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1 Abstract1

The Devonian Period hosts extraordinary changes to Earth’s biosphere. Land plants began their2

rise to prominence, with early vascular vegetation beginning its colonization of near-shore en-3

vironments in the latest Silurian. Across the Silurian-Devonian (Pridoli-Lochkovian) transition,4

carbon isotope analyses of bulk marine carbonates (δ13Ccarb) from Laurentian and Baltic succes-5

sions reveal a positive δ13Ccarb shift. Known as the Klonk Event, values reach +5.8h, making it6

one of the largest carbon isotope excursions in the Phanerozoic. Assigning rates and durations to7

these significant events requires a robust, precise Devonian time scale. Here we present 675 mi-8

critic matrix and 357 fossil-specific δ13Ccarb analyses from the lower Devonian Helderberg Group9

of New York and West Virginia that exhibit the very positive δ13Ccarb values observed in other10

Silurian-Devonian basins. This chemostratigraphic dataset is coupled with 66 ID-TIMS U-Pb dates11

on single zircons from six ash falls intercalated within Helderberg sediments, including dates on12

the stratigraphically lowest Devonian ashes yet developed. In this work, we (a) demonstrate that13

matrix and fossil-specific δ13Ccarb values track one another closely in the Helderberg Group, (b)14

estimate the Silurian-Devonian boundary age in New York to be 421.3±1.2 Ma (2σ; including15

decay constant uncertainties), and (c) calculate the time required to evolve from baseline to peak16

δ13Ccarb values at the onset of the Klonk event to be 1.00±0.25 Myr. Under these constraints, a17

steady-state perturbation to the global carbon cycle can explain the observed excursion with mod-18

ern fluxes, as long as DIC concentration in the Devonian ocean remained below ∼2× the modern19

value. Therefore, potential drivers, such as enhanced burial of organic carbon, need not rely on20

anomalously high total fluxes of carbon to explain the Klonk Event.21

2 Introduction22

The Early and Middle Devonian (419.2 – 358.9 Ma; Becker et al., 2012) mark an acme in genus-23

level diversity of marine invertebrates (Alroy et al., 2008) and widespread tectonism associated24
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with the initial closing of the Rheic ocean that separated the Laurussian and Gondwanan pale-25

ocontinents (Nance et al., 2010). The end-Silurian records the initial colonization of terrestrial26

ecosystems by vascular plants, and this process continued in the Early Devonian with the devel-27

opment of larger body sizes, seeds and leaves (Gensel, 2008). Macroscale root systems become28

prevalent in alluvial systems in the Lochkovian Stage (Raven and Edwards, 2001), broadly coeval29

with the initiation of a putative, 100-Myr decline in atmospheric CO2 that some attribute to the rise30

of a terrestrial biosphere (Berner and Kothavala, 2001).31

At the dawn of this major biotic innovation in the global carbon cycle, basins that span the32

Silurian-Devonian transition record a large, positive excursion in the δ13C values of carbonate33

rock (δ13Ccarb). Values rise from 0 to +5.8h in Laurentian (Nevada, Oklahoma and West Virginia;34

Saltzman, 2002) and Baltic (Czech Republic and Carnic Alps; Buggisch and Mann, 2004) sections35

(Fig. 1), making the Silurian-Devonian boundary excursion one of the largest in the Phanerozoic36

Eon (Saltzman and Young, 2005). Known as the ‘Klonk Event’ after the location of the GSSP for37

the Silurian-Devonian boundary in the Czech Republic, the similar shape and magnitude of the38

excursions recorded in globally disparate basins, constrained biostratigraphically to be Silurian-39

Devonian in age, has led many to argue that it represents a perturbation to the global carbon cycle,40

with rising values in δ13Ccarb representing the evolving isotopic composition of global dissolved41

inorganic carbon (δ13CDIC). Workers have invoked global regression and the weathering of ex-42

posed, isotopically heavy Silurian carbonate platforms (Saltzman, 2002) or enhanced organic car-43

bon burial of newly evolved terrestrial biota (Malkowski and Racki, 2009) as drivers for the Klonk44

Event. The general paradigm that (a) δ13Ccarb reflects δ13CDIC and (b) secular isotopic change45

is forced by changes to the global carbon cycle has been widely applied by geologists and geo-46

chemists to interpret global δ13Ccarb excursions (e.g., Kump et al., 1999). Such models, however,47

rarely are coupled with independently-derived age models (Maloof et al., 2010), which would allow48

for intra- and inter-basin chemostratigraphic correlation schemes to be tested, the global vs. local49

nature of the δ13Ccarb excursion to be established, the absolute duration of the excursion to be con-50

strained and the carbon fluxes and reservoir sizes required to drive the perturbation to be quantified.51
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Therefore, a coupled chemostratigraphic-geochronologic study of the Silurian-Devonian boundary52

in the Helderberg Group of North America, where carbonate strata are interbedded with ash falls53

amenable to U-Pb dating on volcanic zircon, represents a rare opportunity to constrain rates of54

change and assess potential drivers for a major perturbation to the ancient geologic carbon cycle.55

3 Geologic background56

The Helderberg Group (Gp.) is a 90–140 m thick succession of mixed carbonates and siliclastics57

(Clarke and Schuchert, 1899), deposited in a back-bulge Appalachian basin (i.e., on the eastern58

margin of Laurentia, and west of the peripheral foreland bulge) in a period of relative tectonic59

quiescence between the Taconic and Acadian orogenies (Dorobek, 1987; Ver Straeten, 2004). It60

outcrops from central New York (measured sections H1–H4a,b on Fig. 2) to Virginia (H5 on Fig.61

2), and is thickest near the axis of the Appalachian foreland basin in the Virginia-West Virginia62

region (Dorobek, 1987). Further north, the Heldeberg Gp. thins, and carbonate facies indicate a63

more restricted depositional environment, with basin isolation increasing from east to west in New64

York state (Rickard, 1962; Laporte, 1969). The Helderberg Gp. represents a transgressive sys-65

tem tract; in New York, deposition begins with the dolomite-cemented sandstones of the Rondout66

Formation (Fm.) which grades upward into the finely-bedded lagoonal carbonate mudstones with67

frequent microbialitic textures of the Manlius Fm. (Fig. 2). The more open-marine brachiopod-68

crinoid packstones and grainstones of the Coeymans Fm. overlies the Manlius. The Coeymans69

fines upward into the cherty lime wackestones of the Kalkberg Fm., with a gradational contact70

existing with the overlying, finer argillaceous wackestones and mudstones of the New Scotland71

