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ABSTRACT 21 

Late Devonian aquatic environments hosted the fin-to-limb transition in vertebrates. Upper Devonian (365 – 22 

360 Ma) strata in Pennsylvania, USA, preserve a diversity of fishes and tetrapods in coastal marine to fluvial 23 

depositional environments, making this region ideal for investigating the ecology and evolution of Late 24 

Devonian vertebrates. A key unresolved issue has been reconstructing the specific aquatic habitats that hosted 25 

various vertebrates during this period. Specifically, the salinity of environments spanning fresh to shallow 26 

marine water is difficult to discern from sedimentological and paleontological analyses alone. Here, we analyze 27 

Rare Earth Elements and Yttrium as well as stable oxygen and sulfur isotope compositions (δ18O, δ34S) in fossil 28 

vertebrate bioapatite from the Catskill and Lock Haven formations in the Appalachian Basin, USA, to determine 29 

the relative salinity of their aquatic environments. These results confirm the ecological euryhalinity of several 30 

taxa (Bothriolepis sp., tristichopterids and Holoptychius sp.). The results also confirm that early tetrapod species 31 

found to date in the Catskill Formation lived mainly in freshwater aquatic environments. Our study shows that 32 

integrating sedimentological and paleontological data with combined oxygen and sulfur isotope analysis allows 33 

precise tracing of the relative salinity of vertebrate habitats deep in the past. 34 

 35 

Keywords: Stable isotope geochemistry; Rare Earth Elements; Early tetrapods; Aquatic paleoecology; 36 

Famennian; Sedimentology 37 

38 



INTRODUCTION 39 

During the Late Devonian Period (385 – 360 Ma) the continued development of terrestrial ecosystems 40 

and the diversification of vertebrates took place, including the rise of early tetrapods (Clack, 2002), from which 41 

originated modern amphibians, reptiles and mammals. Coastal paleoenvironments with variable salinities 42 

including estuaries and tidally-influenced rivers have been identified as important habitats that hosted 43 

vertebrate evolution during this time (Sallan et al., 2018; Byrne et al., 2020; Gess and Whitfield, 2020).  44 

Modern transitional aquatic environments evolve between freshwater (in most cases river water < 0.5 45 

ppt) and saline environments (0.5 ppt to 30 ppt for brackish waters; marine waters from 30 to 40 ppt with an 46 

average present-day value of 34.5 ppt). They are characterized by salinity gradients that define and structure 47 

many habitats for aquatic organisms (Young et al., 2018; Zhang et al., 2021). The shifting spatial and temporal 48 

boundaries of these habitats are further complicated as salinity gradients are not only horizontal but also 49 

vertical, and as these change with tidal and seasonal cycles, or with extreme episodic events such as storms or 50 

floods (Geawhari et al., 2014; Veale et al., 2014; Cloern et al., 2017; Xia et al., 2017). Many extant fish species 51 

are euryhaline in that they are able to tolerate varying salinities (e.g., Zydlewski and Wilkie 2012; Every et al., 52 

2017; Colombano et al., 2020). Some other species occupy aquatic environments of different salinities during 53 

their lifetime (i.e., migratory species; Rountree and Able 2007). They may migrate from one habitat to another 54 

cyclically (tidal, diel, seasonal or other repeated cycles) or ontogenically (i.e., physiological euryhalinity cf. 55 

Schultz and McCormick (2012)). These different habitats serve different functions among which include 56 

nutrition, reproduction, and protection from predators (Rountree and Able 2007). Within the same species, 57 

different populations can also inhabit aquatic environments of different salinities without changing during their 58 

lifetime (i.e. ecological euryhalinity cf. Schultz and McCormick (2012)). 59 

Stable isotopes, particularly those of sulfur in dissolved sulfates in aquatic environments, are accurate 60 

tracers of mixing processes between fresh and marine waters in transitional environments such as estuaries 61 

(Peterson 1986; Fry 2002a). Numerous studies demonstrate that sulfur isotope composition analysis is a 62 

particularly suitable tool for characterizing the aquatic habitats of fish species (Hesslein et al. 1991; Fry 2002b; 63 

Dubé et al., 2005; Fry and Chumchal 2011; Trembaczowski 2011; Nehlich et al., 2013; Carr et al., 2017; 64 

Pizzochero et al., 2017). Sulfur isotopes, for example, help to distinguish within the same river system and 65 



within the same fish population, sedentary individuals from those making downstream migrations (Carr et al., 66 

2017) to estuarine and marine areas (Hesslein et al., 1991; Fry and Chumchal 2011). Sulfur isotope analysis of 67 

fish otoliths also reflects the variation in the salinity of their aquatic habitats (Weber et al., 2002; Godebout et 68 

al., 2010, 2011; Doubleday et al., 2018). 69 

In the Late Devonian Period, a key unresolved issue has been reconstructing the specific aquatic 70 

habitats that hosted various vertebrates including early tetrapods. Specifically, the salinity of environments 71 

spanning fresh to shallow marine water is difficult to discern from sedimentological and paleontological 72 

analyses alone. Euryhaline adaptations may have played a key role in the Paleozoic colonization of continental 73 

freshwater ecospaces by vertebrates (e.g., Cloutier et al., 2011; Carpenter et al., 2015; Gogáin et al., 2016; 74 

