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This study investigates calcium isotope variations (δ44/40Ca) in late Silurian marine carbonates deposited 
in the Prague Basin (Czech Republic), which records one of the largest positive carbon isotope excursion 
(CIE) of the entire Phanerozoic, the mid-Ludfordian CIE, which is associated with major climatic changes 
(abrupt cooling) and global sea-level fluctuations. Our results show that during the onset of the CIE, 
when δ13C increases rapidly from ∼0� to ∼8.5�, δ44/40Ca remains constant at about 0.3 ± 0.1�
(relative to NIST 915a), while 87Sr/86Sr in well-preserved carbonates are consistent with a typical 
Ludfordian seawater composition (ranging from ∼0.70865 to ∼0.70875). Such decoupling between δ13C
and δ44/40Ca trends during the onset of the CIE is consistent with the expected order-of-magnitude 
difference in the residence times of Ca (∼106 yr) and C (∼105 yr) in the open ocean, suggesting that 
the mid-Ludfordian CIE was caused by processes where the biogeochemical pathways of C and Ca in 
seawater were mechanistically decoupled. These processes may include: (i) near shore methanogenesis 
and photosynthesis, (ii) changes in oceanic circulation and stratification, and/or (iii) increased production 
and burial of organic C in the global ocean. The latter, however, is unlikely due to the lack of 
geological evidence for enhanced organic C burial, and also because of unrealistic parameterization 
of the ocean C cycle needed to generate the observed CIE over the relatively short time interval. In 
contrast, higher up in the section where δ13C shifts back to pre-excursion baseline values, there is a 
correlated shift to higher δ44/40Ca values. Such coupling of the records of Ca and C isotope changes 
in this part of the study section is inconsistent with the abovementioned differences in oceanic Ca 
and C residence times, indicating that the record of δ44/40Ca changes does not faithfully reflect the 
evolution of the oceanic Ca reservoir, but rather some local processes in the Prague Basin. These can 
be related to restricted elemental/sediment cycling involving mixing of isotopically distinct Ca sources and 
carbonate polymorphs (calcite vs. aragonite), and/or possible kinetic Ca isotope effects due to changes 
in the rate of marine carbonate formation. Evidence supporting the ‘kinetic’ effect in the studied 
mid-Ludfordian carbonates is indicated by correlated δ44/40Ca and Sr-concentration data (rs = −0.76, 
p < 0.001, n = 41) yielding a slope of −0.00097, which is indistinguishable from the ‘kinetic’ slope of 
abiotic calcite precipitation. Kinetic processes are integral to the model of rapid carbonate precipitation 
recently proposed by Kozłowski (2015), to explain the origin of the mid-Ludfordian CIE, involving 
intense methanogenesis/photosynthesis in near shore settings coupled with rapid CaCO3 precipitation 
(i.e., massive whitings events) and eustatically-controlled carbonate hypersaturation of seawater. More Ca 
isotope studies are needed to shed light on the question of whether kinetics or mineralogy controls the 
coupled variations in carbonate δ44/40Ca and δ13C records observed in this study and other large positive 
CIEs in geological record.
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1. Introduction

Stratigraphic records of carbon isotope values (δ13C) in ma-
rine sedimentary rocks of Silurian age show a number of positive 
carbon isotope excursions (CIE), typically associated with severe 
biological crises, and synchronized paleo-climatic and sea level 
changes driven by plausible ice sheet advances and retreats in 
Gondwana (Munnecke et al., 2003; Loydell, 2007; Calner, 2008;
Trotter et al., 2016). The most prominent is the late Silurian (mid-
Ludfordian) CIE with associated faunal crises, dated at about 424 
million years ago, which is documented globally from different 
paleo-continents (Fig. 1A), including Baltica (Kaljo et al., 1997;
Calner, 2008), Gondwana (Australia, Carnic Alps, cf., Talent et al., 
1993; Brett et al., 2009; Jeppsson et al., 2012), Laurentia (Barrick 
et al., 2010), Perunica (Lehnert et al., 2007a, 2007b; Manda et al., 
2012), and Avalonia (Loydell and Frýda, 2011). This globally recog-
nized mid-Ludfordian CIE lasted for about 120 000 yrs (Kozłowski 
and Sobień, 2012) and reached typical magnitudes of up to +9�
(Fig. 1B, cf. Frýda and Manda, 2013), with few records from 
very shallow-water settings showing extreme values up to +11�
(Jeppsson et al., 2012). Overall, the mid-Ludfordian δ13C event is 
the largest positive CIE of the entire Phanerozoic (Munnecke et 
al., 2003) and is predated by two asynchronous faunal crises: the 
Lau conodont Bioevent and Kozlowskii graptolite Bioevent (Jeppsson, 
1987; Urbanek and Teller, 1997), also associated with a global scale 
marine regression and climate cooling (Lehnert et al., 2007a).

The cause of this late Silurian CIE is not yet known. The shear 
magnitude of this excursion, coupled with the lack of evidence for 
increased organic carbon deposition in coeval marine sediments 
(e.g., Frýda and Manda, 2013), argues against increased marine 
productivity and burial of organic carbon on a global scale as the 
primary driver of the mid-Ludfordian CIE. The problem is reminis-
cent of the stratigraphically older (i.e., late Ordovician) Hirnantian 
CIE, which also recorded extremely positive δ13C values of up to 
+7� in carbonate sections that are organically lean compared to 
overlying and underlying sediments (Melchin and Holmden, 2006). 
Similarly, the Hirnantian CIE is associated with climate cooling, sea 
level lowstands, and biotic extinctions.

Numerous conceptual models have been offered to explain 
these early Paleozoic large positive CIEs, stemming from detailed 
sedimentological investigations of the potential role played by 
glaciation, sea level, and seawater circulation as factors influencing 
stratigraphic variation in sedimentary δ13C values (Jeppsson, 1990; 
Holmden et al. 1998, 2012a; Bickert et al., 1997; Kump et al., 1999;
Panchuk et al., 2006; Melchin and Holmden, 2006; Calner, 2008;
LaPorte et al., 2009; Kozłowski and Sobień, 2012; Kozłowski, 2015). 
Assuming that the positive CIEs indeed reflect primary marine sig-
nals, there is also the aspect of global vs. local scale nature of 
the inferred C cycle perturbations to consider (cf., Swart, 2008;
Swart and Kennedy, 2011), particularly in the Paleozoic where sec-
ular records of inferred seawater δ13C changes are typically recon-
structed from the sedimentary deposits of epeiric seas. These shal-
low marine environments were subject to a variable degree of cir-
culation restrictions with respect to an open ocean (cf., Holmden et 
al., 1998), which created local conditions that may have influenced 
the carbonate chemistry of seawater, CaCO3 precipitation rate, 
mineralogy, and the composition of calcifying biota; all leading to 
the preservation of spatial and temporal patterns in sedimentary 
δ13C records (e.g., Holmden et al., 1998; Immenhauser et al., 2003;
Panchuk et al., 2006; Fanton and Holmden, 2007; Swart, 2008;
LaPorte et al., 2009).