Fm. The overall fining–upward trend is interrupted briefly with the deposition of the thick-bedded,72

crinoidal grainstones of the Becraft Fm.73

In West Virginia, the Keyser Limestone represents the lowest formation in the Helderberg Gp.,74

and conformably overlies the fossil-poor mudstones of the Tonoloway Limestone (Fig. 2). The75
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Figure 1. (A) Silurian-Devonian δ13Ccarb data from the Czech Republic and the Carnic Alps (Buggisch and
Mann, 2004), Oklahoma (Saltzman, 2002), Nevada (Saltzman, 2002), New York and West Virginia (sections
H4 and H5 from this work). The similar shapes of the individual δ13Ccarb profiles have been used to cre-
ate this composite, as well as biostratigraphic considerations for correlation at the epoch/age level. Despite
divergences in δ13Ccarb values between localities, especially in the middle Lochkovian, all sections exhibit
a positive δ13Ccarb excursion concordant with the Silurian-Devonian boundary. (B) The width of the bars,
color-coded by section and lithology and labeled with true section thicknesses (in meters), correlates with
1/S, where S is the stretch factor applied to the dataset; values of 1/S are labeled in the colored squares. If
these stratigraphic δ13Ccarb profiles are a product of secular change in global DIC, then 1/S would also cor-
relate with relative sedimentation rates of each section. (C) ∼ 420 Ma paleogeographic reconstruction from
www.gplates.org (Wright et al., 2013), with section localities rotated to their approximate paleo-position.

wackestones and packstones of the Keyser Limestone are divided into upper and lower members by76

the ∼15-m-thick Big Mountain Shale. The upper Keyser Limestone grades into the coarser-grained77
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packstones and grainstones of the New Creek Limestone, which in turn is overlain by the siltier,78

partially silicified mudstones of the Corriganville Limestone. Silicification increases upwards, and79

the Corriganville grades into the overlying Shriver Chert. Helderberg Gp. deposition ended with80

the Middle Devonian approach of the Avalonian terrane towards the modern-day eastern side of81

Laurentia, which shed a vast quantity of siliclastic material and buried the Helderberg Gp. in the82

Devonian-Mississippian Acadian clastic wedge (Dorobek, 1987).83

The basal Devonian GSSP is located in Klonk, southwest of Prague, in the Czech Republic. The84

Klonk section is composed of rhythmically laminated limestones and shales, and the GSSP is85

within Bed 20, immediately below the first appearance of the graptolite Monograptus uniformis86

uniformis (Becker et al., 2012). Owing to its shallower, more carbonate-rich and coarser-grained87

nature, attempts at locating the Silurian-Devonian boundary in the Helderberg Gp. mainly have88

employed conodont biostratigraphy. In these efforts, identification of the first appearance datum89

(FAD) of the fossil sub-species Icriodus woschmidti woschmidti most commonly is used as a proxy90

for the base of the Devonian System (but see Carls et al., 2007, for a recent discussion of prob-91

lems surrounding the use of I. woschmidti woschmidti as a basal Devonian index fossil). In West92

Virginia, the boundary is further constrained by the last appearance of the Pridoli-aged conodont93

Oulodus elegans detorta (Denkler and Harris, 1988). These biostratigraphic horizons imply that the94

Silurian-Devonian boundary is within the uppermost five meters of the Keyser Limestone (section95

H5 in Figs. 2). In the more restricted, fossil-poor facies of upstate New York, however, placement96

of the boundary is more challenging, and remains a subject of debate, with workers placing it vari-97

ably between the top of the Rondout Fm. to as high as the upper Coeymans Fm. (Kleffner et al.,98

2009, and references therein). On figure 2, two horizons are labeled in section H1 that are described99

as the best candidates for the Silurian-Devonian boundary by Kleffner et al. (2009), based upon100

both biostratigraphic and chemostratigraphic considerations.101

Coincident with basin transgression, as the succession transitions from shallow, shelfal carbon-102

ates to deeper, shalier units, numerous 2–20 cm thick ashes are found in the Helderberg Gp.103
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Figure 2. Physical stratigraphy of the Helderberg Gp., paired with δ13Ccarb and δ18Ocarb data, from six
measured stratigraphic sections. Datum definitions: The datum for sections H1, H3 and H4b is the base of
the Rondout Fm. The datum for sections H1, H3 and H4b is the base of the Rondout Fm. H2 begins in the
Coeymans Fm., 9 meters below the Coeymans-Kalkberg contact. H4a begins in the Manlius Fm., 11 meters
below the Manlius-Coeymans contact. H5 begins in the Tonoloway (continued on next page)
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Figure 2. (continued from previous page) Datum definitions, continued: Limestone, 1.1 meters below
the Tonoloway Limestone- lower Keyser Limestone contact. Detailed locations for each measured section
are outlined in section S1 of the supplementary online material.

(Ver Straeten, 2004). The clay-rich beds (K-bentonites) contain pristine volcanic phenocrysts of104

apatite, feldspars, β-quartz and zircon, and analysis of melt inclusions within quartz grains indicate105

parent magmas of a high-silica, rhyolitic composition (Hanson, 1995). These ashes have been used106

for over 50 years as an intra-basin correlation tool (Rickard, 1962; Hanson, 1995; Ver Straeten,107

2004); however, only a single ash (sample H1-1 in Fig. 2) has been previously targeted for ra-108

dioisotopic dating via U-Pb in zircon (Tucker et al., 1998). The age from Tucker et al. (1998) – a109

weighted-mean 207Pb/206Pb age calculated from 9 multi-grain ID-TIMS analyses – represents the110

oldest dated horizon from Devonian sediments. The age was recalculated by Schmitz (2012) to be111

415.58±2.71 Ma using the revised U decay ratio of Schoene et al. (2006), and serves as an impor-112

tant anchor-point for estimation of the absolute age of the Silurian-Devonian boundary, currently113

defined as 419.2±3.2 Ma (Becker et al., 2012).114

4 Methods115

4.1 δ13C and δ18O chemostratigraphy116

Carbonates were sampled at ∼0.3 to 0.5 m resolution while measuring six stratigraphic sections117

covering the Helderberg Gp. Clean limestones and dolostones with minimal siliciclastic compo-118

nents were targeted. A total of 675 samples were slabbed and polished perpendicular to bedding119

and 5 mg of powder were micro-drilled from individual laminations of the finest–grained ground-120

mass (most often micrite) for isotopic analysis. 357 powders also were micro-drilled from individ-121

ual fossil domains (brachiopods, crinoids, and corals) from bioclast-rich samples for comparison122

with micrite samples from the same horizons. Isotopic analyses were performed at Princeton Uni-123

versity, where all powders were placed in individual borosilicate reaction vessels and heated to124
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110◦C to remove volatile contaminants and water. Samples were then reacted at 72◦C with 5 drops125

of H3PO4 in a GasBench II preparation device coupled directly to the inlet of a Thermo DeltaPlus126

continuous flow isotope ratio mass spectrometer. δ13C and δ18O data were acquired simultane-127

ously, and precision and accuracy of data are monitored through analysis of 21 standards for every128

