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Highlights 14 
 15 

• Black shales from the Loma Chumico Formation date to 88–87 Ma. 16 
• Black shale deposition matches the onset of OAE3 and peak volcanism of the CLIP. 17 
• Mercury spikes from Holes 700B and U1513A, calibrated with carbon isotope data, suggest 18 

LIP volcanism shortly before and during OAE3. 19 
• Combined stratigraphic, geochronological, and geochemical data suggest a causal link between 20 

CLIP magmatism and OAE3. 21 
 22 
Abstract 23 
 24 
The high-volume, short-lived magma flux associated with the eruption of oceanic large igneous 25 
provinces (LIPs) is believed to have triggered Cretaceous Oceanic Anoxic Events, most notably OAE1 26 
(~120–100 Ma) and OAE2 (~94 Ma). In contrast, OAE3 (~88–84 Ma) is considered to have occurred 27 
independently of LIP volcanism. Here we present a record of OAE3-related black shale deposition in 28 
Costa Rica that is coeval with the peak phase of the Caribbean LIP. Radiolarian biostratigraphy and 29 
zircon U-Pb geochronology from the Loma Chumico Formation indicate that black shale formation in 30 
the Costa Rican forearc was synchronous with the onset of OAE3 at around 88 Ma. Recently revised 31 
40Ar/39Ar ages of LIPs show that the Caribbean LIP is the best candidate to hypothesize a causal link 32 
between OAE3 and a major magmatic event. Peak volcanism of the Caribbean LIP between 88 and 86 33 
Ma occurred at the same time as global carbon cycle perturbations in marine and terrestrial settings, as 34 
well as oceanic anoxia. New mercury records, calibrated with carbon isotopes and used as a proxy for 35 
LIP volcanism, from ODP Hole 700B and IODP Hole U1513A suggest that the Caribbean LIP not only 36 
coincided with OAE3 but may have actually triggered it. Overall, these new and existing data suggest 37 
a significant role of the Caribbean LIP in driving environmental and climatic perturbations during the 38 
Coniacian–Santonian. 39 
 40 
1. Introduction 41 
 42 
Oceanic Anoxic Events (OAEs) represent major disruptions in Earth's climate and carbon cycle, 43 
typically marked by widespread oceanic anoxia and deposition of organic-rich black shales (Leckie et 44 
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al., 2002). These events were primarily triggered by rapid global warming caused by large releases of 45 
CO2 from volcanic sources, most likely large igneous provinces (LIPs; e.g., Kuroda et al., 2007; Barclay 46 
et al., 2010). LIP-induced warming accelerated the hydrological cycle, increased continental 47 
weathering, intensified wind‐driven upwelling, and boosted nutrient runoff into oceans, leading to 48 
enhanced biological productivity and organic matter deposition (Jenkyns, 2010). Disturbances in the 49 
carbon cycle were recorded through carbon isotopes (δ13C), while geochemical proxies of volcanism–50 
such as osmium isotopes and mercury (Hg) abundances–may be used to infer links between LIP 51 
eruptions and global environmental changes (Turgeon and Creaser, 2008; Percival et al., 2024). 52 
 53 
Considered as the last OAE in Earth’s history, OAE3 was a relatively low-amplitude perturbation of 54 
the global carbon cycle that occurred during the Coniacian–Santonian (~89.8–83.6 Ma; Jenkyns, 1980; 55 
Wagreich, 2009). Modest positive δ13C excursions (≤~1‰) associated with OAE3 have been 56 
documented globally, from low to high latitudes, in both marine and terrestrial records (Wagreich, 2012; 57 
Richey et al., 2023). OAE3 was typically expressed as organic-rich black shales in many near-58 
continental and epicontinental seas (Fig. 1) and resulted in regional anoxia and extinction of benthic 59 
foraminifera (Mansour and Wagreich, 2022). Unlike earlier Cretaceous OAEs, OAE3 is not thought to 60 
have been triggered by any of the LIPs active during the Coniacian–Santonian, mainly because: (i) the 61 
OAE3 is not confined to a single, well-defined black shale interval, but rather consists of distinct 62 
subevents (e.g., Wagreich, 2009); and (ii) no significant LIP activity is thought to have occurred during 63 
that time (e.g., Kerr, 2014). Instead, black shale deposition has been interpreted as largely driven by 64 
regional paleogeographic conditions, which modulated the accumulation and preservation of organic 65 
matter during OAE3 (Mansour and Wagreich, 2022). 66 
 67 
Until recently, the eruptions of the Caribbean Large Igneous Province (CLIP) were regarded as one of 68 
the principal causes of the Cenomanian–Turonian Boundary Event or OAE2 (e.g. Scaife et al., 2017; 69 
Percival et al., 2024), because the CLIP was considered the largest single expression of magmatism on 70 