Thus far, there is no agreed-upon explanation for the ori-
gin and primary cause(s) of the mid-Ludfordian CIE, and the 
available published research presents numerous hypotheses that 
could be classified based on their global vs. local scale signifi-
cance, and the expected degree of coupling between marine C 
Fig. 1. (A) Paleogeographic map showing our study site, i.e., the Prague Basin, and 
also distribution of other localities (black circles) with published δ13C records of 
the mid-Ludfordian carbon isotope excursion (CIE) (modified after Frýda and Manda, 
2013; and Torsvik, 2009). (B) The δ13C record across the mid-Ludfordian CIE from 
the Prague Basin, the Kosov section No. JF195 (data from Frýda and Manda, 2013). 
(C) δ44/40Ca record across the mid-Ludfordian CIE measured on identical samples 
that were used for the δ13C record (see above). Abbreviations used: SB = Sequence 
Boundary; TST = Transgressive System Track; MFS = Maximum Flooding Surface 
(after Frýda and Manda, 2013; Kozłowski and Sobień, 2012).

and Ca cycle perturbations. In this context, global refers to pro-
cesses that have the potential to perturb the isotopic composition 
of the massive oceanic C and Ca reservoirs. Hypotheses offered in 
this category include: (1) changes in the global ocean stratifica-
tion and circulation linked to climatic changes (Jeppsson, 1990;
Bickert et al., 1997), (2) increased rate of organic carbon burial 
in the oceans (Kump and Arthur, 1999), (3) increased low latitude 
weathering of carbonate platforms due to a eustatic marine regres-
sion (Kump et al., 1999), (4) changes in the structure of marine 
primary producers (Calner, 2008; Kozłowski and Sobień, 2012), 
and/or (5) the burial of authigenic carbonate in anoxic deep ocean 
sediments (Schrag et al., 2013). In contrast, hypotheses of local 
scale significance refer to the effects of more spatially constrained 
processes, such as local C and Ca cycling effects in circulation 
restricted epicontinental seas, vital effects related to changes in 
marine carbonate producers (i.e., kinetic effects and mineralogical 
effects), and diagenetic effects. These local-scale processes involve 
smaller C and Ca reservoirs that respond more quickly, and pro-
duce larger isotopic effects, compared to perturbations of the more 
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massive oceanic C and Ca reservoirs (Melchin and Holmden, 2006;
Fanton and Holmden, 2007; LaPorte et al., 2009; Holmden et al., 
2012a). Such local effects can be synchronized by global-scale forc-
ings driven by climate and eustatic sea level changes. Hypotheses 
offered in this category include: (6) changes in carbonate mineral-
ogy between near and off shore settings (e.g. aragonite vs. calcite 
which differ in their 13C-enrichment; Swart, 2008), (7) an intense 
nutrient-driven photosynthesis (Swart, 2008; LaPorte et al., 2009)
or methanogenesis (Kozłowski and Sobień, 2012) in shallow wa-
ter settings, the latter also associated with a possible (8) rapid CO2
evasion due to massive carbonate precipitation as a result of car-
bonate hypersaturation conditions (Kozłowski, 2015). The nutrient 
hypothesis was further developed in Holmden et al. (2012b) with 
the introduction of submarine groundwater discharge (SGD) as an 
additional means of supplying nutrients to near shore regions of 
carbonate producing epeiric seas (Holmden et al., 2012a), with the 
potential to cause shelf gradients in marine δ13C values through 
near shore increases in primary production (Panchuk et al., 2006;
LaPorte et al., 2009).

2. Hypothesis testing

Sea level driven changes in local scale elemental cycling within 
circulation restricted epeiric seas may result in strongly coupled 
stratigraphic trends in marine δ13C and δ44/40Ca records, as re-
cently shown for the Hirnantian CIE in the Monitor Range section 
of Nevada (Holmden et al., 2012a). Such coupling between ma-
rine δ13C and δ44/40Ca trends is inconsistent with the five to ten 
times difference in oceanic residence times for Ca and C, implying 
that the Monitor Range carbonates do not faithfully record the re-
sponse of the global ocean Ca reservoir. This finding suggests that 
Ca isotopes might serve as a tool for identifying other instances 
in geological archives where large CIEs may not faithfully record 
perturbations of the global ocean–atmosphere C reservoir. In this 
paper, we apply this test to the mid-Ludfordian CIE recorded in 
the Prague Basin. The primary goal is to test the plausibility of 
the above hypotheses (local vs. global) with the application of Ca 
isotopes as it is anticipated that certain processes that control 
the behavior of the marine δ13C proxy might also impact Ca iso-
topes, while others are expected to have only negligible effect on 
δ44/40Ca.

Specifically, global scale changes in ocean circulation and strati-
fication are not expected to impact marine Ca isotopes, due to 
the relatively long residence time of Ca in seawater (ca. >1 mil-
lion years, Ma) compared to a typical mixing time of ∼1000 yrs
for the global ocean. Similarly, due to a decoupling of biogeo-
chemical pathways of Ca and C in the ocean during methanogen-
esis and/or photosynthetic fixation of carbon into organic matter, 
it is not expected that the purported increase in the produc-
tion of organic carbon, or methane, would have a direct impact 
on marine Ca isotopes. It is also not expected that changes in 
the structure of marine primary producers, which could cause shifts 
in the biologically-controlled C isotope fractionation, would have 
a major impact on the marine δ44/40Ca proxy unless there was 
also a concurrent change in the CaCO3 mineralogy (calcite vs. 
aragonite) of these calcifying organisms (cf., Farkaš et al., 2007;
Blättler et al., 2012), and/or their rates of calcification (i.e., kinetic 
effects; Tang et al., 2008).

