen et al., 2021) with approximate range of KOBE and our study sections 
(δ13C not plotted here; see Fig. 2). Midcontinent conodont zones are from Braun et al. (2023). 
IA—Iowa; WY—Wyoming; CA—California; VPDB—Vienna Peedee belemnite; VSMOW—Vienna 
standard mean ocean water. Conodont genera abbreviations: Bi.—Bispathodus; D.—Doliog- 
nathus; G.—Gnathodus; P.—Polygnathus; Pr.—Protognathodus; Ps.—Pseudopolygnathus; 
Sc.—Scaliognathus; Si.—Siphonodella. 

RESULTS 

Our study sections record δ44/40Ca and Sr/ 

Ca ranges of −1.17‰ to −0.74‰ and 0.10– 

0.37 mmol/mol at Briggs Woods, −1.18‰ to 

−0.89‰ and 0.10–0.81 mmol/mol at Straw- 

berry Creek, and −1.18‰ to −0.99‰ and 0.18– 

0.59 mmol/mol at Funeral Mountains, respectively 
(Fig. 2; see Supplemental Material1). When δ13C 

increased to peak values, no significant covariation 
was observed with δ44/40Ca and Sr/Ca (Fig. 3). TΔ47 

values at Briggs Woods range from 11 to 54 °C in 

limestones (avg. 36 °C; Fig. 3). While dolomi- 

tized intervals (high Mg/Ca) record elevated TΔ47 

values, δ44/40Ca values measured from dolostone 

samples in Briggs Woods (n = 1) and Strawberry 

Creek (n = 2) are comparable to limestone sam- 

ples from the same locations. 

 
DISCUSSION 

Globally correlative δ13C excursions rep- 

resent temporal changes in individual strati- 
graphic sections driven by a global process, 
and they also commonly show spatial variabil- 
ity between sections (i.e., magnitude and initial/ 

final δ13C) driven by local processes. Here, we 

METHODS 

Early Mississippian sections (Briggs Woods, 

Iowa, and Strawberry Creek, Wyoming; Fig. 1), 

in which the KOBE had been previously iden- 

tified (Saltzman, 2003; Braun et al., 2023), and 

one new section (Funeral Mountains, California) 

were chosen to represent a range of depositional 

environments (Fig. 2). Although the sections are 

not complete, together they capture the full range 

intervals, which are common, and which limited 

us to certain localities and stratigraphic intervals 

within the sections (e.g., most of Maynes Creek 

at Briggs Woods below where we began sampling 

is dolomitized). Briggs Woods is an inner-shelf 

carbonate unit dominated by skeletal-oolitic and 

peloidal packstones and grainstones (Braun et al., 

2023). Strawberry Creek is dominated by mud- 

stones and skeletal packstones deposited below 

discuss whether global diagenesis could have 

produced the KOBE δ13C excursion in strati- 

graphic sequences worldwide (our main goal), 
and we also address spatial variability. 

 
Stratigraphic Trends 

The δ13C value changes significantly through 

time in our stratigraphic sections with little to 

of KOBE δ13C variation and allow us to test the fair-weather wave base in a middle-ramp environ-   

hypothesis of covariation with δ44/40Ca. Impor- 

tantly, the choice of sections provided a range 

of lithologies representing different grain sizes, 

water depths, and sedimentation rates during the 

KOBE. We also sought to minimize dolomitized 

ment (Saltzman, 2003). Funeral Mountains repre- 

sents an outer-shelf environment with lime mud- 

stones and skeletal wackestones interbedded with 

tempestite grainstones; the KOBE is recorded here 

in flanking beds of Waulsortian-type mud mounds. 

1Supplemental Material. Table S1, geochemical 
data, and File S1, background on stratigraphic sections 
and geochemical methods. Please visit https://doi 
.org/10.1130/GEOL.S.25829482 to access the supple- 
mental material; contact editing@geosociety.org with 
any questions. 
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Figure 2. (A) Stratigraphic plots of geochemical data arranged by increasing water depth. Lithology and δ13C for Briggs Woods are from Braun 
et al. (2023); Strawberry Creek values are from Saltzman (2003); Funeral Mountains data are published here for first time. Sr/Ca scale bar 
applies to fill color on δ44/40Ca data points. Note that for Briggs Woods, study interval of Braun et al. (2023) begins below base of our section 
(see Table S1 [text footnote 1]) and includes entire Maynes Creek (MaC)–Gilmore City Formation. VPDB—Vienna Peedee belemnite; SW— 
seawater. (B) Schematic cross section and location of sections. (C) Thin section photomicrograph (50× magnification, 2.6 mm field of view) 
highlighting radial structure of ooids from Gilmore City Formation, Briggs Woods section at ∼73 m. (D) Core scan of calcite-filled subvertical 
fracture (arrow) at ∼52 m in Briggs Woods section. MsC—Mission Canyon Formation. 