Earth at that time (Snow et al., 2005; Coffin et al., 2006). As discussed in this paper, the main CLIP 71 
activity (~94–63 Ma; Loewen et al., 2013) may have been actually too young to have significantly 72 
contributed to the climate change of the OAE2 (~94 Ma), as already noted by Kasbohm et al. (2021). 73 
Radiolarian biostratigraphic work (e.g., Baumgartner et al., 2008) has repeatedly documented 74 
Coniacian–Santonian radiolarian assemblages from radiolarites interbedded between lava flows of the 75 
CLIP in the Nicoya Complex (northeast Nicoya Peninsula, Costa Rica). In the Nicoya Complex, 76 
alternations of green radiolarian cherts and black shales overlain by CLIP basalts dated as 92–83 Ma, 77 
document OAE3 anoxia in a Paleo-Pacific oceanic environment (Baumgartner et al., 2024). Radiolarites 78 
in stratigraphic contact with CLIP basalts of the Azuero Plateau (Panama) yielded similar Coniacian–79 
Santonian assemblages (Kolarsky et al., 1995). Possible OAE3 sediments, studied for their source rock 80 
potential (Carvajal-Arenas et al., 2020) were found at DSDP Sites 146, 151, and 153, located on Beata 81 
Ridge and in the eastern Caribbean basin (Fig. 1), where layers rich in radiolarians and organic matter 82 
associated with basalt flows of the CLIP roof were recovered. These basalts have yielded 40Ar/39Ar ages 83 
of 92.1 ± 4.7 and 90.6 ± 3.2 Ma, which coincide with those obtained between 92.4 and 76.9 Ma for 84 
igneous rocks dredged from the Beata Ridge (Dürkefälden et al., 2019). Planktonic foraminifera present 85 
in sandstones overlying CLIP basalts in site 153 define the Marginotruncana schneegansi zone of upper 86 
Turonian age (Edgar et al., 1973). 87 
 88 
Recent advances in the statistical treatment of 40Ar/39Ar age data of LIPs (Jiang et al., 2023), along with 89 
the documentation of elevated Hg abundances in organic-rich rocks from OAE3 (Grasby et al., 2025), 90 
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make it timely to reevaluate whether OAE3 was a “LIP-less” event. In this paper, we combine 91 
radiolarian biostratigraphy and zircon U-Pb geochronology to refine the age of Costa Rican black shales 92 
that overlie accreted remnants of the CLIP and were previously attributed to OAE3 (Andjić et al., 2019; 93 
Fig. 1). We then use these new time constraints to assess whether the OAE3 black shales coincide with 94 
the revised ages of the CLIP and other LIPs. Moreover, we assess whether LIP activity was synchronous 95 
with OAE3 through Hg analyses from ODP Hole 700B and IODP Hole U1513A, as Hg enrichments 96 
would be expected globally in marine sediments if a major LIP eruption occurred at that time. Overall, 97 
clarifying this relationship is important for evaluating whether LIP activity played a more significant 98 
role in triggering the OAE3 than previously recognized, and more broadly, for understanding the drivers 99 
of Late Cretaceous global carbon cycle perturbations and oceanic anoxia. 100 
 101 
2. Geological setting 102 
 103 
2.1. Loma Chumico Fm. (Costa Rica) 104 
 105 
The Loma Chumico Formation (Fm.) is a deep-water, volcaniclastic-dominated formation deposited in 106 
the Tempisque forearc basin (Andjić et al., 2019), reflecting the activity of an intraoceanic arc in 107 
northern Costa Rica during the Coniacian–Campanian (~89–75 Ma; Bandini et al., 2008; Andjić et al., 108 
2018; Fig. 2). The Loma Chumico Fm. is divided into two parts: a lower, silica- and organic-rich part 109 
(Coniacian–Santonian) and an upper, carbonate-rich part (Campanian; Andjić et al., 2019). This change 110 
in facies is interpreted as a response to a global reorganization of deep-water circulation, which shifted 111 
towards more oligotrophic conditions during the Campanian (Erlich et al., 1996; Andjić et al. 2019). 112 
The black shales of the Loma Chumico Fm., which contain an average total organic carbon of ~16 wt.% 113 
(Erlich et al., 1996), have been dated to the Coniacian–Santonian using interbedded radiolarian-rich 114 
volcaniclastic rocks (Andjić et al., 2018, 2019). The Loma Chumico Fm. overlies a mafic basement 115 
primarily composed of basalts, which are intruded by dolerites and gabbros. With formation ages 116 
between 94 and 89 Ma, and geochemical signatures consistent with plume-derived magmatism, these 117 
mafic rocks are considered typical of the CLIP (e.g., Hauff et al., 2000). They were likely accreted to 118 
the margin of what is now Costa Rica as a result of the collision between the northern edge of the CLIP 119 
and the North American plate during the early Coniacian (Manzanillo Terrane in Andjić et al., 2019; 120 