On the other hand, increased weathering of low-latitude shelf 
carbonates due to glacio-eustatically controlled regression should 
lower the δ44/40Ca value of the ocean, while decreased organic mat-
ter weathering in higher latitudes due to ice covered landscapes (i.e., 
the carbonate weathering hypothesis of Kump et al., 1999) should 
increase the δ13C value of seawater. The predicted δ44/40Ca and 
δ13C shifts may not be synchronous as this will depend on rel-
ative magnitudes of Ca and C weathering flux perturbations, and 
the size of the oceanic Ca and C reservoirs. Moreover, the expected 
shift to lower seawater δ44/40Ca values might be relatively short-
lived as the increased alkalinity flux to oceans from carbonate 
weathering will eventually lead to increased marine CaCO3 precip-
itation and carbonate burial. This would drive seawater δ44/40Ca
in the opposite direction, i.e., to higher values. Finally, the newly 
proposed carbonate hypersaturation hypothesis (Kozłowski, 2015), 
invoking an eustatically driven global supersaturation of seawater 
in near shore settings during the mid-Ludfordian CIE, is expected 
to be recorded in the coeval marine carbonates as kinetic or rate-
controlled Ca isotope effects due to presumably faster and more 
kinetically-controlled precipitation of marine carbonates (cf., Tang 
et al., 2008).

3. Materials and methods

3.1. Study sites and samples

Marine carbonates investigated in this study are proximal shelf 
deposits, sampled from the late Silurian Kopanina Formation at 
the Kosov Quarry (i.e., section No. JF195), exposed in the Prague 
Basin (Czech Republic) that represents a small relict of the for-
mer and much larger Paleozoic basin (Frýda and Manda, 2013;
Lehnert et al., 2007b). Paleomagnetic data indicate that during the 
Ludfordian period the basin was located approximately 25 to 30 
degrees south of the paleo-equator (Fig. 1A), either on the north-
ern margin of Gondwana (i.e., peri-Gondwana) or on an isolated 
‘microcontinent’ called Perunica (Torsvik, 2009). The depositional 
system of the Prague Basin represents an extensional rift basin 
that was formed on submerged continental crust inundated by 
shallow seas, and surrounded by deeper (i.e., hemipelagic) open 
marine settings (Kříž, 1991). Hence, the studied carbonates consist 
of a variety of facies including: fine-grained (micritic mudstone, 
wackestone), coarser crinoidal grainstones (packstone), and lam-
inated calcareous shales (see Appendix, Table A1; Fig. A1). The 
mid-Ludfordian carbonates investigated in this study are identical 
with those used in Frýda and Manda (2013) to reconstruct a com-
plete δ13C record of the mid-Ludfordian CIE.

Additional samples represented by tuffitic limestones (i.e., 
organodetritic carbonates with tuffitic admixture) were collected 
from base of the Kopanina Formation at the Kosov Quarry with 
the aim to better constrain the Ca and Sr isotope composition of 
possible ‘volcanic’ sources present in the Prague Basin and the an-
alyzed mid-Ludfordian carbonates. Finally, a set of stratigraphically 
older (i.e., Homerian; upper Wenlock) marine carbonates was also 
collected from the Kozel Member of the Motol Formation (the sec-
tion No. 760; Frýda and Frýdova, 2014; and Kozel Syncline section 
No. 244JF; Frýda and Frýdová, 2016) to identify the isotope signa-
tures of local carbonate sources with the potential to be physically 
weathered and redeposited in the study setting.

3.2. Elemental and isotope analyses

For the elemental and isotope analysis, we sampled a few mil-
ligrams of powder from ‘bulk’ carbonates, targeting where pos-
sible micritic mudstones or wackestones (see Appendix; Tables 
A1 and A2). The sampling was performed with a micro-drill tool 
from cut rock fragments or polished slabs. Major and trace ele-
ment analyses were performed using an ICP AES instrument at the 
Saskatchewan Research Council Analytical Laboratories in Saska-
toon, Canada, with a reproducibility of ±10% (2σ ).

For the Ca isotope analyses, homogenized carbonate pow-
ders were dissolved in 0.5 N HCl at room temperature un-
til effervescence ceased and the solutions were mixed with a 
43Ca–42Ca tracer, i.e., double spike. These spiked samples were 
then passed through cation-exchange columns containing 3 ml 
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of Biorad MP-50 resin to purify the Ca fraction from other ions 
present in carbonate matrix. The Ca isotope analyses were per-
formed by thermal ionization mass spectrometry (TIMS), using a 
Thermo Fisher Triton instrument located in the Saskatchewan Iso-
tope Laboratory, following the procedures described in Lehn et 
al. (2013). Data are reported in the delta notation: δ44/40Ca =
[(44Ca/40Casample/

44Ca/40CaNIST915a) − 1] × 1000, as per mil (�) 
differences relative to NIST 915a standard. The δ44/40Ca data re-
ported on the 915a scale may be converted to the seawater scale 
(e.g., IAPSO) by subtracting 1.86. Seawater measured over the 
course of this study yielded 0.0 ± 0.06� (n = 10, 2σ ). The over-
all reproducibility of our δ44/40Ca data based on measurements 
of seawater and repeated analysis of individual samples is also 
∼0.06� (2σ). Selected carbonate samples were also analyzed for 
87Sr/86Sr (see Table A1). The Sr was purified using same MP50 
columns used for Ca. The 87Sr/86Sr measurements were performed 
by TIMS in static multi-collection mode, and corrected for instru-
mental mass fractionation using 0.1194 for the ratio of 86Sr/88Sr. 
The external reproducibility of 87Sr/86Sr analyses is better than 
±25 ppm (2σ ) based on repeated measurements of samples and 
the NIST SRM 987 standard yielding analytical errors of ±0.000014 
(2σ). Due to the nature of our geochemical datasets, which do not 
show normally distributed variables, the statistical evaluation of 
correlation patterns between these variables is based on the Spear-
man’s (rs), rather than Pearson’s, correlation coefficient.

4. Results

A total of 36 relatively pure marine carbonates (i.e., limestones) 
with mid-Ludfordian ages were selected and analyzed for their 
δ44/40Ca values that vary from 0.19 ±0.04� to 0.99 ±0.03� (2σ), 
thus covering an overall range of ∼0.80� (see Fig. 1C, and data 
in Table A1, Appendix), which compares to a range of ∼ 8.5� for 
δ13C. In addition, 2 samples of less pure mid-Ludfordian limestones 
(i.e., tuffitic calcareous shales) gave δ44/40Ca from 0.89 ± 0.03�
to 1.00 ± 0.03�, and a total of 18 carbonates (i.e., organode-
tritic limestones) with stratigraphically older (i.e., Homerian) ages 
yielded δ44/40Ca from 0.51 ± 0.03� to 0.82 ± 0.03� (see Fig. 2; 
and data in Table A2 and Fig. A2, in Appendix).