Goedert et al., 2018; Gess and Whitfield 2020). However, the lack of high-resolution paleosalinity proxies from 75 

sedimentological and paleontological analyses has hampered efforts to evaluate the impact of salinity 76 

gradients in vertebrate evolution, including the fin-to-limb transition. 77 

Goedert et al. (2016) demonstrated that the sulfur isotope composition of apatite from present-day 78 

and fossil vertebrates could be accurately measured and that these reflect the sulfur isotope composition of 79 

the sulfates in their aquatic environments (Goedert et al., 2018; 2020; 2023). They further demonstrated the 80 

potential of the combined oxygen and sulfur isotope analysis to trace the relative salinity of aquatic 81 

environments, and showed that some early tetrapods and their associated vertebrate species from the Late 82 

Devonian of Eastern Greenland and China lived in aquatic environments subject to marine influence (Goedert 83 

et al., 2018). Nevertheless, the samples analyzed in that study lacked precise stratigraphic provenance and 84 

were therefore not associated with a precisely identified depositional setting, which limited interpretation of 85 

the results. Notably, such sampling collection did not allow testing whether or not the combined oxygen and 86 

sulfur isotope analysis has the potential to highlight more subtle differences in salinity that should characterize 87 

more or less proximal/distal localities. 88 

Upper Devonian (Famennian, 365 – 360 Ma) strata in Pennsylvania, USA, preserve especially abundant 89 

and diverse vertebrates, including early tetrapods, in fluvial to coastal marine depositional environments, 90 

making this region ideal for investigating ecological aspects associated with the fin-to-limb transition (Cressler 91 

et al., 2010; Broussard et al., 2018, 2020). This study demonstrates a “proof of concept” combined stable 92 

isotope (oxygen and sulfur) methodology on Famennian vertebrate fossils from four localities (Fig. 1A-D; 93 



Supplementary Material Item (SMI) 1) spanning fluvial, transitional and shallow-marine environments across a 94 

60 km-long transect. We compare the relative salinities of the aquatic habitats frequented by these vertebrates 95 

inferred from isotopic data to those of their depositional environments deduced from sedimentological and 96 

paleontological data to better understand the ecologies of these Late Devonian aquatic faunas. 97 

 98 

GEOLOGIC SETTING 99 

Devonian siliciclastic sedimentary strata accumulated in the northern Appalachian foreland basin 100 

inboard (west, modern coordinates) of a convergent plate margin at tropical to subtropical paleolatitudes (Fig. 101 

1C; Blakey 2008). Plate convergence prompted westward (modern coordinates) migration of the fold-thrust 102 

belt and westward progradation of alluvial-fluvial depositional systems into a shallow epicontinental seaway 103 

(Ver Straeten et al., 2010). As a result, the Upper Devonian stratigraphy of north-central Pennsylvania consists 104 

of > 3 km-thick succession of siliciclastic sedimentary strata (Slingerland et al., 2009). The Lock Haven 105 

Formation reflects deposition in shallow marine environments (Castle 2000; Beard et al., 2017), whereas the 106 

overlying Catskill Formation records deposition mainly in fluvial and coastal plain environments (Daeschler and 107 

Cressler 2011; Broussard et al., 2018; 2020). Broad open folds deform these strata as a result of post-108 

depositional crustal shortening (~13 % along the sampled transect; Sak et al., 2012). 109 

 110 

MATERIAL AND METHODS 111 

Sampling strategy  112 

 Famennian vertebrate taxa were sampled from four outcrops: Steam Valley (SV), Blossburg (Bl) and 113 

Tioga (Ti) representing the Catskill Formation and Covington (Co) Middle (CoM) and South (CoS) representing 114 

the Lock Haven Formation (Fig. 1; SMI 1, 2). Sampled strata accumulated in fluvial (SV), transitional marine-115 

fluvial (Bl and Ti), and coastal shallow marine (Co) environments, based on previously published 116 

sedimentological and paleontological data (SMI 1). The Catskill and Lock Haven formations strata contain 117 

several vertebrate genera of “placoderms”, “acanthodians”, and osteichthyans including early tetrapods (SMI 118 

3; Cressler et al., 2010; Broussard et al., 2020). Additionally, these strata preserve fossil floras and 119 



invertebrates, providing insight into marine and fluvial ecosystems and environments. Qualitative 120 

interpretations of paleosalinity for the depositional settings of the sampled outcrops are based on position 121 

within the gradient from alluvial plain to marine lithofacies associations (SMI 1). 122 

 For each locality, 10 specimens of fossil vertebrate taxa were sampled (SMI 4–7) and processed for 123 

oxygen and sulfur stable isotopic analyses (SMI 8) and for elemental analyses (SMI 9) including Rare Earth 124 

Element and Yttrium (REY; SMI 10). Sampled taxa include “placoderms” (Bothriolepis sp., a single Phyllolepis sp. 125 

from Bl locality and pachyosteomorph arthrodires from Co localities) and sarcopterygians (a single Dipnoi 126 

indet., Holoptychius sp., Eusthenodon bourdonii and Langlieria radiatus). Bothriolepis, Phyllolepis, and 127 

sarcopterygians were sampled from Catskill Formation outcrops interpreted as fluvial and transitional 128 

environments (SV, Bl, and Ti) whereas pachyosteomorph arthrodires were sampled from Lock Haven Formation 129 

outcrops interpreted as coastal shallow marine environments (CoS and CoM; SMI 11–13). 130 