Fig. 1). 121 
 122 
2.2. ODP Hole 700B and IODP Holes U1513 123 
 124 
Hole 700B was drilled on the northeastern slope of the Northeast Georgia Rise in the South Atlantic 125 
(Fig. 1; Ciesielski and Kristoffersen, 1988). The studied interval, extending from 450 to 483 m below 126 
seafloor (mbsf), was sampled between cores 51R and 54R and spans an age range from the earliest 127 
Santonian to the Coniacian (Petrizzo et al., 2020). Only core 51R shows no recovery gaps among the 128 
drilled cores. The drilled lithology consists of micritic limestone alternating with clay-bearing to clayey 129 
micritic limestone. Dispersed, discrete ash-rich layers are present within the sampled interval, generally 130 
measuring 1–3 cm in thickness. 131 
 132 
Holes U1513A, U1513B, and U1513D were drilled on the eastern slope of the Naturaliste Plateau off 133 
the southwestern margin of Australia (southeast Indian Ocean; Huber et al., 2019; Fig. 1). Data from 134 
Holes U1513 are plotted on the CCSF depth scale (core composite depth below sea floor). The studied 135 
interval, extending from 97.35 to 186.44 m CCSF spans an age range from the earliest Santonian to the 136 
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latest Turonian (Huber et al., 2019: Petrizzo et al., 2022); it was sampled between cores 17X and 32X 137 
in Hole U1513A, in core 14F in Hole U1513B, and between cores 6R and 11R in Hole U1513D. The 138 
recovery of cores is generally low. The drilled lithology consists of calcareous and nannofossil oozes 139 
gradually transitioning into nannofossil chalk between 130 and 170 m CCSF. Irregular nodules of white 140 
to grey silicified limestone are common throughout the studied cores. 141 
 142 
3. Materials and methods 143 
 144 
To test the temporal correlation between the studied organic-rich intervals, OAE3, and CLIP volcanism, 145 
we applied a field-based geochronological and biostratigraphic approach, building on the regional 146 
stratigraphic work of Andjić et al. (2018, 2019). We studied a composite section of the lower Loma 147 
Chumico Formation in three localities of the southeastern Nicoya Peninsula (Fig. 2A):  Loma Chumico 148 
(N 10°03’44.5’’/W 85°15’52.4’’), Punta Pochote (N 09°44’44.9’’/W 84°59’30.6’’), and Bahia 149 
Murciélago (N 09°44’46.9’’/W 84°57’19.3’’). Zircon U-Pb geochronology and radiolarian 150 
biostratigraphy were used to date tuffs and volcaniclastic rocks interbedded with black shales of the 151 
Loma Chumico Fm. In addition, Hg abundances of carbonates from Hole 700B (S 51°31’58.6’’/W 152 
30°16’41.3’’) and Hole U1513A (S 33°47’36.5’’/E 112°29’8.1’’) were obtained in combination with 153 
carbon stable isotopes and total organic carbon contents to further evaluate the coincidence between 154 
OAE3 and CLIP volcanism.  155 
 156 
3.1.U-Pb dating of zircon by LA-ICP-MS 157 
 158 
Three tuffs and three volcaniclastic rocks (each <1 kg) were crushed using a hydraulic press, then milled 159 
in a tungsten shatterbox and sieved to a grain size of <250 µm. The sieved material was panned to 160 
remove the lightest fraction, then dried in an oven at 70°C for 24 hours. Heavy minerals were separated 161 
with a Frantz magnetic separator, and gravimetric separation was carried out using methylene iodide. 162 
Between six and thirty-nine zircon crystals per sample were selected using a binocular microscope. 163 
Grains of similar size were handpicked and mounted on 25 mm epoxy pucks, and manually polished to 164 
expose grain centers. The internal structure of the zircons was investigated by cathodoluminescence 165 
(CL) imaging, using a CamScan MV2300 scanning electron microscope at the Institute of Earth 166 
Sciences, University of Lausanne. 167 
 168 
U–Pb ages of zircon grains were obtained by laser ablation inductively coupled plasma mass 169 
spectrometry (LA-ICP-MS). Measurements were carried out using an Element XR sector-field single 170 
collector ICP-MS (Thermo Scientific) interfaced to a RESOlution-SE excimer 193 nm ablation system 171 
equipped with a S155 two-volume ablation cell (Australian Scientific Instruments/Applied Spectra) at 172 
the Institute of Earth Sciences, University of Lausanne. The laser spot diameter was set at 20 µm. A 173 
low on-sample energy density of 2.3 J/cm2, a slow repetition rate of 5 Hz, and a short ablation time (12 174 
s signal duration) were used to minimize isotopic fractionation (Ulianov et al., 2012). The GJ-1 175 
reference zircon (600.36 Ma; Boekhout et al., 2012; Ulianov et al., 2012) was used as a primary standard 176 
for the calibration of the relative sensitivities. The Plešovice reference zircon (337.13 ± 0.37 Ma; Sláma 177 