The stratigraphic δ44/40Ca profile of the mid-Ludfordian carbon-
ates (from 0 to 31 m, see Fig. 1C) displays the following features: 
(i) a rather constant δ44/40Ca of about 0.30 ± 0.10� during an 
interval from 0 to 18 m; (ii) followed by a systematic increase to 
higher δ44/40Ca values of about 0.80 ±0.10� between 18 to 25 m; 
and (iii) a subsequent decline to about 0.40 ± 0.05� recorded in 
the upper part (29 to 31 m). Four carbonate samples located in a 
narrow interval between 5 to 6 m, thus in the vicinity of the se-
quence boundary (SB), yielded high δ44/40Ca from 0.60 to 0.82�
(Fig. 1C, light blue circles), which therefore plot away from the 
main stratigraphic δ44/40Ca trend (Fig. 1C, dark blue circles). Mi-
croscopic analysis of these four samples confirmed that they are 
from an interval dominated by calcareous/tuffitic shales contain-
ing lenses of micritic mudstones and wackestones. However, in 
general, we observe that micritic mudstones and wackestones are 
associated with lower δ44/40Ca values (about 0.3 to 0.4�), while 
micritic packstones tend to yield higher δ44/40Ca of about 0.5 to 
0.9� (for details see Appendix, Table A1).

The trend in δ44/40Ca values between 0 and 18 m is relatively 
constant at 0.30 ± 0.10�, whereas the δ13C profile shows an ex-
cursion from ∼ 0.0� to 8.5� (Fig. 1B, C), thus indicating that the 
sedimentary C and Ca isotope records are significantly decoupled 
over this stratigraphic interval (rs = −0.11, p = 0.57, n = 28), (see 
also Fig. A4 (A), in Appendix). In contrast, higher up in the section 
where the falling limb of the CIE occurs, a strong negative correla-
tion between δ13C and δ44/40Ca is observed between 19 and 31 m 
(rs = −0.78, p < 0.001, n = 15; see Figs. 1B, C). Finally, the mea-
sured 87Sr/86Sr ratios of the mid-Ludfordian carbonates vary from 
0.70839 to 0.70868 ± 0.00001 (2σ), and 87Sr/86Sr of the Homerian 
samples range from ∼0.70781 to 0.70825 ± 0.00001 (see Fig. 2A, 
Tables A1 and A2). Our results also indicate a general coupling be-
tween 87Sr/86Sr and δ44/40Ca that is particularly strong in micritic 
carbonates from massive carbonate layers, and those with some 
(but not abundant) tuffitic material mixed into the carbonate sed-
iment (see black and gray circles in Fig. A5 (A), in Appendix).

Overall, the mid-Ludfordian CIE exhibits a stratigraphic pattern 
that is strongly correlated with the lithofacies record of relative 
sea-level changes (see Fig. 2D; Frýda and Manda, 2013). Specifi-
cally, the lithological data from the Prague Basin indicate the ob-
served stratigraphic rise and fall in δ13C values closely tracks the 
regression and subsequent transgression of sea level, respectively 
(Frýda and Manda, 2013; Lehnert et al., 2007a; but see also al-
ternative sea-level reconstructions in Kozłowski and Sobień, 2012; 
and Kozłowski, 2015).

5. Discussion

5.1. Strontium isotope constraints on diagenetic history and the marine 
origin of carbonates

The 87Sr/86Sr proxy, which is strictly an isotope tracer of ge-
ological and hydrological Sr sources, is applied here to evaluate 
the role of (i) diagenetic processes, and (ii) the degree of seawater 
restriction between the Prague Basin and the open ocean during 
the period of carbonate deposition. The main source of Sr in the 
studied carbonate should be Ludfordian seawater with 87Sr/86Sr 
ranging from ∼0.70865 to ∼0.70875 (Cramer et al., 2011). How-
ever, continental inputs of Sr from riverine, groundwater and/or 
aeolian sources could result in a non-marine 87Sr/86Sr signature 
being recorded in the studied carbonates if seawater circulation 
between an open ocean and the Prague Basin was restricted. Other 
processes that could be responsible for the non-marine 87Sr/86Sr 
in the studied samples include (i) a post-depositional release of Sr 
from siliciclastic components (i.e., detrital, tuffitic, aeolian) present 
in the bulk carbonates, and/or (ii) the input and subsequent incor-
poration of radiogenic Sr from meteoric waters into the carbonates 
during later diagenesis. Overall, the studied samples are domi-
nated by relatively pure micritic/bioclastic carbonates (mudstones, 
wackestones and packstones) with a few occurrences of calcareous 
tuffitic shales and marls (for details see the sample lithologies in 
Table A1; and Frýda and Manda, 2013).