Biogenic apatite sampling 131 

Biogenic apatite (bones, scales and teeth, SMI 8) powders were sampled by using a spherical diamond 132 

tip drill bit or by crushing small fragments in an agate mill. Potential trace of sediments or diagenetic minerals 133 

were removed using thin needles under binocular microscope. The specimen was beforehand cleaned using 134 

acetone to remove potential traces of glue on the surface. Then, for each sample, the outermost apatite layer 135 

is removed before sampling to avoid potential surface sediment contamination. Each bioapatite powder 136 

sample was subdivided into three aliquots of 3 mg, 20 mg and 0.7 mg for oxygen isotope analysis of bioapatite 137 

phosphate, sulfur isotope analysis of bioapatite, and elemental analysis, respectively. For each locality, a 138 

sediment sample associated with a fossil apatite (SV-6; Bl-1; Ti-1 and CoM-9; SMI 9 and 10) was also collected 139 

in powder form using a spherical diamond tip drill bit. 140 

Elemental analysis 141 

Concentrations of major and trace elements were measured respectively on an inductively coupled 142 

plasma atomic emission spectrometer (ICP-AES; ICAP 7400 Series, Thermo Scientific) and on an inductively 143 

coupled plasma mass spectrometer (ICP-MS; ICAP-Q, Thermo Scientific). The reliability of measurements has 144 

been controlled through a set of blanks and the reference material NIST-SRM1486. Before measurements, 145 



approximately 0.7 mg of each sample (scale, bone, tooth or sediment) was dissolved in 2 mL of distilled 14 M 146 

nitric acid at 150 °C for 48 hours (SMI 9 and 10). 147 

Oxygen isotope analysis of bioapatite phosphate 148 

Each 3 mg apatite powder aliquot was pre-treated according to the wet chemistry protocol initially 149 

described by Crowson et al. (1991), and subsequently modified by Lécuyer et al. (1993) and then adapted by 150 

Bernard et al. (2009) for small sample weights (3 mg). For samples from Co localities, a quantity of apatite 151 

powder > 3 mg was collected for oxygen isotope analysis and these samples were pre-treated using the 152 

standard protocol (Lécuyer et al. 1993). This protocol involves the isolation of phosphates (PO4
3-) from 153 

bioapatite as silver phosphate (Ag3PO4) crystals using acid dissolution and anion-exchange resin. For each 154 

sample, enamel powder was dissolved in 1 mL of 2 M HF overnight. The CaF2 residue was separated in a 155 

centrifuge and the solution neutralized by adding 1 mL of 2 M KOH. Amberlite anion-exchange resin (1.5 mL) 156 

was added to the solution to separate the PO4
3- ions. After 4 h, the solution was removed and the resin was 157 

eluted with 6 mL of 0.5 M NH4NO3. After 4 h, 0.1 mL of NH4OH and 3 mL of an ammoniacal solution of AgNO3 158 

were added and the samples were placed in a thermostated bath at 70 °C for 6 h, enabling the precipitation of 159 

Ag3PO4 crystals. Oxygen isotope compositions were measured at the Laboratoire d’Écologie des Hydrosystèmes 160 

Naturels et Anthropisés (LEHNA) in Lyon and at the Laboratoire de Géologie de Lyon using a high-temperature 161 

pyrolysis technique involving a Vario PYRO cubeTM elemental analyzer interfaced in continuous flow mode to an 162 

Isoprime or a Precision™ isotope ratio mass spectrometer (the EA-Py-CF-IRMS technique; Lécuyer et al., 2007; 163 

Fourel et al., 2011). For each sample, 5 aliquots of 300 µg of Ag3PO4 were mixed with 300 µg of pure graphite 164 

powder and loaded in silver foil capsules. Pyrolysis was performed at 1450 °C. Measurements were calibrated 165 

against NBS120c (δ18O = + 21.7 ‰ V-SMOW; Lécuyer et al., 1993) and a homemade standard CAL-3 (silver 166 

phosphate, Ag3PO4: δ18O = + 5.46 ‰ V-SMOW; Lécuyer et al., 2019). Silver phosphate samples precipitated 167 

from standard NBS120c were repeatedly analyzed (δ18O = + 21.7 ‰; 1σ = 0.4 ‰; n = 16) along with the silver 168 

phosphate samples derived from fossil bioapatites to ensure that no isotopic fractionation occurred during the 169 

wet chemistry. The average standard deviation was 0.2 ± 0.1 ‰. Data are reported as δ18Op values in “‰” 170 

relative to the V-SMOW scale. The official international unit to report isotopic ratio is the Urey (Ur). As it is a 171 

more common practice we have reported isotopic data in “‰” units with 1 ‰ = 1 mUr. 172 