59 measured unknowns. 11 of the standards were an international, primary standard (NBS-19) and129

10 were an internal marble standard. All δ13C and δ18O values are presented as h differences from130

the isotopic composition of the V-PDB international standard. Measured precision is maintained131

at 0.1h (1σ) for δ13C and 0.2h (1σ) for δ18O. All δ13C and δ18O measurements are provided in132

Tables S5 and S6 in the supplementary online material.133

4.2 U-Pb zircon geochronology134

All geochronology samples were processed and analyzed at Princeton University. Zircon crystals135

separated from the the six ash samples were mounted in epoxy resin and imaged by cathodolumi-136

nescence (CL) to help screen for potential inherited populations (Fig. S1), with crystals selected137

for dating plucked from these mounts. Selected crystals had weak-to-strong concentric CL zoning,138

suggestive of a volcanic source (Fig. S1). After screening, selected zircons were prepared using a139

modified version of the chemical abrasion technique of Mattinson (2005), described fully in sec-140

tion S2 of the supplementary online material. All analyses were made on single zircon grains via141

isotope dilution, using either the EARTHTIME 205Pb-233U-235U (ET535) or the 202Pb-205Pb-233U-142

235U (ET2535) tracer solution (see Table S1 for spike compositions; Condon et al., 2015; McLean143

et al., 2015). Isotopic ratios were measured on an IsotopX Phoenix62 thermal ionization mass spec-144

trometer. Data reduction, error propagation and plotting of U-Pb data in figure 3 was done using145

the U-Pb_Redux software package (Bowring et al., 2011), using the algorithms of McLean et al.146

(2011). A full U-Pb data table is included in Tables S4 in the supplementary online material, with147

reported uncertainties at the 2σ level and include internal sources of uncertainty only. More details148

on the geochronology and mass spectrometry methods employed are outlined in section S2 in the149
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level and and were calculated via the U-Pb_Redux program of Bowring et al. (2011) using the algorithms of
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supplementary online material.150

10



4.3 Zircon TIMS-TEA geochemistry151

The trace element compositions of the same zircons dated by ID-TIMS were characterized follow-152

ing the analytical protocol of Schoene et al. (2010b) at Princeton University. Trace element washes153

isolated chromatographically during U-Pb column chemistry were dried down in pre-cleaned 2.0154

ml polypropylene vials and redissolved in 1.0 ml 1.5 N HF + 0.1 N HNO3 with 1 ppb Ir. Measure-155

ments were performed on a Thermo Fisher Element 2 sector field-inductively coupled plasma-mass156

spectrometer (SF-ICP-MS) with a sample introduction system consisting of a CETAC Aridus II de-157

solvation nebulizer + ASX-100 autosampler. Measured elements included Zr, Hf, Sc, Y, Nb, Ta,158

REEs, Pb, U, Th and Ir, with iridium monitored as an internal standard during mass spectrom-159

etry. The instrument was tuned in medium resolution mode with an optimal signal intensity of160

0.5–2 Mcps for 1 ppb Ir. A matrix-matched, gravimetric external calibration solution was prepared161

with the relative abundance of targeted elements representing that observed in natural zircon (e.g.,162

Zr/Hf = 50). A dilution series was generated using this solution to cover the range of concentra-163

tions observed in unknowns (e.g., [Zr] = 101–104 ppb solution), which was then used to generate164

a concentration-intensity calibration curve for each trace element at the beginning of the analyti-165

cal session. Samples and interspersed instrumental and total procedural blanks were analyzed in166

sets of 24 with a line washtime of 120 s and uptake time of 90 s. Post data acquisition, solution167

concentrations were converted to stoichiometric concentrations in zircon by normalizing solution168

concentration data, assuming Zr + Hf = 497,646 ppm in zircon.169
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5 Results170

5.1 Chemostratigraphy171

We present 675 micritic matrix and 357 fossil-specific δ13Ccarb and δ18Ocarb analyses from 5 mea-172

sured sections of the lower Devonian Helderberg Gp. in New York and West Virginia (Figs. 2173

and 4). To account for differing thicknesses and sedimentation rates across the basin, heights of174

samples from individual sections were adjusted to create the composite Helderberg stratigraphic175

section presented in figure 4, with stretches designed to maximize the fit of their δ13Ccarb profiles,176

thereby assuming that δ13Ccarb change is isochronous at least on the basin-scale (unstretched strati-177

graphies are presented in Fig. 2). As H4 (a composite section of H4a and H4b; see Fig. 2 caption)178

is one of thickest and most stratigraphically complete section presented here, it serves as reference179

section against which the other 4 sections were stretched. By this design, H4 sample heights (in180

meters) correlate with their normalized position value (between 0 and 1; Fig. 4B) in the resulting181

composite on a 1:1 basis. Besides this reference section, individual sections need not have single182

stretch factors, nor is continuous sedimentation necessarily assumed. For example, data from H3183

were treated as two blocks with different stretch factors, with a break between the upper and lower184

blocks (Fig. 4). This treatment implies a change in relative sedimentation rate in section H3 as185

compared to H4, with an inferred hiatus in deposition marking that change.186

The basal portions of all measured sections show a distinctive rise in δ13Ccarb values, climbing187

from ∼ 0h to ∼ 5h. In New York, this maximum occurs near the boundary of the Manlius and188

Coeymans fms., and is found in the basal upper Keyser Limestone in West Virginia (Figs. 2 and189

4B). From this apogee, δ13Ccarb values fall to 1.5h, and variably rise to a local maxima of 2190

to 3h before falling to 1 to 2h at the top of the measured sections. δ13Ccarb data from fossil191

domains (red and blue bars in Fig. 4B), collected from bioclast-rich horizons in sections H1 and192

H4, closely track the δ13Ccarb values (i.e, within ∼ 0.5h) developed from the coeval micrite phase.193
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3 and 49, with a median value of 8). Fossil horizons labeled with numbers are presented also in figure 5. The
different stretches (S) and translations applied to the five sections are displayed as colored bars to the right of
(C), with the widths of bars correlating to 1/S and labeled with true section thicknesses in meters. Values of
1/S also are labeled in the colored squares. Formation abbreviations in (A) are Ro = Rondout; M = Manlius;
C = Coeymans; K = Kalkberg; NS = New Scotland; B = Becraft; To = Tonoloway Limestone; K = Keyser
Limestone; BMS = Big Mountain Shale; NC = New Creek Limestone; Co = Corriganville Limestone.