Our results show that the typical open ocean 87Sr/86Sr signa-
tures, characteristic of Ludfordian seawater (∼0.70865 to
∼0.70875), are present only in fine-grained limestones (micritic 
mudstones) sampled from the massive carbonate layers between 
0 and 19 m in the section (see Fig. 2A, and solid black cir-
cles connected with a black line). Thin-bedded and laminated 
micritic/skeletal limestones yielded lower 87Sr/86Sr ratios than 
Ludfordian seawater (cf., gray circles in Fig. 2A), falling within 
the expected range of older Gorstian seawater (i.e., ∼0.70845 to 
∼0.70865; Cramer et al., 2011). The least radiogenic 87Sr/86Sr 
ratios (as low as ∼0.70835), falling in the range of even older 
(Homerian) seawater, were measured in coarser grained sediment 
with evidence of detrital carbonate (e.g., crinoidal debris and shell 
fragments). These units were deposited near the sequence bound-
ary (SB) where there are also occurrences of thin-layered tuffitic 
calcareous shale and marl (see open circles in Fig. 2A; from depths 
∼4 to 8 m). The presence of volcanic Sr from tuffitic materials in 
the studied carbonates is not surprising considering the existence 
of the nearby Kosov and Svaty Jan Volcanic Centres, where repeated 
eruptions of basalt occurred between the Homerian and late Gors-
tian (cf., Kříž, 1991).
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Fig. 2. (A) The 87Sr/86Sr record of selected mid-Ludfordian carbonates from the Prague Basin, along with a range of 87Sr/86Sr expected for the Ludfordian, Gorstain and 
Homerian seawater (i.e., vertical rectangles; based on Cramer et al., 2011). Black, grey and open circles indicate the identified lithologies and documented tuffite occurrences
for these samples (see the legend; based on sedimentological data from Frýda and Manda, 2013). (B) The δ44/40Ca record of the mid-Ludfordian carbonates (i.e., open 
blue circles), showing also samples that yielded 87Sr/86Sr consistent with the Ludfordian seawater (i.e., dark blue circles connected with a solid line). (C) The δ13C record 
of the mid-Ludfordian carbonates from the Prague Basin (data from Frýda and Manda, 2013). The solid line connects data that were analyzed for 87Sr/86Sr and yielded 
values consistent with the Ludfordian seawater. (D) A schematic reconstruction of relative fluctuations in a local sealevel (based on Frýda and Manda, 2013). Black rounded 
rectangles and red squares indicate, respectively, the measured isotope signatures of tuffitic calcareous shales and Homerian carbonates. Abbreviations used: SB = Sequence 
Boundary. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
Overall, these associations point to diagenetic processes as be-
ing an important factor controlling the 87Sr/86Sr pattern of the 
studies mid-Ludfordian carbonates, suggesting that diagenetic flu-
ids with less radiogenic Sr (due to dissolution of interbedded 
tuffitic components with basaltic composition), and its later in-
corporation into the carbonates, were likely responsible for the 
observed shifts to ‘non-marine’ Sr isotope ratios recorded through 
the profile. Nevertheless, it is also possible that detrital carbon-
ates with lower 87Sr/86Sr signatures (e.g., Gorstian and Homerian 
limestones; cf. data in Table A2, and Cramer et al., 2011), eroded 
from the exposed carbonate platform margins during the sea level 
lowstand, could be responsible for the observed shifts to less ra-
diogenic 87Sr/86Sr ratios, the latter typically associated also with 
higher δ44/40Ca values (see Fig. 2A, B; and Fig. A5 (A) in Appendix).

Regardless of the exact mechanism(s) responsible for the 
non-marine 87Sr/86Sr signatures observed in some of the mid-
Ludfordian carbonates (see Fig. 2A, open and gray circles), it is 
important to note that the stable Ca and C isotope signatures 
in marine carbonates are more resistant to diagenetic resetting 
than 87Sr/86Sr (which is a trace-element isotope proxy). Thus, 
large water to rock (W/R) ratios of about 10 000 are required to 
reset δ13C and δ44/40Ca values in marine limestones via post-
depositional alteration (i.e., by diagenetic/meteoric fluids), which 
compares to W/R ratios of only about 100–1000 needed to rest 
87Sr/86Sr (Banner and Hanson, 1990; Husson et al., 2015). Hence, 
the finding that certain mid-Ludfordian carbonates are diagenet-
ically altered with respect to their seawater 87Sr/86Sr signatures, 
does not imply that their δ13C and δ44/40Ca values are also signif-
icantly altered, as these are expected to be more buffered against 
diagenetic resetting.

Importantly, our results from the least altered samples (i.e., mi-
critic mudstones from massive carbonate layers), which yielded 
87Sr/86Sr typical of Ludfordian seawater (Fig. 2A; black line), show 
that in the beginning stages of the mid-Ludfordian CIE when car-
bonate δ13C values increase from ∼0� to ∼8.5� (see Fig. 2C, blue 
line), the δ44/40Ca values remain constant at ∼0.3� (Fig. 2B, red 
line). This different behavior suggests that the CIE was produced 
by process(es) where the biogeochemical pathways of C and Ca in 
the late Silurian ocean were decoupled on a time scale of tens of 
thousands of years, which is the estimated duration for the initial 
rise of the CIE (for details see below; and Kozłowski and Sobień, 
2012).

5.2. Relationship between marine Ca and C isotope records: insights 
from residence times

Estimates based on sediment deposition rates and biostratigra-
phy (i.e., the thickness-time relation) indicate that the duration of 
the mid-Ludfordian CIE is of the order of 100 000 yrs (for details 
see Kozłowski and Sobień, 2012). Specifically, it has been estimated 
that the initial shift to high δ13C values at the base of the CIE oc-
curred in ∼40 000 yrs in Baltica, and that the peak-interval in the 
δ13C excursion lasted about 120 000 yrs (cf., Kozłowski and Sobień, 
2012; Kozłowski, 2015).

In order to better understand the origin of the observed Ca and 
C isotope trends (Figs. 1B, C), and whether they represent local or 
global scale Ca and C cycling processes, we need to consider how 
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the δ44/40Ca and δ13C proxies are expected to behave to perturba-
tions in the ocean Ca and C reservoirs (e.g., Holmden et al., 2012a). 
The rate of response of an isotope tracer such as δ44/40Ca in the 
ocean reservoir is dependent on many factors, but primarily on the 
residence time (τ ) of the dissolved Ca2+ in seawater, which is de-
fined as:

τ = M(S S)

F(S S)

(1)

where M represents the total mass of the dissolved Ca2+ ions in 
the ocean under the steady-state (S S) conditions; and F(S S) is the 
total steady-state input (or output) flux of Ca2+ .

Accordingly, the rate of the response (or the decay) of the ocean 
Ca cycle to a perturbation can be quantified using the following 
relationship:

δ4Ca(T ) = δ44Ca(T 0) · e(λT ) (2)

where δ44Ca(T ) and δ44Ca(T 0) represent, respectively, the isotope 
signatures of the oceanic Ca reservoir at the time of interest (T ), 
and during the ‘peak’ steady-state conditions caused by the per-
turbation event (T 0). A parameter λ represents a ‘decay constant’ 
that is characteristic for a particular system, and dependent on the 
residence time (τ ) of the tracer, according to:

λ = 1

τ
(3)

Thus, knowing the residence times of calcium (Ca2+) and car-
bon (DIC) in the late Silurian oceans (or rather the anticipated 
difference in their residence times) one can model the expected 
response times of Ca and C isotope proxies in the ocean to envi-
ronmental perturbations associated with the mid-Ludfordian CIE.

Studies of the fluid inclusions of marine evaporites (Horita et 
al., 2002), and/or results of long-term geochemical models (cf., 
Mackenzie and Andersson, 2013), indicate that the concentrations 
of Ca2+ and DIC in the late Silurian seawater were both ap-
proximately two to three times higher compared to their mod-
ern values (Ca2+ = 10.2 mmol/kg and DIC = 2.3 mmol/kg). Taking 
into account the estimated magnitudes of Ca and C input fluxes 
to Silurian oceans of about ∼15 and ∼35 Tmols/yr, respectively 
(Mackenzie and Andersson, 2013), the calculated mean residence 
times of Ca2+ and DIC in Silurian seawater are ∼2.5 millions of 
years (Ma) and ∼200 000 yrs, respectively.