et al., 2008) was used as a secondary standard. Data reduction was done in LAMTRACE. Normal 178 
concordia and weighted mean age diagrams were calculated using IsoplotR (Vermeesch, 2018). The 179 
weighted mean 206Pb/238U age of the Plešovice zircon during the session amounted to 337.80 ± 0.64 Ma 180 
(MSWD = 1.1, n = 47). All data are displayed in Table S1; analyses that appear visually discordant in 181 
concordia diagrams (Fig. S1) are excluded from interpretations.  182 
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 183 
In the results section, weighted mean ages are reported in the notation: age ± [X], where [X] represents 184 
the internal (analytical) uncertainty derived from data scatter alone, excluding systematic (external) 185 
uncertainties. Thus, [X] provides a minimum estimate of the full uncertainty on the mean age. Based 186 
on years of analysis using standards and samples with known ID-TIMS ages, the maximum total 187 
uncertainty of our LA-ICP-MS laboratory is estimated at 1.6% (2s) of the ID-TIMS ages (Noroña 188 
Muñoz et al., 2025). To estimate the maximum full uncertainty of a given sample, the internal and 189 
systematic uncertainties can be propagated assuming zero covariance, using the formula: �(𝑎𝑎)2 + (𝑏𝑏)2 190 
(a = analytical uncertainty [X], b = 1.6% maximum systematic uncertainty). 191 
 192 
3.2. Radiolarian extraction and dating 193 
 194 
Radiolarians were previously extracted by Andjić et al. (2018, 2019), who detailed an extraction method 195 
involving hydrofluoric and hydrochloric acids. In the present study, radiolarians were picked from 196 
existing residues of five samples. By combining new and previously illustrated material with recent 197 
advances in radiolarian biostratigraphy (O’Dogherty et al., 2009: Bragina et al., 2021; Baumgartner et 198 
al., 2024; Bragina, 2025), we were able to refine the radiolarian age determinations from the earlier 199 
studies by Andjić et al. (2018, 2019). The new material was imaged using a Tescan Mira II LMU 200 
scanning electron microscope equipped with a secondary electron detector at the Institute of Earth 201 
Sciences, University of Lausanne. 202 
 203 
3.3. Stable isotope compositions 204 
 205 
Oxygen and carbon isotope analyses (112 samples) were conducted in the stable isotope laboratory of 206 
the Institute of Earth Surface Dynamics at the University of Lausanne with a Gas‐Bench Plus sample 207 
introduction system interfaced to a Thermo Fisher Scientific Delta V Plus isotope ratio mass 208 
spectrometer following the method described in Spötl and Vennemann (2003). The stable carbon and 209 
oxygen isotope ratios are expressed in delta notation as per mil (‰) relative to the Vienna Pee Dee 210 
Belemnite (VPDB) international reference standard. Multiple analyses of an in‐house standard (Carrara 211 
marble, calibrated to international carbonate standards of NBS-18 and NBS-19) were run parallel with 212 
the samples to correct raw isotopic values. The analytical precision of the method is better than ±0.1 ‰ 213 
(1s) for both C‐ and O‐isotope compositions. The results are presented in Table S2. 214 
 215 
3.4. Mercury (Hg) and total organic carbon (TOC)  216 
 217 
Hg was quantified using a Zeeman R‐915F high‐frequency atomic absorption spectrometer (Lumex, St‐218 
Petersburg, Russia) at the Institute of Earth Sciences, University of Lausanne. Whole rock powder 219 
samples (n = 78) were weighted into a glass measuring boat and then placed into the pyrolizer set at 220 
700°C to evaporate the Hg and determine its concentration in ppb. Measurements were done in 221 
duplicates when enough material was available (i.e., Hole U1513A). A certified external standard 222 
(BCR-277R, Hg = 128 ppb) was used for calibration purposes. The method detection limit is 0.5–3.0 223 
ppb. TOC contents were measured on 74 samples using a Rock EvalTM 6 at the same institution as 224 
above. The instrument was calibrated using the IFP160000 standard with an instrumental precision of 225 
<0.1 wt.% for TOC. TOC normalization was applied to Hg values; however, due to very low TOC 226 
contents (<0.2 wt%), Hg/TOC values were not used in our interpretations to avoid potential errors 227 
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associated with near-detection-limit TOC values (e.g., Grasby et al., 2019). The results are presented in 228 
Table S2. 229 
 230 
4. Results 231 
 232 
4.1. Lithostratigraphy of the lower Loma Chumico Fm. 233 
 234 
The studied sections of the lower Loma Chumico Fm. consist predominantly of radiolarian-bearing 235 