Such reproducibility is not apparent in the δ18Ocarb dataset, where fossils diverge from micrite by194

up to 4h and gradients of up to 7h exist between individual sections (Fig. 4B). The absence of195
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stratigraphic coherence suggests a diagentic control on δ18Ocarb.196

To compare the measured isotopic ratios of fossil and ground-mass micrite phases more quantita-197

tively, we calculate a ∆13C and ∆18O value for each of the 357 fossil measurements from sections198

H1 and H4 (Fig. 5). While bioclasts are present throughout the Helderberg, especially in packstone199

and grainstone lithologies, our analyses were restricted to intervals where fossils large enough for200

micro-drilling were present. Unfortunately, these horizons do not include the intervals of greatest201

isotopic change (fossil symbols on Fig. 2). These metrics have been used in previous studies to202

compare isotopic offsets between fossils and ground-mass (e.g., Samtleben et al., 2001; Batt et al.,203

2007; Brand et al., 2012), and are defined as the difference in carbon and oxygen composition be-204

tween a fossil phase and the coeval micrite sampled from the same stratigraphic horizon (i.e., ∆13C205

= δ13Cfossil - δ13Cmicrite). Thus, values of 0h in figure 5 denote no isotopic difference between a206

fossil and paired micrite measurement. For H1, the ∆13C mean on the full dataset is -0.10h, with207

a standard deviation of 0.35h (Fig. 5A); for H4, the mean value is 0.05h (1σ = 0.25h; Fig. 5B).208

While the variance in the ∆13C distribution is higher in H1 than in H4, both are centered near 0h209

and are broadly Gaussian in shape (Fig. 5A, B). By contrast, the shapes of the ∆18O distributions210

are very dissimilar, both from each other and from their associated ∆13C distribution. For H1, the211

mean is close to zero (-0.12h), but the distribution is very non-normal, and skews towards negative212

∆18O values (Fig. 5C). The H4 ∆18O distribution is more symmetric, but its mean is centered over213

1.5h (Fig. 5D). In both instances, ∆18O values are more dispersed than ∆13C; the observed range214

for ∆18O is ∼5h, as compared to ∼1h for ∆13C.215

Differences between H1 and H4 fossil data also are apparent in cross-plots of ∆13C and ∆18O (Fig.216

5E, F). H4 fossils exhibit no correlation between the two parameters, with larger variance in ∆18O217

(Fig. 5F), analogous to the full Helderberg δ13Ccarb-δ18Ocarb chemostratigraphic dataset (Figs. 4B,218

C and S2). By contrast, H1 fossils do show a linear correlation between ∆13C and ∆18O (r2 = 0.34219

with p�0.01; Fig. 5E). This covariation is driven entirely by data from four stratigraphic horizons220

(colored squares in Fig. 5E; also labeled in Fig. 4B). Considering data from these four horizons221
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Figure 5. Isotopic differences between fossil and micrite phases from measured sections H1 (15 horizons
sampled) and H4 (16 horizons). ∆13C is defined as δ13Cfossil - δ13Cmicrite, whereas ∆18O is an equivalent
calculation for δ18O values. These quantities are displayed as histograms (A–D) and as cross-plots (E, F).
Legend values in (E) are stratigraphic heights (m) of samples plotted as colored squares and are relative to
the H1 datum (Fig. 2).

only, the r2 value is higher than the full dataset (0.57; p�0.01); if these samples are excluded,222

fossil data from the remaining 11 horizons are uncorrelated, with an r2 value of 0.06.223
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5.2 Depositional ages from U-Pb geochronology224

In order to quantify the rates of isotopic change observed in the Helderberg Gp., as well as test225

the correlation model for the five sections derived from δ13Ccarb profiles, 10 potential ashes found226

throughout the Helderberg Gp. were sampled for U-Pb dating of zircon relative to EARTHTIME227

(±202Pb)-205Pb-233U-235U tracer solutions (Condon et al., 2015; McLean et al., 2015) by isotope-228

dilution thermal ionization mass spectrometry (ID-TIMS; see sections 4.2 and S2 for detailed229

geochronologic methods and Table S1 for spike compositions). Of these, six samples from three230

sections yielded prismatic, non-detrital zircon grains, and are interpreted as ash-fall horizons;231

cathodoluminescence (CL) images of select grains are shown in figure S1. In New York, all ashes232

were collected from the Kalkberg Fm. In section H2, four were collected, covering 9.4 m of strati-233

graphic distance with the most basal ash (H2-1) located on the Coeymans-Kalkberg boundary (Fig.234

2). In section H1, one ash was collected ∼9 m above the Coeymans-Kalkberg boundary (Fig. 2).235

In the West Virginia section (H5; Fig. 2), one ash was collected from the Corriganville Limestone,236

3.2 m above the New Creek-Corriganville boundary. In total, single-crystal radioisotopic dates on237

66 euhedral zircons, ranging in long axis length from 50 to 500 µm, are presented here (Figs. S1,238

3 and 6 and Table S4). The 206Pb/238U dates have been corrected for initial 230Th disequilibrium,239

using a Th/U ratio of the parent magma of 2.8±0.5 (see section S2), and are displayed graphically240

as a rank-order plot in figure 6.241

Single ash-fall samples show considerable dispersion in zircon dates, varying between 1 to 3 Myr242

(Fig. 6). Due to the analytical precision of individual analyses (0.05–0.075%, or ∼0.2–0.3 Myr),243

the ash spectra cannot be characterized as representing a single-aged population, and weighted-244

mean statistics, which would improve the precision for an assigned depositional age, are not ap-245

propriate. Interpretation of these complex date spectra is aided by trace element analysis on the246

analyzed zircon (TIMS-TEA data; Fig. 7). For example, a trend of decreasing [Nb] with increas-247

ing age (Fig. 7A), and possibly of decreasing Th/U with increasing age (Fig. 7D), within the H2248
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Figure 6. 206Pb/238U dates on single zircon crystals from six ashes, color-coded to section locations pre-
sented in figures 2 and 4. Error bars describe analytical uncertainty only (2σ), with thinner bars corre-
sponding to analyses using EARTHTIME 205Pb-233U-235U tracer and thicker bars to analyses using the
202Pb-205Pb-233U-235U tracer (only the H5 sample includes 202Pb-205Pb-233U-235U analyses). Interpreted
depositional ages for a given ash sample are marked either with a star or a black outline, the latter of which
is the result of Monte Carlo re-sampling of the initial estimate of the eruption age (light grey lines show
acceptable fits, with the darker grey region indicating the resulting age model; see section 5.3 for more de-
tails). Interpreted ages are also presented in Table 1.