Sulfur isotope analysis of bioapatite 173 

Sulfur isotope compositions were measured using a Vario PYRO cube™ elemental analyzer in NCS 174 

combustion mode interfaced in continuous-flow mode with an Isoprime100™ isotope ratio mass spectrometer 175 

hosted at the LEHNA. For each bioapatite sample, 3 aliquots of 7 mg of bioapatite powder were mixed with 176 

around 20 mg of tungsten oxide (WO3) powder and loaded in tin foil capsules. Tungsten oxide is a powerful 177 

oxidant ensuring the full thermal decomposition of bioapatite sulfate into sulfur dioxide (SO2) gas (Goedert et 178 

al., 2016). Measurements have been calibrated against the IAEA-S-2 (silver sulfide, Ag2S δ34S = + 22.62 ‰ (V-179 

CDT); Halas and Szaran 2001), IAEA-SO-5 (barium sulfate, BaSO4 δ34S = + 0.5 ‰ (V-CDT); Halas and Szaran 2001) 180 

and IAEA-SO-6 (barium sulfate, BaSO4 δ34S = - 34.1 ‰ (V-CDT); Halas and Szaran 2001) international standards. 181 

For each analytical run of bioapatite samples, we have also analyzed BCR32 samples as a compositional (S % = 182 

0.72, certified value; Community Bureau of Reference 1982) and isotopic standard (δ34S = + 18.4 ‰ (V-CDT); 183 

Fourel et al. 2015; Goedert et al. 2016) to ensure that analytical conditions were optimal to perform sulfur 184 

isotope analyses of samples with low-S content (we measured BCR32 over four analytical sessions: δ34S = + 18.8 185 

‰ ± 0.3 ‰ (1σ) and S content = 0.76 % ± 0.03 % (1σ); n = 4). 5 aliquots (270 µg each) of IAEA-S2 were 186 

systematically analyzed at the beginning and end of each analytical batch to correct for potential instrumental 187 

drift effects. Smaller aliquots of IAEA-S2 weighing 90 µg have also been analyzed allowing to correct possible 188 

isotopic fractionation of instrumental origin for samples with low intensity (around 1 nA). It is worth noticing 189 

that samples SV-5 and T-4 have been analyzed in two different analytical sessions (each time three aliquots) 190 

and delivered statistically identical values (+10.0‰ ± 0.07 ‰ vs +10.1‰ ±0.18‰ and +16.0‰ ±0.49‰ vs 191 

+16.1‰ ± 0.08‰, respectively). The sample average standard deviation for δ34S measurements is 0.2 ‰ ± 0.2 192 

‰. Data are reported as δ34S values in “‰” relative to the V-CDT scale. The official international unit to report 193 

isotopic ratio is the Urey (Ur). As it is a more common practice we have reported isotopic data in “‰” units 194 

with 1 ‰ = 1mUr. 195 

  196 



RESULTS AND DISCUSSION 197 

Taphonomy 198 

Fossil specimens were collected from disarticulated individuals and exhibit various degrees of abrasion 199 

and fragmentation (SMI 14). Fossil samples from Ti and Co show the highest degree of abrasion and 200 

fragmentation, indicative of substantial post-mortem transport. Samples from fluvial strata (Bl and SV) show 201 

medium to low levels of abrasion and fragmentation indicating less post-mortem transport of specimens 202 

compared to those from transitional and shallow marine strata (Ti and Co, respectively; Broussard et al., 2020). 203 

Rare Earth and Yttrium elements 204 

Rare Earth and Yttrium (REY) elements are incorporated post-mortem into bioapatites primarily during 205 

early diagenesis from pore waters (Trueman and Tuross 2002; Trotter et al., 2016). Thus, fossil bioapatites 206 

acquire REY concentrations characteristic of the diagenetic environment and can be useful for disentangling 207 

potential different diagenetic histories within a fossil assemblage (Trueman and Tuross 2002). 208 

Most of the fossil apatite samples analyzed here have (La/Sm)N ratios < 0.3 (Fig. 2; SMI 10). This 209 

implies that these fossil bioapatites probably underwent at least one later phase of diagenetic incorporation of 210 

REY via substitutional mechanisms leading to enrichment in Medium Rare Earth Elements (MREE; Reynard et 211 

al., 1999). Interestingly, sedimentary samples from SV, Bl and Ti have (La/Sm)N ratios > 0.3, that fall within the 212 

domains characterizing modern fresh to coastal waters and range along this salinity gradient in perfect 213 

coherence with their characterization in terms of depositional environment; Ti locality being considered more 214 

distal than Bl, itself more distal than SV (Broussard et al., 2020). Most Ti samples also have (La/Sm)N ratios > 215 

0.3, suggesting that they have retained their primary diagenetic signature. By applying the partition coefficients 216 

between apatite and water (Koeppenkastrop and De Carlo 1992) we calculated the REY concentrations of the 217 

pore waters from which they acquired this signature (Trotter et al., 2016). Interestingly, these show (La/Sm)N 218 

and (La/Yb)N ratios compatible with those of modern transitional aquatic environments (Fig. 2); this is again in 219 

agreement with a fluvial-marine transitional environment interpreted for Ti from sedimentological data (Slane 220 

et al., 2009; Broussard et al., 2020). 221 



Fossil bioapatites record REY patterns that are highly consistent within a single locality, but differ 222 

between localities. The Ti locality, for example, shows marked differences from the others, notably expressed 223 

by the presence of three negative anomalies in europium (Eu), terbium (Tb) and yttrium (Y) and a more 224 

moderate enrichment in MREE. The SV and Bl localities show very similar patterns suggesting similar 225 

fossilization environments, which is again consistent with an interpretation in terms of similar depositional 226 

environments for these two localities, Bl being more distal than SV locality. The Co localities also show similar 227 