volcaniclastic beds. In Punta Pochote and Bahia Murciélago, the Loma Chumico Fm. overlies a basaltic 236 
basement composed of hyaloclastites and pillow basalts (Fig. 2). All the sections are dominated by 237 
(sandy) tuffaceous siltstones, which are locally interbedded with tuffs (Fig. S2A), sandstones (Fig. 238 
S2E), breccias, and conglomerates. Tuffs are composed of vitric ash exhibiting cuspate glass shards in 239 
a glassy matrix (Fig. S2B, S2C). Sandstones are made of feldspars, pyroxenes, and Fe-Ti oxides set in 240 
a silt-sized tuffaceous matrix. Millimeter- to centimeter-sized rip-up clasts of tuffaceous siltstone are 241 
common in the sandstones, suggesting transport of volcaniclastic material on the seafloor. A several-242 
meter-thick interval of black shales (Fig. S2D) is present in the Loma Chumico and Punta Pochote 243 
sections (Fig. 2C). In the latter section, black shale-tuffaceous siltstone alternations also occur as meter-244 
scale rip-up clasts within basaltic debris flows. Outcrops in Punta Pochote and Bahía Murciélago 245 
indicate that black shales do not overlie the basaltic basement in the southernmost Nicoya Peninsula, 246 
unlike in the central Nicoya Peninsula–where such an overlying relationship is documented in the Río 247 
Blanco (~5 km southwest of Loma Chumico; Andjić et al., 2019; Fig. 2B). Based on stratigraphic 248 
relationships and age constraints presented below, the deposition of black shales of the Loma Chumico 249 
Fm. can be restricted to the middle to late Coniacian. 250 
 251 
4.2. Zircon U-Pb ages of tuff and detrital samples (Loma Chumico Fm.) 252 
 253 
Zircons were recovered from three centimeter-thick tuff layers (Figs. 2C and S2). Within each sample, 254 
zircon crystals appear consistently clear, colorless, and euhedral under transmitted light, suggesting 255 
origin from a single volcanic source. Most of the zircon grains are relatively equant and typically <100 256 
µm wide, whereas less common elongate zircons are generally <100 µm long. The weighted means of 257 
the analyzed zircons are interpreted below as the depositional ages. 258 
 259 
Sample MUC20 from the Bahia Murciélago section yielded 6 concordant analyses with a weighted 260 
mean age of 90.0 ± 1.7 Ma (2s, n = 6, MSWD = 1.7; Fig 3). This U-Pb zircon age is, within uncertainty, 261 
consistent with the 87Sr/86Sr age of 88.4–89.1 Ma (calibrated to the timescale of Ogg et al., 2016 and 262 
based on the 87Sr/86Sr curve of McArthur and Howarth, 2020), which was obtained by Weber (2013) 263 
from an Inoceramus shell (sample MUC13, 87Sr/86Sr = 0.707349 ± 0.000003) collected 30 m above 264 
sample MUC20 (Fig. 2C). Moreover, it is in accordance with the Coniacian age obtained from 265 
radiolarian sample MUC12. 266 
 267 
Samples LCH15-00 and LCH15-04 from the Loma Chumico section yielded 16 and 35 concordant 268 
analyses, respectively. Sample LCH15-00 is interstratified with black shales and has a weighted mean 269 
age of 87.08 ± 0.94 Ma (2s, n = 16, MSWD = 1.4). Sample LCH15-04 is located ~ 9 m above the black 270 
shales; after removing three zircon analyses due to discordance, the data yields a weighted mean age of 271 
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87.38 ± 0.76 Ma (2s, n = 35, MSWD = 0.49). Both U-Pb zircon ages overlap with the middle to late 272 
Coniacian age derived from radiolarian samples LCH0 and LCH15-03. 273 
 274 
Detrital zircons were separated from three centimeter-sized volcaniclastic rocks collected in the Punta 275 
Pochote section (Figs. 2C and S2). Within each sample, the zircon crystals appear consistently clear, 276 
colorless, and euhedral under transmitted light. Within each sample, the proportion of equant and 277 
elongate zircon grains is relatively similar, with sizes typically <120 µm. The weighted means of the 278 
analyzed zircons are interpreted below as the maximum depositional ages, following the YC2σ(3+) 279 
method of Dickinson and Gehrels (2009), in which the weighted mean is calculated from the youngest 280 
three or more dates that overlap within 2s analytical uncertainty. 281 
 282 
Sample CRPC05 was collected from a coarse-grained sandstone located 1.5 m above the basaltic 283 
basement and ~60 m below the main black shale interval (Fig. 2C); it yields a weighted mean age of 284 
88.6 ± 0.4 Ma (1s, n = 23, MSWD = 1.2; Fig. 3). Sample 1PCH4 was collected from a meter-scale rip-285 
up clast composed of alternating sandy tuffaceous siltstone and black shale; after removing one analysis 286 
due to discordance, the data yield a weighted mean age of 88.0 ± 1.5 Ma (1s, n = 3, MSWD = 2.6). 287 
Sample PCH14-02 was collected from a fine-grained sandstone 1 m below the main black shale interval; 288 