group of four ashes supports the claim that each horizon is a distinct ash fall event, recording long-249

term trends in geochemical evolution of the volcanic system generating these ashes, and are not250

four instances of reworking of the same ash. While the date spectra cannot be characterized as251

representing a single-aged population, sub-populations of zircon within single ash samples can be252

identified that form groups overlapping in age, and might be amenable to weighted mean statistics.253

These sub-groups, however, show considerable diversity in their geochemistry. The most dramatic254

example can be found in H2-2 (green squares), in which 7 zircons comprise a well-defined age255

plateau (Fig. 6). These same zircon, however, cover a large range in [Nb], [Hf], [Y] and Th/U,256

thus suggesting that they are not a co-genetic population (Fig. 7). These observations suggest that257

populations of zircon in ash beds represent a diversity of processes occurring within the volcanic258

system - e.g., prolonged zircon growth in the magma chamber or the incorporation of antecrystic259

or xenocrystic zircon from the volcanic edifice during eruption and transport - and encourage a260

cautious approach to the use of weighted mean statistics for this geochronologic dataset.261

We therefore use the youngest closed system zircon as the most accurate and conservative ap-262
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trations in zircon plotted against 206Pb/238U age. Th/U versus age is displayed in subplot D, although this
geochemical parameter was determined via ID-TIMS (see item (b) in Table S4).

proximation of the depositional age (see Table S2 for alternative age interpretations). For H2-1,263

H2-2 and H2-3, the youngest zircon in the population was selected; for H2-4, H1-1, and H5-1, the264

second-youngest was selected, due to reverse discordance (H2-4 and H1-1; Fig. 3) or relatively265

high Pb blank levels (H5-1-z22 in Table S4) observed in the youngest zircon analyses for these266

samples. Within the H2 ashes, all taken from the same stratigraphic section, the observation that267

the interpreted age either youngs upwards (namely, from H2-1 to H2-4) or overlaps in analytical268

uncertainty strengthens the case for use of the youngest zircon approach (Schoene et al., 2010a).269
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5.3 Monte Carlo approach to depositional ages270

In cases where stratigraphic order is known, depositional age models can be refined further through271

Monte Carlo re-sampling of the initial age estimate (e.g., Meyers et al., 2012; Guex et al., 2012).272

Within an undisturbed stratigraphic section, the law of superposition requires that depositional age273

youngs upward, and this requirement can be used to improve estimates of depositional ages of274

ash beds in the Helderberg Gp. This approach is especially helpful in cases where depositional275

ages overlap in uncertainty, as they do in H2-2, H2-3 and H2-4 (Fig. 6). The model produces 106
276

synthetic dates, drawn from a normal distribution defined by the initial estimate of the depositional277

age with its uncertainty, for each ash age interpretation. This approach is only applied to the H2278

group, as all came from the single stratigraphic section, and thus the stratigraphic ordination of279

H2-1, H2-2, H2-3 and H2-4 is known with certainty. A path (i.e., a set of four ages for each of280

the four ashes) is created by randomly selecting a point from each of the synthetic datasets. If the281

path is stratigraphically valid (i.e., youngs upwards), then the path is kept. A valid path results in282

a new age assignment for each ash layer. After a million path evaluations, the results are four new283

distributions that are broadly Gaussian; the mean and standard deviation of each new distribution284
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Table 1: Interpreted depositional ages of Helderberg ashes

Sample Heighta Formation 206Pb/238U Age (Ma) 2σ Error (X/Y/Z)b Methodc

H2-1 9.0 Kalkberg 418.42 0.21/0.27/0.53 MC

H2-2 12.5 Kalkberg 417.85 0.23/0.29/0.54 MC

H2-3 15.1 Kalkberg 417.73 0.22/0.28/0.53 MC

H2-4 18.4 Kalkberg 417.56 0.20/0.26/0.51 MC

H1-1 44.1 Kalkberg 417.68 0.21/0.27/0.52 YZ

H5-1 84.9 Corriganville 417.22 0.21/0.23/0.50 YZ

(a) in meters; relative to base of measured section (see Fig. 2 caption)

(b) X = internal uncertainty / X + tracer calibration uncertainty / Y + 238U decay constant uncertainty

(c) MC = Monte Carlo method; YZ = youngest closed-system zircon

is taken as the new best estimate for the age and uncertainty (2σ level) of the ash in question (dark,285

open outlines in Fig. 6A; Table 1).286

6 Discussion287

6.1 Isotopic offsets between fossil and micrite phases288

In sections H1 and H4 (Figs. 2 and 4), bioclast-rich horizons were sampled for fossil-specific289

δ13Ccarb and δ18Ocarb (Fig. 4B, C), with offsets between fossil and micrite phases quantified as290

∆13C and ∆18O values (Fig. 5). For carbon (Fig. 5A, B), fossil ∆13C distributions are normal and291

centered near 0h, with mean ∆13C values independent of fossil type (i.e., brachiopod, crinoid,292

gastropod, or coral; see Table S3). The fossil ∆13C distributions also exhibit low variance, espe-293

cially when compared to the large-scale δ13Ccarb signals recorded in Helderberg micrite (changes294

of 5–6h; Fig. 4B). These observations suggest that the dominant factor controlling δ13Ccarb in295
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different phases of Helderberg sediment is the δ13C of the precipitating fluid.296

Insights into processes leading to greater variability in H1 fossil ∆13C can be found in its asso-297

ciated ∆18O dataset (Fig. 5C). In H1, fossil ∆13C-∆18O values are correlated strongly (Fig. 5E),298

in marked contrast to the lack of covariation between fossil ∆13C and ∆18O in H4 horizons (Fig.299

5F). The strong correlation is driven entirely by data from four fossil horizons, plotted as colored300

squares in figure 5E and labeled with arrows in figure 4B. The trend is not fossil-specific, as data301

from brachiopods, crinoids and corals are present in the array. The strong correlation is the result302

mainly of negative ∆13C-∆18O values, rather than samples positive in both ∆13C and ∆18O (Fig.303

5E). In shallow-water carbonates, the presence of covarying carbon and oxygen isotopic compo-304

sition frequently is interpreted as evidence of alteration by meteoric fluids (Allan and Matthews,305