REY profiles, but is nevertheless distinguished from SV and Bl localities by a negative neodymium (Nd) anomaly 228 

(Fig. 2). 229 

It is particularly interesting to note that within the Ti locality, sample Ti-8 shows a REY profile different 230 

from the other samples, with a marked enrichment in MREE. In fact, this sample shows a pattern very similar to 231 

the Bl and SV localities. Its δ18Op and δ34S values are also close to those from the Ti locality (Fig. 3). These 232 

observations strongly suggest that this sample has been reworked, potentially from a locality further upstream 233 

in the sedimentary depositional system, which is again consistent with a more proximal depositional 234 

environment for the SV and Bl localities compared with Ti, which is interpreted as more distal. 235 

Evaluation of primary preservation of stable isotope compositions 236 

Post-mortem, bioapatite mineral that composes the skeleton can be modified during diagenesis (e.g., 237 

Keenan et al., 2015; Keenan 2016; Keenan and Engel 2017). The original content of one or more elements can 238 

be altered as well as its pristine isotopic compositions but not in a systematic and a priori predictable way, 239 

which implies to evaluate each element separately when assessing diagenesis (e.g., Sponheimer and Lee-Thorp 240 

2006; Martin et al., 2018). 241 

Unlike the oxygen isotope composition of carbonate, the oxygen isotope composition of bioapatite 242 

phosphate is more robust regarding diagenetic alteration (e.g., Shemesh et al., 1983; Lécuyer et al., 1999). For 243 

each locality, there is no significant correlation between phosphate δ18Op values and its concentration in the 244 

bioapatite (SMI 15). Moreover, 95% of Ca/P ratio values are within the modern variability (1.99 ≤ Ca/P ≤ 2.33; 245 

Legeros et al., 1984). These two observations indicate dissolution-recrystallization processes that occurred 246 

during early diagenesis did not involve a substantial replacement of the pristine phosphate component by 247 

exogenous sources of phosphate with different oxygen isotope compositions. 248 



The sulfur isotope composition of sulfate that substitutes to phosphate in bioapatite can be 249 

overprinted by the addition of diagenetic mineral such as iron sulfide, which can have a very low sulfur isotope 250 

composition (e.g., Goedert et al. 2023). Following this assumption, if bioapatite samples were contaminated by 251 

diagenetic sulfide minerals, we would therefore expect to observe a positive correlation between δ34S values 252 

and the inverse of sulfur concentration (SMI 15). Here, no significant correlations are observed for neither the 253 

Bl, Ti nor Co localities (SMI 15). However, two samples (CoM-1 and CoM-2) have negative δ34S values (SMI 8). 254 

Although these values are not incompatible with those of freshwater environments (Nehlich 2015) (and the 255 

sulfur concentration of these samples (< 1 %) is not incompatible with in vivo concentrations either) we cannot 256 

rule out slight contamination of the bioapatite by a sulfide source with very negative δ34S values. We will 257 

therefore treat these two samples with caution in the following interpretations. Additionally, it is worth noting 258 

that the average sulfur concentrations of the samples (either by AES or by the elemental analyzer TCD system) 259 

are all less than 1% (except for CoM-3, CoM-7 and CoM-8) and relatively homogeneous (average S content 260 

equals 0.22 ± 0.11% by TCD and 0.39 ± 0.22% by AES). Such values are rather compatible with the expected 261 

biogenic concentrations in vertebrate bioapatite. 262 

Eventually, we do not observe any significant correlations between the isotopic compositions of oxygen or 263 

sulfur and the concentrations of elements typically incorporated in bioapatite during diagenesis, such as REY, 264 

manganese, iron, thorium and uranium (SMI 9 and 10). All these considerations lead us to assume that these 265 

Devonian bioapatite samples have retained at least part of their pristine oxygen and sulfur isotopic 266 

compositions, which can be used to make paleoenvironmental inferences. 267 

Oxygen and sulfur isotopes 268 

The oxygen isotope composition of marine waters ranges generally from - 2‰ to + 2 ‰, and in most 269 

cases is 18O-enriched relative to freshwater, except for freshwater from dry tropical environments (Dansgaard 270 

1964; Craig and Gordon 1965; Rozanski et al., 1993). Concerning sulfur isotope composition, marine 271 

environments generally have δ34S values of dissolved sulfates higher than freshwater ones, close to +21 ‰ for 272 

modern marine environments (Nehlich 2015; Goedert et al. 2020). Knowing that the isotopic fractionation 273 

between the sulfur of apatite and that of sulfates in aquatic environments is close to 0 ‰ (Goedert et al., 274 

2018), the sulfur isotopic composition of apatites directly reflects that of the dissolved sulfates of aquatic 275 



environments in which the sampled vertebrates lived. However, to date, there are no published data of δ34S 276 

values of vertebrates from typical and exclusive Devonian marine species (e.g., conodont) to compare with. 277 

Nonetheless, the sulfur isotopic composition of marine environments can also be traced through that of marine 278 

carbonates that also reflects directly that of the sulfates of marine waters. Several studies have measured 279 

elevated δ34S values of marine carbonates ranging from + 20 to + 30 ‰ during the Famennian (Kampschulte 280 

and Strauss 2004; Peryt et al., 2007; Sim et al., 2015; Paytan et al., 2020). 281 