 
 
 

 

 

Figure 3. Cross-plots of Early Mississippian compared to Late Ordovician Hirnantian and Silurian Lau carbon isotope excursions (CIEs). 
Data sources: Great Basin and Anticosti (Jones et al., 2020), Monitor Range (Holmden et al., 2012a), Silurian (Farkaš et al., 2016). (A) δ13C vs. 
δ44/40Ca (Pearson coefficient of correlation [r] for Briggs Woods = 0.35, p value = 0.36 without upper 5 m; Funeral Mountains r = 0.44, p = 0.21; 
Strawberry Creek r = 0.02, p = 0.95). (B) δ44/40Ca vs. Sr/Ca. (C) Clumped isotopes from Briggs Woods showing δ18Omineral trends in TΔ47 and 
δ18Ofluid space. Arrows show predicted diagenetic trends based on water/rock (W/R) ratios (after Bergmann et al., 2018). Gray points represent 
TΔ47 without paired δ44/40Ca. Error bars on TΔ47 measurements are 95% confidence interval including pooled error from sample and standard 
measurements. VPDB—Vienna Peedee belemnite; VSMOW—Vienna standard mean ocean water; SW—seawater. 
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Figure 4. Box plots of Early Mississippian 
and Hirnantian δ44/40Ca and δ13C data (Holm- 
den et al., 2012a; Jones et al., 2020) ordered 
shallowest to deepest. Note that Funeral 
Mountains only contains rising limb of 
Kinderhookian–Osagean boundary excursion 
(KOBE), so it is unknown if peak δ13C values 
above +6‰, as seen at Strawberry Creek, may 
potentially be reached. VPDB—Vienna Peedee 
belemnite; SW—seawater. 

no change in δ44/40Ca (Figs. 2 and 3)—this is 

inconsistent with early marine diagenesis, which 

should result in covariation. The δ44/40Ca and Sr/ 

Ca values, however, may have been impacted by 

diagenetic alteration, but the degree depends on 

assumptions of original mineralogy. Because we 

sampled bulk carbonate, we cannot deconvolve 

component δ44/40Ca or original mineralogy, but 

previous global compilations, elemental data, 

and petrographic preservation, including well- 

preserved radial lamellae within ooids in Briggs 

Woods, are consistent with calcite being a major 

component of our rocks (Fig. 2C; cf. Wilkin- 

son et al., 1985). While the diagenetic model 

of Ahm et al. (2018) can account for the small 

changes in δ44/40Ca (and Sr/Ca) in our sections, 

the changes in δ13C are too large to fit within the 

model space without making assumptions about 
platform water mass or diagenetic fluid δ13C. In 

order to fit a significant portion of our data within 

the phase space using the Ahm et al. (2018) dia- 
genetic model, we must begin with an assump- 

tion that our heaviest δ13C of +7‰ represents a 

minimum value for primary carbonate; however, 

this is problematic because such elevated δ13C 

predicts facies that should reflect restricted water 

masses (e.g., influenced by the diurnal cycle; 

Geyman and Maloof, 2021), but this is not what 

we observe. Instead, open-marine facies in our 

Strawberry Creek and Funeral Mountains sec- 

tions record our most positive δ13C values (Fig. 2). 

In terms of potential for fluid- versus sediment- 

buffered diagenesis in our sections, Strawberry 

Creek and Funeral Mountains represent outer- 

shelf positions (Fig. 2B), which should be most 

affected by marine fluid-buffered diagenesis (cf. 

Hoffman and Lamothe, 2019), but instead they 

record very high, sediment-buffered δ13C values 

similar to Briggs Woods farther along the flow 

path. Meteoric groundwater influence may also 

have affected Briggs Woods strata (cf. Holm- 

den et al., 2012b; Farkaš et al., 2016). Yet, 70% 

of clumped isotope results of limestones from 

Briggs Woods record temperatures below 40 °C, 

consistent with early (shallow) lithification, and 

measurements broadly follow a trajectory along 

a single δ18Omineral contour in TΔ47 and δ18Ofluid 

space for all samples except the top 5 m, discussed 
below (Fig. 3), consistent with early marine dia- 

genesis under low water-rock ratio conditions 
(Bergmann et al., 2018; Goldberg et al., 2021). 

When taken as a whole, our paired δ44/40Ca and 

Δ47 record of the KOBE is reflective of predomi- 
nantly sediment-buffered diagenesis and suggests 

that the primary δ13C trend was not a product of 

early marine diagenesis. 