1982). Sourced from 18O-depleted rainwater, these fluids often are CO2-rich due to organic mat-306

ter degradation in soil profiles; thus, these fluids can create covarying δ13Ccarb-δ18Ocarb arrays307

in recrystallized carbonate as they mix with marine waters heavier in both δ13Ccarb and δ18Ocarb308

(Allan and Matthews, 1982). This process exerts significant control over δ13Ccarb values in Plio-309

Pleistocene carbonates from the Great Bahama Bank (Melim et al., 2001; Swart and Eberli, 2005),310

where negative shifts in δ13Ccarb are driven by ice-age related sea level falls, subaerial exposure311

of carbonate banks and consequent infiltration of coastal pore fluids. This style of diagenesis may312

have become more common after the late Silurian, given the rise of a terrestrial biosphere (Raven313

and Edwards, 2001; Gensel, 2008) to serve as biomass in soil profiles.314

If a similar process is active in H1, it is happening on a much smaller scale. In meteorically altered315

bank-top sediments from The Bahamas, the diagenetic front is >100 meters thick, resulting in316

pervasive, fabric-destructive recrystallization and δ13C offsets of up to 10h (Melim et al., 2001).317

By contrast, observations of covarying fossil ∆13C-∆18O arrays are limited to four horizons from318

a single stratigraphic section and result in δ13C offsets of 0.5–1h (Fig. 5E). Furthermore, no319

correlation is observed between δ13Ccarb and δ18Ocarb in the full Helderberg chemostratigraphic320

dataset (Figs. 4B, C and S2). Thus, while recrystallization by a δ13C- and δ18O-depleted fluid may321
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explain certain observations in the H1 dataset (i.e., greater variability in fossil ∆13C as compared322

to H4; instances of covarying ∆13C-∆18O values), it appears to be a local, perhaps permeability-323

controlled process, affecting certain portions of the stratigraphic record from the more restricted324

western portion of the Appalachian basin (Rickard, 1962) and resulting in δ13C offsets of < 1h.325

The results of these fossil-micrite comparisons in the Helderberg Gp. are in broad agreement with326

similar studies (Samtleben et al., 2001; Batt et al., 2007; Cramer et al., 2010; Brand et al., 2012).327

These studies focused on brachiopods, and all note generally positive ∆18O values, ranging be-328

tween 0.5 and 5h, similar to observations from the Helderberg Gp. (especially section H4; Fig.329

5D). Collectively, these observations suggest less δ18O resetting to lower values in shell carbonate330

during diagenesis as compared to coeval micrite. ∆13C results, however, are more variable, with331

some indicating zero mean offset (Samtleben et al., 2001; Cramer et al., 2010) and others showing332

positive mean ∆13C values of up to 2h (Brand et al., 2012). One study (Batt et al., 2007) demon-333

strated both positive and negative ∆13C values with considerable variability (up to 7h), with values334

depending strongly upon taxon and shell ultrastructure. Thus, fossil-micrite isotopic comparisons335

must be treated on a case-by-case basis, with the results likely controlled by primary mineralogy336

of both fossil and micrite (aragonite vs. calcite), shell type, and the burial and diagenetic history of337

the studied strata. This range of ∆13C observations highlights the utility of making fossil-micrite338

comparisons in studies that seek to interpret stratigraphic changes in δ13C of carbonate rock.339

6.2 Implications of Helderberg chemostratigraphic correlations340

In the lower Helderberg Gp. of New York and West Virginia, a positive δ13Ccarb excursion is341

recorded consistently across the Appalachian foreland basin, with values reaching +5h (Figs. 2342

and 4B). The agreement in measured δ13Ccarb values between sections, the congruence between343

micrite and fossil-phase δ13Ccarb measurements (Figs. 4B and 5), and the lack of covariation be-344

tween δ13Ccarb and δ18Ocarb (Figs. 4C and S2) suggests that the excursion reflects changes in345
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δ13CDIC, observed at least on the basin-scale.346

The composite chemostratigraphy presented in figure 4 has two important implications for the347

Helderberg Gp. Firstly, the composite implies that Helderberg formations are time-transgressive348

in New York, with the Kalkberg/New Scotland fms. in eastern sections coeval with the Coeymans349

Fm. in more western sections (Fig. 4A). This result agrees with the oldest stratigraphic model350

for the Helderberg Gp., which argued that its formations are diachronous across the basin, with351

formation boundaries younging from the deeper, siltier east (Albany region) towards the more352

restricted west (Rickard, 1962; Laporte, 1969). This model has since been challenged by claims353

that Helderberg formation boundaries are isochronous across the basin (Anderson et al., 1984;354

Demicco and Smith, 2009). These models can be compared directly with our chemostratigraphic355

dataset from five localities across New York state. Under a correlation scheme where formation356

boundaries are forced to be isochronous across the state (Fig. S3A, B), the result is visually a357

much worse fit in δ13Ccarb when compared to the diachronous stratigraphic model (Figs. 4A and358

S3C, D). Thus, if δ13Ccarb changes are synchronous across the basin, it lends general support to359

the diachronous lithofacies model of Rickard (1962) and Laporte (1969), especially for middle360

portions of Helderberg stratigraphy (i.e., above the base of the Coeymans). Chemostratigraphic361

correlations suggest that the Rondout and Manlius fms. are broady synchronous across the basin362

(also suggested by recent sedimentologic investigations; Demicco and Smith, 2009).363

Secondly, the composite makes specific predictions for the correlation of ash-fall horizons across364

the basin; namely, H2-4 is predicted to be equivalent to H1-1, and H5-1 is the stratigraphically365

highest ash (Fig. 4B). These relationships are allowable by our geochronologic dataset (Fig. 6),366

which permits time equivalence between H2-4 and H1-1 (depositional ages of 417.56±0.20 Ma367

and 417.68±0.21 Ma, respectively; Table 1) and shows that H5-1 is the youngest ash horizon368

(417.22±0.22 Ma). To our knowledge, this study is the first in which an intra-basinal chemostrati-369

graphic correlation model has been corroborated by U-Pb geochronology.370
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6.3 An age model for the Helderberg Group371

Depositional ages of these six Helderberg ashes (Fig. 6) allow for estimation of the age of the372

Silurian-Devonian boundary in New York state. In New York, all dated ashes come from the Kalk-373

berg Fm., a unit that contains I. postwoschmidti conodonts and can therefore be characterized374

confidently as Devonian in age (Kleffner et al., 2009). Thus, the age of 418.42±0.21/0.27/0.53375