after removing two analyses due to discordance, the data yield a weighted mean age of 89.2 ± 0.4 Ma 289 
(1s, n = 11, MSWD = 1.4). The maximum depositional ages of samples CRPC05, 1PCH4, and PCH14-290 
02 are consistent with the ages of radiolarian samples CRCP03 (middle to late Coniacian) and 1PCH7B 291 
(Coniacian). This supports the geological significance of the weighted mean ages derived from detrital 292 
zircons, despite the relatively small sample size (n). 293 
 294 
4.3. Radiolarian biostratigraphy of the Loma Chumico Fm. 295 
 296 
Age-diagnostic radiolarians were extracted from five samples collected in the lower Loma Chumico 297 
Fm. (Figs. 1, 2, 4). Here we mention only the species that were key to assign an age to the studied 298 
samples; the full assemblages are reported in Fig. 4. For sample CRPC03 (Punta Pochote), which was 299 
collected from the stratigraphically lowermost part of the Loma Chumico Fm., a middle to late 300 
Coniacian age is deduced from the following co-occurrence: Annikaella omanensis (first occurrence in 301 
the middle to late Coniacian) associated with Archaeospongoprunum venadoensis, Hemicryptocapsa 302 
polyhedra, and Pseudoaulophacus putahensis (last occurrence in Coniacian). For sample 1PCH7B 303 
(Punta Pochote), a Coniacian age is deduced from the following co-occurrence: Alievium gallowayi, 304 
Alievium praegallowayi, Dictyoprora salillum, Dictyoprora tina, Dictyoprora urna, and 305 
Pseudodictyomitra crassa (first occurrence in Coniacian) associated with Hemicryptocapsa polyhedra 306 
and Pseudoaulophacus putahensis (last occurrence in Coniacian). For sample MUC12 (Bahia 307 
Murciélago), a Coniacian age is deduced from the following co-occurrence: Alievium gallowayi, 308 
Dictyoprora ascalia, Dictyoprora salillum, Pseudodictyomitra crassa and Pseudodictyomitra tiara 309 
(first occurrence in Coniacian) associated with Hemicryptocapsa polyhedra (last occurrence in 310 
Coniacian). For sample LCH15-03 (Loma Chumico), a middle to late Coniacian age is deduced from 311 
the following co-occurrence: Annikaella omanensis (first occurrence in the middle Coniacian) 312 
associated with Hemicryptocapsa polyhedra (last occurrence in Coniacian). For sample LCH0 (Loma 313 
Chumico), a middle to late Coniacian age is deduced from the following co-occurrence: Annikaella 314 
omanensis (first occurrence in the middle Coniacian) associated with Hemicryptocapsa polyhedra and 315 
Pseudoaulophacus putahensis (last occurrence in Coniacian). 316 
 317 
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4.4. ODP Hole 700B and IODP Holes U1513: δ13Ccarb, Hg and TOC 318 
 319 
In the studied cored interval of Hole 700B, δ13Ccarb values have a range between 2.1 ‰ and 3.1 ‰ (Fig. 320 
5A). Based on two key planktonic foraminifera datums identified by Petrizzo et al. (2020), we correlate 321 
the carbon isotope curve of Hole 700B with that of the English Chalk (Jarvis et al., 2006; Miniati et al., 322 
2025; Fig. S4). The lowest occurrence of Globotruncana linneiana is used to constrain the position of 323 
the Coniacian–Santonian boundary (~86.3 Ma) between 456.41 and 457.91 mbsf, while the lowest 324 
occurrence of Planoheterohelix papula is used to constrain the position of the early late Coniacian 325 
(~87.8 Ma) between 471.11 and 474.12 mbsf (Petrizzo et al., 2020). Therefore, we correlate the positive 326 
carbon anomaly at 463.48 mbsf with the Kingsdown event, while the positive carbon anomaly at 475.97 327 
mbsf is correlated with the White Fall event. The negative carbon isotope anomaly at 480.44–481.35 328 
mbsf is correlated with the East Cliff event. Hg abundances range between 0 and 10.6 ppb and do not 329 
show any correlation with CaCO3 (~60–82 wt%) and TOC (~0.08–0.38 wt%) contents. The highest Hg 330 
value (10.6 ppb) at 483.10 mbsf immediately precedes the East Cliff event. Despite the noise in the 331 
curve, we observe an overall decrease in Hg contents through the studied interval towards the 332 
Coniacian–Santonian boundary. 333 
 334 
In the studied cored interval of Holes U1513A, U1513B, and U1513D, δ13Ccarb values have a range 335 
between 2.6 ‰ and 3.7 ‰ (Fig. 5B). Based on one key calcareous nannofossil and one key planktonic 336 
foraminifera datums (Huber et al., 2019; Petrizzo et al., 2022), we correlate the carbon isotope curve of 337 
Holes U1513 with that of the English Chalk (Jarvis et al., 2006; Miniati et al., 2025; Fig. S4). The lowest 338 
occurrence of the planktonic foraminifera Globotruncana linneiana is used to constrain the position of 339 