The 40 analyzed Devonian vertebrate samples have δ18Op values ranging from + 11.5 ‰ to + 14.9 ‰ 282 

(Fig. 3; SMI 8). Average δ18Op values of vertebrates from SV and Bl do not differ significantly (δ18Op = + 13.0 ‰ ± 283 

0.6 ‰ (n = 10) vs δ18Op = + 13.2 ‰ ± 0.3 ‰ (n = 10); Mann-Whitney test: p-value = 0.2863). However, average 284 

δ18Op values from Ti and from CoM are respectively and significantly higher (δ18Op = + 14.1 ‰ ± 0.8 ‰ (n = 10)) 285 

and lower (δ18Op = + 12.0 ‰ ± 0.3 ‰ (n = 9)) than those from SV and Bl (Cf. Mann-Whitney pairwise test in SMI 286 

16). There are no systematic differences in the δ18Op values of different taxa (i.e., Bothriolepis sp., Holoptychius 287 

sp., E. bourdonii) between the different localities. 288 

With regard to sulfur, the 40 analyzed Devonian vertebrate samples have δ34S values ranging from + 289 

6.0 ‰ to + 20.7 ‰ (without considering the two negative values; see explanations above; Fig. 3; SMI 8). SV, Bl, 290 

Ti and CoM have average δ34S values of + 10.0 ‰ ± 2.5 ‰ (n = 10), + 17.1 ‰ ± 1.4 ‰ (n = 9), + 14.5 ‰ ± 2.1 ‰ 291 

(n = 10) and + 8.5 ‰ ± 1.8 ‰ (n = 4), respectively. All these values are significantly different from each other 292 

(except between SV and CoM cf. Mann-Whitney pairwise test in SMI 16). The localities of SV and Ti show 293 

systematic differences in δ34S values between different taxa. At SV, for instance, the sulfur isotope values vary 294 

systematically among the different taxa (+ 6.8 ‰ to + 8.1 ‰ in Bothriolepis sp., + 9 ‰ to + 10.5 ‰ in 295 

Holoptychius sp., + 10.1 ‰ to + 13.8 ‰ in E. bourdonii). These preliminary results, suggest that subtle changes 296 

in the relative salinity play an important role in the structuring of aquatic ecosystems, as currently the case in 297 

modern ones and as has been highlighted for other Upper Devonian taxa (Goedert et al. 2018). The lower δ34S 298 

values of Bothriolepis sp. could also reflect a benthophagous lifestyle as observed for some modern vertebrate 299 

taxa (Croisetière et al., 2009; De Brabandere et al., 2009; Ponton and Hare 2015; Goedert et al., 2020;), which 300 

would fit well with the benthophagous lifestyle proposed independently for this taxon from its anatomical 301 

study (e.g., Béchard et al., 2014; Chevrinais et al., 2017). However, these observations are only based on a 302 



small number of individuals per taxon and would deserve further investigation to provide appropriate 303 

statistical support. 304 

Devonian bioapatite samples from SV, the most proximal locality, have low δ18Op and δ34S values 305 

consistent with freshwater aquatic environments. The significantly higher δ34S values of Bl and Ti (SMI 16) are 306 

indicative of marine influence, in agreement with their distal position compared to SV (Broussard et al., 2020). 307 

Nonetheless, they are still not compatible with strictly marine environments during Late Devonian time. δ18Op 308 

values of Devonian bioapatite sampled from shallow marine and transitional environments (Co and Ti sites, 309 

respectively) are substantially lower (even the highest value, i.e., + 14.9 ‰) than those reported from strictly 310 

marine organisms, such as conodonts, that typically yield δ18Op values ranging from + 16.5 ‰ to + 19 ‰ during 311 

Late Devonian time (Joachimski et al., 2009; Chen et al., 2021). While these differences may reflect the 312 

relatively shallow coastal conditions of the sample sites, they may also be a product of the epicontinental 313 

setting that characterized the studied region during Late Devonian time with shallow coastal water mass 314 

potentially diluted locally by freshwater inputs from orogenic sources (Acadian orogeny) (Fig. 1; Gilleaudeau et 315 

al., 2021). 316 

The vertebrate sample from the CoS locality has the highest δ34S value of the entire dataset (δ34S = + 317 

20.7 ‰), compatible with δ34S values of marine environments at that time (Goedert et al., 2018). Its δ18Op 318 

value, on the other hand, is low for typical marine values. This can be explained by the dilution effect cited 319 

above that affects more oxygen isotopic composition since oxygen is more sensitive than sulfur to mixing 320 

process with freshwater (Goedert et al. 2018). Vertebrate samples from the CoM locality have the lowest δ18Op 321 

and δ34S values, which are clearly incompatible with those of Late Devonian marine environments. The 322 

fossiliferous horizon at CoM contains a mix of marine (brachiopods, crinoids, ctenacanthids, and Orodus sp.) 323 

and freshwater fauna (lungfish). Moreover, the CoM vertebrate fossil horizon is a rare red sandstone unlike 324 

surrounding grey strata that bear sedimentary structures diagnostic of wave- and tidal- processes (SMI 12). 325 