Ma (± analytical / analytical + tracer calibration / analytical + tracer + 238U decay uncertainties;376

see Table 1) for H2-1 is a strong minimum age for the base of the Devonian System. Sampled377

at the Coeymans-Kalkberg boundary in section H2 (Fig. 2), this ash is ∼10 m below H1-1/H2-4378

(Figs. 2 and 4B), colloquially known as ‘Rickard’s ash’ and the lowest Devonian ash with radio-379

metric constraints previously published (Tucker et al., 1998). The age of H2-1 makes it unlikely380

that the Silurian-Devonian boundary is on the younger side of its currently assigned uncertainty381

(419.2±3.2 Ma; Becker et al., 2012).382

As the six dated ashes sit stratigraphically above all candidate horizons for the Silurian-Devonian383

boundary in the Helderberg Gp. (Fig. 4B), downward projection of inferred sedimentation rates is384

required to estimate its age. While recognizing uncertainty in its placement, our preferred candidate385

is the lower horizon in section H1 (lower dashed black line in Fig. 2; lower dashed red line in Fig.386

4B), corresponding to horizon B in Kleffner et al. (2009). This placement in H1 is justified by (a)387

concordance with a maximum in δ13Ccarb values, as seen in sections from Klonk, Czech Republic388

(Buggisch and Mann, 2004) and (b) identification of conodonts referable to the I. woschmidti389

group (but not necessarily to I. woschmidti woschmidti; Kleffner et al., 2009). In section H2, a390

marked change in apparent sedimentation rate is observed, with a relatively slow rate observed391

between H2-1 and H2-2 and a faster rate between H2-2 and H2-4 (Fig. 8A). This break makes392

downward extrapolation challenging, with the selected age model exerting a strong control on the393

projected age of Silurian-Devonian boundary – much stronger, in fact, than the chosen method394

used to interpret ages of individual ashes (i.e., weighted mean, youngest zircon or Monte Carlo;395
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see Table S2).396

A Monte Carlo approach, similar to the methods used to evaluate depositional ages (section 5.3),397

can be taken for estimating the age and its uncertainty of a stratigraphic horizon below, between398

or above two dated ash beds. Using the depositional age with its uncertainty, 106 normally dis-399

tributed numbers are created for each of the two nearest ash beds. 106 sedimentation rates, using400

the stratigraphic separation of the ash beds, are calculated from this paired synthetic dataset, each401

of which is used to project to the desired stratigraphic height. The mean of the resulting distribution402

is used as the best estimate of the projected age, while the standard deviation of the distribution403

is used to estimate its uncertainty (light gray bars in Fig. 8A and Table S2). Under this approach,404

strata that are bound by ash falls have the most well-constrained numeric ages (i.e., the ∼10 m of405

Kalkberg Fm. between H2-1 and H2-4 in section H2). For horizons that are above or below these406

ashes, or for horizons found in sections other than H2, a correlation scheme and age model for407

downward/upward extrapolation are required. For the former, the correlation model presented in408

figure 4 is used, thus linking the ashes, candidate horizons for the Silurian-Devonian boundary and409

δ13Ccarb measurements in a single composite framework.410

For the latter, if a linear age model constructed from the most stratigraphically distant ashes in a411

single section (H2) is used as the best approximation of the long-term sedimentation rate of the412

Helderberg Gp. (i.e., a hypothetical straight line connecting H2-1 and H2-4 in Fig. 8A), the cal-413

culated age of the boundary is 422.5±1.6/1.6/1.9 Ma. If H5-1 is used as the upper anchor (the414

dashed grey line connecting H2-1 and H5-1 in Fig. 8A), implied sedimentation rates are faster415

(15.3±4.0 m/Ma vs. 10.7±4.0 m/Ma, when the model is projected into section H4). This model416

yields a Silurian-Devonian boundary age of 421.3±0.9/0.9/1.2 Ma. Both of these estimates over-417

lap with the current Silurian-Devonian boundary age of 419.2±3.2 Ma, and are allowable given418

uncertainties on the highest radiometric age constraint from the Silurian system – an ash found419

in the upper Whitcliffe Fm. of Ludlow, England, near the Ludlow-Priodoli boundary (Tucker and420

McKerrow, 1995), whose weighted-mean 206Pb/238U age was recalculated by Schmitz (2012) to421
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Figure 8. (A) Normalized positions of dated ash horizons in the Helderberg Gp. chemostratigraphic com-
posite (Fig. 4) plotted against their interpreted depositional age (Fig. 6 and Table 1). The dashed green line
shows the age model for portions of section H2 bound by ashes H2-1 to H2-4 (mean value of dark gray
Monte Carlo paths in Fig. 6). For all other portions of the composite, the dashed grey line is the extrap-
olation age model used to develop a δ13Ccarb time series (B) and the resulting chronostratigraphy (C) for
formations of the Helderberg Gp by the chemostratigraphic correlations presented in figure 4.

be 420.88±1.04 Ma (analytical + tracer uncertainty). Assessing which age is more accurate is422

challenging, given both the ongoing debate of the placement of the Silurian-Devonian boundary423

in New York (Kleffner et al., 2009) and the uncertainties inherent in both the downward extrap-424

olation of any age model and our correlation model for the Helderberg Gp. We prefer the age of425

421.3±0.9/0.9/1.2 Ma, as it integrates the most information from the composite stratigraphic sec-426

tion (Figs. 4B and 8A), is least affected by hiatuses (as is observed potentially between ashes H2-1427

and H2-2) and is in better agreement with the late Silurian age from Tucker and McKerrow (1995).428

As these estimates depend upon constant sedimentation rates in section H4 (see section 5.1), as429

well as the correlation model used for the other sections, the development of more radiometric430

ages, from both the Helderberg Gp. and other correlative sections, will better constrain both the431

composite section and the numeric age for the Silurian-Devonian boundary. At present, however,432

this approach is the best that the data allow.433
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6.4 Implications for the Silurian-Devonian carbon cycle434

Using the chemostratigraphic correlations presented in figure 4, this same age model can be used435

to derive a δ13Ccarb time series (Fig. 8B) and a chronostratigraphy for the Helderberg Gp. (Fig.436

8C). The model estimates the ‘peak time duration’ of the Klonk Event, here defined as the basal437

rise from 0 to 5h (Figs. 4B and 8B), to be 1.00±0.25 Myr. Observations of similar δ13Ccarb438

positive shifts in Silurian-Devonian boundary sections from Baltica (Buggisch and Mann, 2004)439

and other localities in Laurentia (Saltzman, 2002, ; Fig. 1) support the claim that the Klonk Event440

represents a perturbation to the global carbon cycle. To assess processes which may be driving a441

global perturbation, we consider a carbon isotope mass balance for a ocean-atmosphere box model:442