the Coniacian–Santonian boundary (~86.3 Ma) at 104.45 m CCSF. The Turonian–Coniacian boundary 340 
(~89.8 Ma) is placed at 180 m CCSF, based on the lowest occurrence of the calcareous nannofossil 341 
Micula staurophora at 166.98 m CCSF, as follows. In the recently revised nannofossil scheme for the 342 
English Chalk (Miniati et al., 2025), the lowest occurrence of Micula staurophora occurs in the lower 343 
Coniacian between the East Cliff and the Light Point events. We identify these events at 154.88–157.26 344 
m CCSF and 172.9 m CCSF, respectively, in the new carbon isotope curve of Holes U1513. Therefore, 345 
the negative anomaly preceding these positive excursions (180.06–186.44 m CCSF) is interpreted as 346 
the Navigation event, marking the latest Turonian. Moreover, we identify the Kingsdown event at 347 
139.31 m CCSF and the White Fall event at 149.63 m CCSF. Hg abundances from Hole U1513A range 348 
between 5.5 and 129.3 ppb and do not show any correlation with CaCO3 (~18.6–84.2 wt%). A weak 349 
positive correlation exists between Hg and TOC (~0.05–0.24 wt%) values; however, such low TOC 350 
values are insufficient to reliably interpret Hg–organic matter associations (e.g., Grasby et al., 2019). 351 
The highest Hg values (116.2 and 129.3 ppb) at 158.33–158.77 m CCSF form a distinct peak that 352 
immediately precedes the East Cliff event. Additionally, a secondary peak (90 ppb) at 148.37 m CCSF 353 
appears immediately after the White Fall event. Although the curve shows some noise, Hg content 354 
decreases toward the Coniacian–Santonian boundary. 355 
 356 
5. Discussion 357 
 358 
5.1. Correlation between Loma Chumico black shales and OAE3 359 
 360 
To evaluate the temporal correlation between the Loma Chumico black shales and OAE3, we first 361 
examine the timing of the OAE3 subevents. Based on compiled geochemical and isotope proxy data 362 
from ~100 sections, Mansour and Wagreich (2022) reported the age ranges of three globally recognized 363 
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subevents within the Coniacian–Santonian OAE3: (a) 87.1–86.6 Ma; (b) 85.5–84.7 Ma; (c) 84.0–83.5 364 
Ma. Given that our new data constrain the age of the Loma Chumico black shales to the middle to late 365 
Coniacian, we focus here on their correlation with the OAE3a subevent.  366 
 367 
We emphasize that the duration and timing of OAE3a, as defined by Mansour and Wagreich (2022), 368 
are not widely accepted. (i) A consensus has not been reached on the absolute ages of the Turonian–369 
Coniacian and Coniacian–Santonian boundaries (e.g., Thibault et al., 2016; Mansour and Wagreich, 370 
2022; Bomou et al., 2025; Singer et al., 2025). The timescale used to calibrate the carbon isotope curves 371 
in the Turonian–Campanian interval may thus shift the age of the OAE3a up to ~0.4 Ma. (ii) Basin 372 
restriction and local environmental factors may have influenced both the recorded duration and facies 373 
expression of OAE3a. For example, OAE3a is interpreted to have begun ~0.6 Ma earlier in the Western 374 
Interior Seaway (Joo and Sageman, 2014; Grasby et al., 2025; Fig. 6) than in the English Chalk 375 
(Mansour and Wagreich, 2022), and was accompanied by black shale deposition only in the former. 376 
 377 
Nevertheless, whichever timescale and subevent duration are preferred, the age of the Loma Chumico 378 
black shales overlaps with that of the OAE3a. In particular, our most robust detrital zircon age (sample 379 
CRPC05), the tuff zircon age from Bahia Murciélago (sample MUC20), the radiolarian sample CRPC03 380 
(Punta Pochote), and the 87Sr/86Sr data from Weber (2013)–all from lithologies underlying the black 381 
shale interval–indicate that black shale deposition may have started from 88.4–87.8 Ma (Figs. 2 and 6). 382 
Combining all our zircon ages from rocks encompassing the organic-rich interval of the Loma Chumico 383 
Fm. into a single Kernel Density Estimation (KDE) curve yields a single peak at 87.8 Ma (Fig. 6c). 384 
These ages are supported by the middle to late Coniacian radiolarian age (~88.4–86.3 Ma) of tuffaceous 385 
siltstones interbedded with black shales in the Loma Chumico section (Figs. 2, 4, 6), which also rules 386 
out the Santonian as a possible depositional age. It cannot be confidently determined from our dataset 387 
whether the bulk of the Loma Chumico black shales was deposited around 88 Ma (i.e., Western Interior 388 
Seaway; Joo and Sageman, 2014) or slightly later, around 87.4 Ma (i.e., Mansour and Wagreich, 2022). 389 
 390 
In sections where OAE3a is expressed as black shales, their total thickness commonly ranges between 391 