At Briggs Woods, evidence for meteoric 

diagenesis is present in the top 5 m, where cal- 

cite-filled vertical fractures (Fig. 2D) are perva- 

sive, δ18Ofluid values are depleted (∼−4‰), and 

clumped isotopes plot as a separate, more fluid- 

buffered population (Fig. 3). Positive covaria- 

tion of δ13C and δ44/40Ca in the upper 5 m at 

Briggs Woods (Fig. 2) is consistent with mete- 
oric alteration (Holmden et al., 2012b). Other 

explanations include marine diagenesis (Ahm 

et al., 2021), changes in facies, or kinetic effects 

(Farkaš et al., 2016; Wang et al., 2023). 

As no clear negative covariation was iden- 

tified between δ13C and δ44/40Ca in each of our 

sections, which contrasts with the Late Ordo- 
vician CIE in the Monitor Range of Nevada 

and the falling limb of a late Silurian CIE 
in the Prague Basin, Czech Republic (Figs. 2 

and 3), stratigraphic trends in δ13C during the 

KOBE do not appear to have been controlled 

by changes in fluid- to sediment-buffered dia- 
genesis or primary mineralogy. Therefore, 

the shallow-water δ13C record most likely 

reflects a change in the dissolved inorganic 

carbon (DIC) reservoir, either due to global 

or local changes (Jones et al., 2020; Geyman 

and Maloof, 2021). Studies have linked the 

KOBE to elevated global marine productiv- 

ity and organic C burial (Saltzman, 2003; 

Saltzman et al., 2004; Maharjan et al., 2018) 

liberated by land plants (Oehlert et al., 2019; 

Chen et al., 2021). Evidence for global cool- 

ing (Chen et al., 2021) and expanded ocean 

anoxia (Cheng et al., 2020) supports a shift 

in the global C cycle; however, local factors 

may also affect shallow environments (Gey- 

man and Maloof, 2021). The long residence 

time of Ca in the oceans is consistent with 

the relatively invariant δ44/40Ca values over 

the KOBE. 

Spatial Trends 

Diagenesis does not appear to explain the 

KOBE, but as is the case with nearly all CIEs, 

the KOBE is expressed variably in each section. 

Higher δ44/40Ca and lower Sr/Ca in Briggs Woods 

compared to deeper sections (Fig. 4) may be 

explained by seawater-buffered diagenesis, kinetic 

Ca isotopic effects, or differences in primary 

mineralogy. Increased seawater buffering could 

reflect lower sedimentation rates (Fig. 4; Staudigel 

et al., 2021); however, clumped isotopes at Briggs 

Woods do not show evidence for seawater buff- 

ering at depth, so this must have occurred early 

at a shallow burial depth, or other factors could 

have contributed to the higher δ44/40Ca values there. 

Facies at Briggs Woods are relatively grain-rich 

and mud-poor facies, and pore space is predomi- 
nantly infilled by cement (Fig. 2). If this cement 

formed slowly in equilibrium, then δ44/40Ca would 

have become enriched without altering Δ47, as Ca 
fractionation is rate dependent, whereas clumped 

isotopes are not (Fiebig et al., 2021; Fantle and 
DePaolo, 2007; Staudigel et al., 2021). The spa- 

tial trend of higher δ44/40Ca at Briggs Woods is 

also evident in δ13C, where peak KOBE values 

are ∼1‰ lower than at Strawberry Creek (Fig. 4) 

and other sections (e.g., +7‰, Nevada; Cheng 

et al., 2020). A 12C-enriched cement phase, early 

marine diagenetic influence, local C cycling in the 
shallow-water DIC pool, or facies can all contrib- 

ute to spatial trends in δ13C (Saltzman et al., 2004; 

Holmden et al., 2012a; Geyman and Maloof, 

2021; Hoffman and Lamothe, 2019). 

 
CONCLUSIONS 

Our δ44/40Ca, Sr/Ca, and Δ47 analyses of Early 

Mississippian sections suggest that ancient shal- 
low-water platform carbonates can preserve a 

primary δ13C signal. No significant negative 

covariation was identified between δ44/40Ca and 

δ13C over the CIE, which suggests the KOBE in 

North America was not driven by a change in 

fluid- versus sediment-buffered diagenesis, min- 
eralogy, or precipitation rate. This large positive 

δ13C excursion more likely reflects, at least in 

part, a significant shift in global or local DIC. 

Spatial variation in δ44/40Ca and δ13C between 

our study sections may be related to different 

sedimentation rates, where Briggs Woods (our 
shallowest section) experienced some influence 

of early seawater buffering on δ44/40Ca. 
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