δ
13Cinput = (1− forg)∗δ

13CDIC + forg ∗ (δ13CDIC − εorg) , (1)

where δ13Cinput is the isotopic value of mantle-derived carbon input to the surface environment443

(∼ −6h), δ13CDIC is the isotopic value of the oceanic DIC pool, forg is the fraction of the total444

carbon burial flux that is organic matter, and εorg is the isotopic fractionation between DIC and445

organic matter, with a long-term average value of ∼ 30h (Hayes et al., 1999). Under steady-state446

conditions, where the size of the DIC reservoir (Mc) is not changing and the total carbon burial447

flux (Fb) equals the mass flux of carbon input (Fin), a simple way to cause positive excursions in448

δ13CDIC is by increasing forg (Kump et al., 1999), with DIC increasing to a new isotopic value in a449

time span governed by the residence time of carbon in ocean-atmosphere system (currently ∼0.1450

Ma; Holser et al., 1988). Adapting equation 2 from Kump and Arthur (1999), the rate of isotopic451

change in response to a forcing from forg is expressed as:452

dδ13CDIC

dt
=

Fin

Mc
∗
(

δ
13Cinput − (1− forg)∗δ

13CDIC + forg ∗ (δ13CDIC − εorg)
)

. (2)

To determine whether such a model can explain the Klonk Event, we numerically solve equation453
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2 for δ13CDIC following a step increase in forg from 0.20 to 0.37. For a range of values of Fin and454

Mc, synthetic time-series of evolving δ13CDIC are produced (Fig. 9A). The DIC ‘response time’455

is defined as the amount of time required for δ13CDIC to rise to 4.95h following the perturbation456

(colored circles in Fig. 9A). Figure 9B is a plot of these response times as a function of DIC457

reservoir size, contoured for values of Fin as multiples of the modern value. Given the estimated458

peak time duration of 1.0±0.25 Ma, modern fluxes of carbon can explain the Klonk Event, so459

long as DIC remained below ∼ 2× modern levels. As an upper limit consideration, if models that460

contend Devonian DIC was ∼ 4× modern levels (Berner and Kothavala, 2001) are correct, carbon461

fluxes must have been 2–3× the modern value in order for the excursion to be explained in a steady-462

state framework (Fig. 9B). If an alternative age model is used to constrain the excursion (i.e., using463

H2-1 and H2-4 as the anchors in Fig. 8A), the duration is longer (1.4±0.5 Ma), and allows for a464

steady-state solution under the modern flux value and higher DIC levels (∼ 3× modern levels).465

While it is unlikely that the forcing that drove the Klonk Event was truly a step function, this466

approach produces response times that are as fast as possible for a given reservoir size and flux,467

and thus should be viewed as producing end-member constraints. In other words, if Devonian DIC468

= 6 mM, then the Devonian carbon input flux needed to be at least ∼2× the modern value (Fig.469

9), or more if the change in forg was more gradual.470

The unique biotic and tectonic circumstances of the Silurian-Devonian transition make an increase471

in forg a plausible driver. The radiation of land plants (Gensel, 2008), coupled with the diachronous472

closure of the Rheic ocean and global Caledonian orogeny (Nance et al., 2010), created conditions473

amenable to enhanced burial of organic matter, with the development of fast-sedimenting clastic474

wedges along the paleotropical margins of Laurentia and Baltica (Malkowski and Racki, 2009).475

Reasons why these conditions resulted in a transient excursion rather than a longer-lived state476

change to higher values of forg may lie in feedbacks between increased surface oxygenation and477

increased organic carbon remineralization efficiency.478

Alternatively, sedimentary environments well-suited to organic carbon burial also are ideal for the479
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Figure 9. (A) Solutions to equation 2 after a step change in in forg from 0.20 to 0.37 for different values
of DIC reservoir size and carbon input flux (Fin; expressed as multiples of the modern flux). The response
time, here defined as the amount of time for δ13CDIC to rise to 4.95h, is labeled with colored circles. (B)
Response times can be calculated for a range of parameter values; here they are plotted as a function of
[DIC], contoured for values of Fin as multiples of the modern value. The present concentration of DIC is
marked with a solid blue line. As an upper limit consideration, we plot the model prediction of Berner
and Kothavala (2001) that Early Devonian DIC was ∼4× modern levels (dashed blue line). Horizontal
solid and dashed red lines depict the estimated peak time duration with uncertainties, respectively, for the
Silurian-Devonian δ13Ccarb excursion derived from the U-Pb age constraints from the H2-1 and H5-1 ashes
(dashed grey line in Fig. 8A). Thus, the shaded grey region is the phase space of allowed model values
(duration, DIC levels and carbon flux) in which the excursion could proceed under steady-state conditions.

precipitation of authigenic carbonate in the sediment column (Aller et al., 1996), which has recently480

been proposed as an important third sink when considering redox implications of δ13C values and481

time series (Schrag et al., 2013). As this sink often is negative isotopically compared to marine482

carbonate, increasing the fraction of Fb that is authigenic carbonate in a steady state framework483

also can cause rises in δ13CDIC, without the same implications of an increased O2 flux to the surface484

environment. Tests for discriminating which driver is more important include (a) documentation485

of an increase in authigenic carbonate phases hosted in Silurian-Devonian siliciclastic successions486

and (b) independent assessment of the redox state across the Silurian-Devonian boundary, as an487

increase in the oxidative power of the surface environment would be consistent with an increase in488

the burial fraction of organic matter.489
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7 Conclusions490

A 5h positive shift in δ13Ccarb is recorded in shallow-water carbonates of the Helderberg Group491

of North America. The chemostratigraphic dataset is calibrated by U-Pb ages on six intercalated492

ash falls, which corroborates the developed intrabasinal correlation scheme, as well as allowing es-493

timation of the Klonk Event duration and age of the Silurian-Devonian boundary. We estimate the494

Silurian-Devonian boundary age in New York to be 421.3±1.2 Ma (2σ; including decay constant495

uncertainties) in New York, and calculate the peak time duration of the Silurian-Devonian bound-496

ary δ13Ccarb excursion to be 1.00±0.25 Myr. Under these constraints, a steady-state perturbation497

to the global carbon cycle can explain the observed excursion with modern carbon fluxes, as long498

as DIC concentration in the Devonian ocean remained below ∼2× the modern value, although dis-499

criminating between increased organic carbon burial or authigenic carbon burial as the more likely500

driver for the excursion requires further investigation of the redox state of the surface environment501

across the Silurian-Devonian boundary.502
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