Considering these residence times, our calculations (based on 
Eq. (2)) indicate significantly different recovery (or settling) times 
for perturbations of the marine Ca and C cycles during the mid-
Ludfordian event. In general, the calculations show that it takes 
approximately five residence times (τ ) for a particular isotope 
tracer to return from steady-state ‘peak’ values (i.e., plateau), back 
to the ‘normal’ pre-excursion baseline values once the forcing of 
such perturbation is removed. It should therefore take approxi-
mately 10 times longer to remove a perturbation in δ44/40Ca than 
a perturbation in δ13C, assuming that both of these proxies record 
changes in the ocean Ca and C cycles preserved in marine carbon-
ates (Holmden et al., 2012a).

In Fig. 3A and B, respectively, the δ13C and δ44/40Ca data from 
the upper interval (from 7 to 29 m) are plotted together with the 
modeled ‘response/settling’ trajectories of these isotope tracers in 
the ocean. These are calculated for different scenarios of the Ca 
and C residence times in the oceans, specifically 20 000, 100 000, 
and 1000 000 yrs (see the curves in Fig. 3A, B). Note that the iso-
tope data and model results are plotted against a time scale cover-
ing an interval of 200 000 yrs, which approximates the anticipated 
duration of the mid-Ludfordian CIE event (i.e., the heavy plateau 
interval and the falling limb), (Kozłowski and Sobień, 2012). Our 
modeling results show that it is impossible to generate a change 
Fig. 3. (A) The δ13C record showing a section of the mid-Ludfordian CIE (Kosov, 
the Prague Basin) for an interval from 7 to 29 meters (m), together with the mod-
eled ‘response curves’ for the marine δ13C proxy based on different residence times 
(τ ) of carbon in the late Silurian oceans, which are set up at hypothetical values 
of 20 000 and 100 000 yrs. (B) The δ44Ca record of the mid-Ludfordian carbon-
ates (for details see above) plotted together with the modeled ‘response curves’ 
for the marine δ44Ca proxy based on hypothetical residence times (τ ) of calcium in 
paleo-seawater of 20 000 and 1000 000 yrs. A horizontal axis (at the bottom) rep-
resents a relative time scale (in years), based on the reconstructed duration of the 
Mid-Ludfordian CIE using constraints from depositional rates and biostratigraphy (cf. 
Kozłowski and Sobień, 2012). Note that the scale for the δ44/40Ca-axis is reversed to 
enable changes in both Ca and C isotope systems to be more easily compared. (For 
interpretation of the references to color in this figure, the reader is referred to the 
web version of this article.)

in global seawater δ44/40Ca signatures over the same time frame as 
the change in seawater δ13C values when the residence time of Ca 
in seawater is in excess of 1 million years (see the black curve in 
Fig. 3B). Theoretically, one could reproduce the observed δ44/40Ca
trend in carbonates (blue circles; Fig. 3B), however, only with a 
much shorter and unrealistic residence time for Ca in the ocean 
of only about 20 000 yrs (the blue curve in Fig. 3B). This exer-
cise thus clearly demonstrates that the observed synchronousness 
in the stratigraphic trends of δ44/40Ca and δ13C in the upper part 
of the section (7 to 29 m) is not consistent with an ‘open ocean’ 
scenario, at least not for Ca isotopes. Hence, some other phe-
nomena or processes must be invoked to explain this observation, 
such as (i) a local-scale elemental/sediment cycling involving mix-
ing of isotopically distinct Ca sources (cf., Holmden et al., 2012a;
Husson et al., 2015), and/or possible kinetic Ca isotope effects 
linked to changes in the rates of marine carbonate precipitation 
(Tang et al., 2008).

5.3. Evidence for ‘kinetic’ or rate-controlled Ca isotope effects during 
carbonate precipitation

To further evaluate whether source mixing or kinetic effects is the 
more plausible mechanism for explaining the observed δ44/40Ca
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Fig. 4. The δ44/40Ca versus Sr content in carbonates, i.e., calcites, from this study 
(open blue circles = the mid-Ludfordian carbonates), and from the study of Tang 
et al. (2008) that investigated laboratory-controlled inorganic calcites (red triangles) 
formed under variable precipitation rates. Note that the latter data, and a solid red 
line (i.e., a kinetic fractionation trend), are both representative of a situation that 
assumes δ44/40Ca of a calcification fluid of 1.88� (i.e., as modern seawater, SW), 
which is illustrated as a red circle. A blue line represents a fitted ‘trend line’ through 
our data (i.e., open blue circles) that has a slope of −0.00097 ± 0.00016, which is 
within the error identical with the ‘kinetic fractionation trend’ of Tang et al. (2008)
that has a slope of −0.00094. A solid blue circle represents an intercept of the 
‘trend line’ based on our data, which according to the theory (cf., Tang et al., 2008) 
should also reflect the Ca isotope composition of the late Silurian seawater (LS-SW) 
in the Prague Basin. A vertical blue rectangle shows the estimated δ44/40Ca range of 
Silurian seawater based on data of globally distributed fossil brachiopods (Farkaš et 
al., 2007). (For interpretation of the references to color in this figure, the reader is 
referred to the web version of this article.)

variability in the mid-Ludfordian carbonates, we investigated the 
relationship between Ca isotopes and Sr concentrations in our 
profile (see Table 1A, Appendix). According to Tang et al. (2008), 
kinetic fractionation effects caused by variable rates of CaCO3 pre-
cipitation should exhibit a linear trend between δ44/40Ca and Sr-
concentrations, following the relationship:

�44/40Cacalcite-aq = −0.00094 ∗ Sr (ppm) − 0.07 ± 0.09 (4)

where �44/40Cacalcite-aq is the isotope difference (in �) between 
the δ44/40Ca signature of precipitated calcite and that of a fluid (or 
seawater) from which the calcite is formed. It is noted that the 
precipitation rates (log R) for the inorganic calcite experiments of 
Tang et al. (2008), ranging between 2–4 μmol/m2/h, are compara-
ble to rates for modern marine biogenic carbonates (e.g., calcitic 
foraminifera with log R of about 3 to 3.5; Kisakürek et al., 2011).