Given the sedimentology, taphonomy, and stable isotope values of the pachyosteomorph samples, it is likely 326 

that they originated in freshwater, upstream environments and were transported post-mortem and deposited 327 

into shallow marine environments preserved at the CoM locality. Previously, isolated remains of 328 

pachyosteomorphs have been identified from fluvial strata at the Ti and Bl localities (Broussard et al., 2022). 329 

Considering these occurrences and our stable isotope data together, large pachyosteomorph arthrodires (ca. 5 330 



– 7 m in length) were likely able to tolerate a range of environments based on salinity and were not restricted 331 

to marine environments in the Late Devonian northern Appalachian Basin (Carr 2010). 332 

Apatites from the Ti locality have slightly lower δ34S values than those from Bl, which is considered to 333 

have been more proximal compared to Ti (Broussard et al., 2020). Similar to the CoM “placoderm” samples, 334 

this may be explained by post-mortem transport of the Ti assemblage fossils from lower salinity upstream 335 

environments, as indicated by their high degree of abrasion and fragmentation (SMI 14). 336 

Paleoecological inference 337 

Taken together, oxygen and sulfur isotope compositions confirm previously reported sedimentological 338 

data that many Late Devonian vertebrate species are euryhaline (at least ecologically), living in aquatic 339 

environments ranging from fluvial, transitional fluvial-coastal plain, and shallow marine environments. Isotopic 340 

data clearly reveal the influence of water of higher salinity for the locality of Bl and CoS (higher δ34S values) and 341 

for the locality of Ti (both higher δ18Op and δ34S values), which is compatible with depositional models (Fig. 1; 342 

SMI 2; Slane et al., 2009; Broussard et al., 2018, 2020). 343 

Although oxygen isotope values are rather comparable with those measured in Late Devonian 344 

vertebrate bioapatites of Eastern Greenland and China, sulfur isotope compositions from Greenland and China 345 

yield significantly higher values (> + 20 ‰; Goedert et al., 2018) than the Appalachian vertebrates reported 346 

herein (Fig. 4). This difference may be explained by the China and Greenland vertebrates inhabiting more 347 

seaward habitats although the paleoenvironment of the China and Greenland samples (Goedert et al., 2018) is 348 

not well constrained. 349 

The different ecosystems represented by these aquatic environments with varying degrees of salinity 350 

supported a diverse array of vertebrate taxa including sarcopterygians and early tetrapods within the fin-to-351 

limb transition. Previous work at other locations globally have reported early tetrapod remains from 352 

transitional environments (e.g., Goedert et al., 2018; Gess and Whitfield 2020). However, no early tetrapods 353 

have been reported from Upper Devonian strata interpreted as transitional or shallow marine environments 354 

anywhere in the Appalachian basin. To date, in the Appalachian basin early tetrapod remains have been 355 

collected from the SV locality alongside taxa sampled in this analysis (Downs et al., 2021). In addition, they have 356 

been reported from Famennian strata at the Red Hill and Trout Run sites (not part of this study), which are 357 



interpreted as freshwater depositional environments based on sedimentological and paleontological data (Fig. 358 

1D; Daeschler et al., 2009; Broussard et al., 2018). Thus, isotopic data reported herein support previous 359 

sedimentological data that indicate Late Devonian tetrapods inhabited fluvial environments in the Appalachian 360 

basin. 361 

  362 



Conclusions 363 

 Integration of geochemical data with sedimentological and paleontological data allow for robust 364 

reconstruction of vertebrate habitats deep in the past. Our study is the first to assess relative paleosalinity of 365 

Late Devonian aquatic ecosystems in the Appalachian Basin via integrated geochemical, sedimentological, and 366 

paleontological data. Using this novel approach, we show that oxygen and sulfur isotope compositions of 367 

Devonian vertebrate bioapatites reflect the relative salinity differences between SV, Bl, Ti and CoS localities in 368 

agreement with sedimentological interpretations, with the exception of the CoM locality. Fossil vertebrate 369 

samples from the CoM locality have isotopic values clearly compatible with freshwater environments that 370 

differ from sedimentary and paleontological data that indicate a coastal shallow marine depositional 371 

environment. Taphonomic data (i.e., degree of abrasion) and REY patterns suggest that CoM vertebrate 372 

remains were transported from upstream, freshwater environments. This underlines the importance of 373 

distinguishing between depositional and living environments when interpreting isotopic data to make 374 

paleoecological inferences. Overall, these new geochemical data are consistent with previous environmental 375 

affiliations of sampled taxa derived from sedimentological and paleontological observations. These 376 

geochemical results confirm the ecological euryhalinity of several Late Devonian vertebrate taxa. A majority of 377 

Late Devonian early tetrapod body fossils originate from aquatic environments subjected to marine influence 378 

(Olive et al., 2016; Goedert et al., 2018; Gess and Whitfield 2020). Our results are the first demonstrating that 379 

some early tetrapod species occupied unequivocally freshwater habitats by ca. 362-360 Ma. The analytical 380 

techniques employed in our study should be of special concern to those workers interested in assessing the 381 

influence of salinity on ancient vertebrate aquatic environments that may not be obvious from combined 382 

sedimentological and paleontological data alone. 383 
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FIGURE CAPTIONS 629 