Plotting our data in the same coordinates (δ44/40Ca vs. Sr 
concentrations) as Tang et al. (2008) reveals a moderate yet sta-
tistically significant correlation between δ44/40Ca values and Sr 
concentrations (rs = −0.76, p < 0.001, n = 41) and similar slope 
−0.00097 ± 0.00016 (see a blue line and open circles, Fig. 4). This 
co-variation between δ44/40Ca and Sr concentration data holds 
through the entire profile. According to Tang et al. (2008), the 
y-intercept should reflect the δ44/40Ca of a solution, i.e., paleo-
seawater, if the δ44/40Ca values and Sr concentrations of the car-
bonates have not been altered during diagenesis. The y-intercept 
for the studied carbonates is +0.94 ± 0.08� (a solid blue circle, 
Fig. 4), which is ∼ 1� lower than the δ44/40Ca value of mod-
ern seawater (+1.86). This value (+0.94 ± 0.08�) is only slightly 
lower than published estimates of the early Paleozoic seawater 
based on fossil brachiopod data (Farkaš et al., 2007), which suggest 
δ44/40Ca values between +1.2 and 1.5� for late Silurian seawa-
ter (a blue vertical rectangle in Fig. 4, labeled as LS-SW = Late 
Silurian Seawater).

These estimates, however, involve assumptions that are difficult 
to quantify. Specifically, the paleo-seawater δ44/40Ca reconstruc-
tions based on fossil brachiopod data assume that the fractionation 
factor controlling the δ44/40Ca value of Silurian brachiopod cal-
cite was the same as for modern species. Also, the y-intercept 
of the ‘kinetic trend’ acquired from marine sedimentary carbon-
ates is susceptible to Sr-loss due to syndepositional or later di-
agenetic recrystallization. For example, if the degree of possible 
post-depositional Sr loss was relatively uniform among the stud-
ied carbonates in the profile, then the diagenetic process would 
cause the δ44/40Ca vs. Sr data trend to shift to the left on the di-
agram (Fig. 4), resulting in lower inferred seawater δ44/40Ca value 
(i.e., lower y-intercept), while possibly preserving the kinetic slope 
of the trend because δ44/40Ca is more resistant to alteration than 
Sr concentrations. On the other hand, the lower seawater δ44/40Ca
values inferred from the y-intercept may be of local rather than 
global significance, due to input fluxes of Ca from local scale disso-
lution CaCO3 sediment within the Prague Basin, including subma-
rine and subaerial weathering of carbonate sediments and subma-
rine groundwater discharge (Holmden et al., 2012a, 2012b).

Local-scale changes in the carbonate chemistry and CaCO3 sat-
uration state of seawater in the Prague Basin have the potential 
to drive such kinetically controlled variations in the studied car-
bonate δ44/40Ca record. These phenomena may include the re-
cently suggested carbonate hypersaturation conditions of the mid-
Ludfordian oceans, or local seawater in the Prague Basin, which 
should promote a rapid surficial degassing of CO2 and CH4 gases 
with a preferential loss of 12C from the residual DIC pool. The 
consequence of such kinetic isotope effects linked to carbonate hy-
persaturation would be the precipitation of marine carbonates 
with heavy δ13C and light δ44/40Ca values (cf., Kozłowski, 2015;
Tang et al., 2008), in agreement with our observations (Fig. 1B, C).

5.4. Possible role of carbonate mineralogy: calcite vs. aragonite mixing

Ca isotope data from inorganic laboratory precipitation experi-
ments, and from modern marine carbonates, indicate that calcite 
is often isotopically heavier than aragonite, by up to 0.6�, due 
to differences in crystal lattice parameters and Ca–O bonding en-
vironments (Gussone et al., 2005). In addition, aragonite has also 
significantly higher Sr content compared to calcite (i.e., thousands 
vs. hundreds of ppm, respectively) and thus changes in the relative 
proportion of calcite vs. aragonite abundances in bulk carbonate 
sediments could generate a systematic coupling between strati-
graphic changes in δ44/40Ca and Sr contents (cf. Husson et al., 
2015). Such changes could be driven via (i) eustatically controlled 
migration of carbonate facies within a basin (e.g., mixing of deeper 
calcitic vs. shallower aragonitic sediments), and/or (ii) changes in 
the CaCO3 mineralogy of the primary producers in the depositional 
setting.

Traditionally, the Silurian is considered to represent a stable pe-
riod of typical ‘calcitic seas’ due to low marine Mg/Ca ratios (<2), 
(Mackenzie and Andersson, 2013). However, recent experimental 
studies suggest that it is not only the marine Mg/Ca ratio but 
also seawater temperature that controls the primary mineralogy 
of carbonate sediments (Balthasar and Cusack, 2015). Aragonite 
was likely a common constituent (>50%) of marine carbonate 
sediments even in the ‘calcitic sea’ of the late Silurian, if the tem-
perature of seawater was >25 ◦C. It is therefore possible that the 
observed coupling between δ44/40Ca and Sr concentrations in the 
studied mid-Ludfordian carbonates (Fig. 4) could be due to mixing 
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Fig. 5. The δ44/40Ca and Sr contents in modeled mixtures of pure calcite and 
aragonite end-members (calculated based on a mass balance approach, see Ap-
pendix, Table A3), and these are compared to δ44/40Ca and Sr data measured in the 
late Silurian (mid-Ludfordian) carbonates from the Prague Basin (i.e., red squares). 
Note that pure calcite end-member has δ44/40Ca of 1.0� and Sr concentration of 
500 ppm, and aragonite has δ44/40Ca of 0.2� and Sr concentration of 8000 ppm. 
(For interpretation of the references to color in this figure, the reader is referred to 
the web version of this article.)

of sedimentary calcite and aragonite, rather than ‘kinetic’ isotope 
effects.

This alternative hypothesis is not without pitfalls that also re-
quire careful consideration. For example, the mixing of calcite and 
aragonite is not expected to generate a linear trend with the ‘kinet-
ic’ slope of −0.000096 (as observed in our data) on the δ44/40Ca
vs. Sr concentration diagram, but rather a hyperbolic trend (see 
Fig. 5). The degree of curvature of the mixing hyperbola is a func-
tion of the large difference in Sr concentration between aragonite 
and calcite. However, calcitization of the sediment during diagen-
esis will tend to linearize the mixing relation due to the loss of 
Sr from aragonite, bringing the Sr concentration of the secondary 
calcite closer to the Sr concentration of the primary calcite. How-
ever, if this is true, then slope of −0.000096, which is nearly in 
perfect agreement with the ‘kinetic’ slope determined from labora-
tory precipitation experiments (Tang et al., 2008), would have to be 
considered a coincidence. Alternatively, the ‘kinetic’ slope may be 
diagenetic feature produced during carbonate neomorphism rather 
than during carbonate precipitation in surface environments. How-
ever, carbonate precipitation rates should be low in diagenetic 
environments, presumably too low to produce the strong kinetic 
coupling between δ44/40Ca and Sr concentrations observed in our 
data and the experiments of Tang et al. (2008). In addition, mixing 
of sedimentary calcite and aragonite cannot by itself explain the 
extremely high δ13C signatures (up to 8.5�) recorded in the mid-
Ludfordian carbonates, as aragonite is only about 1.8� higher in 
13C than calcite (Rubinson and Clayton, 1969). Finally, based on the 
new conodont δ18O record of Trotter et al. (2016), paleo-seawater 
temperatures should be significantly (ca. 5 to 10 ◦C) cooler during 
the onset of the mid-Ludfordian CIE, and thus the conditions for 
aragonite precipitation should be less favorable during this time. 
Accordingly, one would expect to see higher δ44/40Ca values and 
lower Sr concentrations (due to less aragonite and more calcite in 
sediment) during this cooler interval at the onset of the CIE, which 
however is a prediction that is at odds with our data showing ac-
tually an opposite trend (see Figs. 1 and 4).
In summary, ‘kinetic effects’ likely did play an important role 
in establishing the range of the observed δ44/40Ca values in the 
studied mid-Ludfordian carbonates, but accepting this interpreta-
tion does not preclude the possibility that mineralogical effects 
may also be important. More research is needed to discern be-
tween these hypotheses for controlling carbonate δ44/40Ca values 
in marine carbonate successions, generally, and specifically during 
the mid-Ludfordian CIE being the largest positive δ13C excursion of 
the entire Phanerozoic.

6. Conclusions

We investigated Ca isotope variability (δ44/40Ca) in late Silurian 
marine carbonates from the Prague Basin deposited during the 
mid-Ludfordian positive CIE. Our results show that during the on-
set of the CIE, when δ13C increases from ∼0� to ∼8.5�, δ44/40Ca
remains constant at ∼0.3�, while 87Sr/86Sr data from least al-
tered samples indicate a typical Ludfordian seawater composition. 
The absence of a coincident shift in δ44/40Ca in the beginning 
stages of the CIE is consistent with (i) the longer oceanic residence 
time of Ca compared to C, and (ii) the short duration of hypothe-
sized glacio-eustatically driven sea level fluctuations on the order 
of ∼10 000 yrs (cf., Kozłowski and Sobień, 2012).

Taking into account that our 87Sr/86Sr data from the least 
altered carbonates yielded typical Ludfordian seawater composi-
tion (with 87Sr/86Sr from ∼0.70865 to ∼0.70875), plausible pro-
cesses for the origin of the mid-Ludfordian CIE include: (i) changes 
in oceanic circulation and stratification, i.e. the oceanic-climatic 
models (cf., Jeppsson, 1990; Bickert et al., 1997), (ii) near shore 
methanogenesis and intense photosynthesis (cf., Panchuk et al., 
2006; LaPorte et al., 2009; Kozłowski and Sobień, 2012) associ-
ated with seawater carbonate hypersaturation in near shore settings 
(Kozłowski, 2015), and/or (iii) increase in the organic C production 
and burial in the global ocean (Kump and Arthur, 1999). The lat-
ter scenario (iii) is, however, not feasible considering the lack of 
evidence for increased organic carbon deposition in coeval marine 
sediments, and the fact that mass balance constraints indicate that 
the organic carbon burial flux in the global ocean would need to 
increase almost 3 times (from ∼20% to ∼55%) to generate the CIE 
with a magnitude of +8.5� and over such a short timescale.

Importantly, higher up in the profile (∼10 to 30 m) where 
the positive CIE plateau is established and gradually declines back 
to 0� we observe a strong coupling between carbonate δ13C
and δ44/40Ca records (Fig. 1), with evidence for an overall ‘ki-
netic’ control of the observed Ca isotope variations (Fig. 4). The 
latter is indicated by a linear correlation between δ44/40Ca and 
Sr-concentration data (rs = −0.76, p < 0.001, n = 41) with the ‘ki-
netic’ slope of −0.00097. The importance of kinetic processes, or 
rate controlled isotope effects, during the formation of the mid-
Ludfordian CIE was recently suggested by Kozłowski (2015), and 
previously also by Holmden et al. (2012a) for the formation of 
the Hirnantian CIE. Both studies stressed the importance of (i) 
anomalous supplies of nutrients needed to drive increased local 
biological productivity in near shore regions of epeiric seas where 
the δ13C excursions tend to be largest; and the associated (ii) 
increase in CaCO3 saturation-state of local seawater that enables 
rapid carbonate precipitation. Kozłowski (2015) presented petro-
graphic evidence for peculiar calcite ‘sparoids’ in peri-platform de-
posits recording the Ludfordian CIE in eastern Poland, which he in-
terpreted to reflect calcite precipitation at the air-sea interface un-
der conditions of locally enhanced carbonate hypersaturation. This 
is a scenario that is consistent with kinetics driving the variation 
in δ44/40Ca values in the study section, i.e., an increase in carbon-
ate precipitation rate should correlate with a decrease in carbonate 
δ44/40Ca values. However, there is no corresponding (i.e., coeval) 
shift in δ44/40Ca values at the base of the CIE, suggesting that the 
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purported carbonate hypersaturation conditions of mid-Ludfordian 
seawater may have been present in the Prague Basin before the 
CIE. Higher up in the section, δ44/40Ca values increase at the same 
time that the CIE is declining to baseline values, which means that 
the hypothesized conditions of hypercalcification (i.e., carbonate hy-
persaturation) would also be declining. Here, the coupled Ca and C 
isotope changes support a decrease in carbonate precipitation rate. 
Alternatively, the change in δ44/40Ca values may reflect a shift in 
the mineralogy of the primary produced carbonate sediment from 
aragonite to calcite, reflecting a sea level driven change in carbon-
ate depositional facies and carbonate polymorph mineralogy.

Future Ca isotope studies of late Silurian carbonates collected 
from different paleo-continents, and covering a wider range of 
paleo-environments, may shed more light on the question of 
whether kinetics or rather carbonate mineralogy represents the main 
control over the observed variations in δ44/40Ca record of mid-
Ludfordian carbonates, and the cause of this largest positive CIE 
in Phanerozoic history.
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