Figure 1 – A. Map showing Upper Devonian sedimentary strata in New York and Pennsylvania (yellow). Red 630 

rectangle highlights the geographic area containing sampled vertebrate fossil sites (yellow circles) and 631 

unsampled vertebrate fossils sites (gray circles). Adapted from Broussard et al. (2018). B. Stratigraphic chart 632 

showing maximum age range of sampled vertebrate sites based on palynology (SMI 1). C. Depositional setting 633 

of Late Devonian vertebrate fossil sites ca. 362 Ma. Area shown in C spans ~30°–35° S of the paleoequator 634 

(Golonka, 2020). Red rectangle corresponds to area shown in A and yellow circles are sampled vertebrate fossil 635 

sites also shown in A. D. Schematic depositional model for Catskill and Lock Haven formation strata in north-636 

central Pennsylvania with sampled (red text) and unsampled (green text) fossil localities. Modified from Oest 637 

(2015) and Broussard et al. (2020). Green symbols indicate tetrapod occurrences at upstream sites (see text for 638 

references). Base paleogeography is from 2023 Colorado Plateau Geosystems Inc. Refer to SMI 1 and 2 for 639 

details on the fossil sites where isotope samples were collected. 640 

 641 

Figure 2 – PAAS normalized REY diagrams for bioapatite and sediment samples from the Steam Valley, 642 

Blossburg, Tioga and Covington (Middle and South) localities on the upper part and (La/Yb)N vs (La/Sm)N and 643 

(Sm/Yb)N vs (La/Sm)N diagrams on the lower part. The sediment samples are shown as light pink in the REY 644 

diagrams and as stars in the ratio diagrams. The grey shaded area corresponds to the so-called "bell-shaped" 645 

zone that characterizes MREE enrichment due to substitution mechanisms with calcium during late diagenetic 646 

phases following the model of Reynard et al. (1999). For the Tioga locality the blue dots circled in bold 647 

represent the calculated values (using the apatite-water Kd partition coefficient determined by Koeppenkastrop 648 

and De Carlo 1992) for the pore waters from which the Devonian apatite samples from the Tioga locality would 649 

have acquired their REY (following Trotter et al., 2016). 650 

 651 

Figure 3 – Stable sulfur isotope composition vs stable oxygen isotope composition of Late Devonian vertebrate 652 

bioapatite samples from different Pennsylvanian localities. Black horizontal dashed lines (positioned arbitrarily) 653 

delimit three main areas of aquatic environments characterized by contrasting salinities, based on δ34S values. 654 

 655 



Figure 4 – Stable sulfur isotope composition vs stable oxygen isotope composition of Late Devonian vertebrate 656 

bioapatite samples from Pennsylvania (this study) compared to those previously measured for East Greenland 657 

and China Late Devonian vertebrate samples (East Greenland and China data are from Goedert et al., 2018). 658 

Black horizontal dashed lines (positioned arbitrarily) delimit three main areas of aquatic environments 659 

characterized by contrasting salinities, based on δ34S values. 660 
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1Supplemental Material. SMI 1–16 Please visit https://doi.org/10.1130/XXXX to access the 662 

supplemental material, and contact editing@geosociety.org with any questions. 663 

SUPPLEMENTAL MATERIAL ITEMS 664 

SMI 1 Goedert et al. Devonian Sites. Table summarizing vertebrate fossil sites. For site details, refer 665 

to SMI-2-7, as well as Broussard et al. (2018, 2020, 2022). 666 

SMI 2 Goedert et al. Locality Map. Geologic map showing vertebrate fossil sites. For site details, 667 

refer to SMI-1, 3, and 4 as well as Broussard et al. (2018, 2020). 668 

SMI 3 Goedert et al. Vertebrate fossils. Photographs of representative vertebrate taxa from each 669 

vertebrate fossil site. 670 

SMI 4 Goedert et al. Steam Valley Samples. Photographs of sampled vertebrate macrofossils from 671 

Steam Valley 672 

SMI 5 Goedert et al. Blossburg Samples. Photographs of sampled vertebrate macrofossils from 673 

Blossburg 674 

SMI 6 Goedert et al. Tioga Samples. Photographs of sampled vertebrate macrofossils from Tioga 675 

SMI 7 Goedert et al. Covington Samples. Photographs of sampled vertebrate macrofossils from 676 

Covington 677 

SMI 8 Goedert et al. Table summarizing isotopic data 678 

SMI 9 Goedert et al. Table summarizing elemental data 679 

SMI 10 Goedert et al. Table summarizing REY data 680 

SMI 11 Goedert et al. Covington Macrofossils. Photographs showing key macrofossils of the sampled 681 

Covington site, which has not been published previously. 682 



SMI 12 Goedert et al. Covington Lithofacies. Photographs showing key sedimentological features of 683 

the sampled Covington site, which has not been published previously. 684 

SMI 13 Goedert et al. Covington Trace Fossil. Photographs showing key ichnofossils of the sampled 685 

Covington site, which has not been published previously. 686 

SMI 14 Goedert et al. Taphonomic variation. Photographs of representative vertebrate fossils 687 

demonstrating taphonomic variation 688 

SMI 15 Goedert et al. Preservation of original isotopic signal. 689 

SMI 16 Goedert et al. Mann-Whitney pairwise 690 
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