5 and 20 m (e.g., De Romero et al., 2003; Joo and Sageman, 2014; Prauss, 2015; Tessin et al., 2015). 392 
This range aligns well with our field observations of the Loma Chumico black shales, which generally 393 
show a total thickness of less than 20 m. However, borehole data from Erlich et al. (1996) provide a 394 
more complex picture. The Morote-1 core, drilled a few kilometers east of the Loma Chumico section 395 
(Fig. 2A), shows a combined black shale thickness reaching 85 m. Within the Morote-1 well, individual 396 
black shales intervals reach thicknesses of up to 14 m, comparable to that observed in the Loma 397 
Chumico section. Moreover, the Manzanillo-1 well (Fig. 2A), located on the eastern side of Nicoya 398 
Gulf, penetrated three organic-rich intervals, with the lowermost measuring roughly 25 m thick and the 399 
others about half that thickness. The simplest explanation to these observations is that the Loma 400 
Chumico Fm. may have recorded all three subevents of the OAE3. Although Erlich et al. (1996) did not 401 
mention this possibility, the average 70% core recovery from the Manzanillo-1 and Morote-1 wells may 402 
have concealed thrusts and faults that could have caused repetitions in the subsurface Loma Chumico 403 
Fm. Such tectonic complications were observed by us in the Loma Chumico section and acknowledged 404 
by Erlich et al. (1996). Nevertheless, repetitions of the black shale intervals in the Manzanillo-1 well 405 
seem unlikely, as the three distinct intervals include one that is roughly twice the thickness of the others. 406 
Indeed, the interplay between local and global factors may have contributed to prolonged black shale 407 
deposition during and between the subevents of the Coniacian–Santonian OAE3 (Erlich et al., 1996; 408 
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Tessin et al., 2015; Andjić et al., 2019). Further geochronological and biostratigraphic work in the Loma 409 
Chumico Fm. is needed to test these hypotheses. 410 
 411 
5.2. Correlation between OAE3 and CLIP volcanism 412 
 413 
A causal relationship between environmental perturbations, black shale deposition, and LIP eruptions 414 
has been well established for the Cretaceous OAE1 and OAE2 (e.g., Ernst and Youbi, 2017; Kasbohm 415 
et al., 2021). However, a similar connection for OAE3 has remained elusive, largely because it was 416 
long assumed that no major intraplate volcanism occurred during the late Coniacian–Santonian interval 417 
(88–84 Ma; e.g., Kerr, 2014). The most plausible candidate linking a LIP to OAE3 is the CLIP, whose 418 
eruption ages span this time window. Yet, previous interpretations held that the majority of CLIP’s ~4.4 419 
million km³ volume had already been emplaced earlier, between 94 and 89 Ma (Snow et al., 2005; 420 
Kuroda et al., 2007; Turgeon and Creaser, 2008; Kerr, 2014; Percival et al., 2024).  421 
 422 
To evaluate a possible correlation between OAE3 and CLIP volcanism, we first examine the timing of 423 
CLIP volcanism. Based on several criteria of reliability and precision, Jiang et al. (2023) critically 424 
reevaluated the statistical robustness of all the 40Ar/39Ar and U-Pb ages of the CLIP and 17 other 425 
Phanerozoic LIPs. Of the initial 65 unfiltered CLIP ages, only 17 filtered ages were considered 426 
statistically robust. The filtered ages support the previous view that the CLIP formed over a prolonged 427 
period (~30 Ma; e.g., Loewen et al., 2013), consistent with recent geophysical studies suggesting that 428 
this extended LIP activity was largely controlled by seafloor spreading (e.g., Ramos et al., 2025). 429 
Importantly, both the filtered and unfiltered ages, when plotted in KDE diagrams, reveal a key feature 430 
of CLIP volcanism (Fig. 6 and Fig. S3): a peak eruptive phase beginning shortly before 88 Ma. Some 431 
filtered KDE curves of LIPs in Fig. 6B are based on fewer than 10 ages, but they closely match the 432 
unfiltered curves (all n > 10; Fig. S3), indicating that the age peaks are not an artifact of small sample 433 
sizes. The age pattern of the CLIP is consistent with the earlier compilation of Loewen et al. (2013), 434 
which identified a peak activity between 90 and 85 Ma. This peak is further supported by estimates of 435 
global LIP magma flux, with the 90–85 Ma interval (~3 km³/yr) representing the fourth highest of the 436 
Cretaceous, following the 125–120 Ma (~12 km³/yr), 100–95 Ma (~4.3 km³/yr), and 135–130 Ma (~4.2 437 
km³/yr) intervals (Coffin et al., 2006). Moreover, the KDE of filtered CLIP ages shows no significant 438 
peak in the Cenomanian–Turonian; instead, the peak eruptive phases in the 98–92 Ma interval are 439 
observed in the Kerguelen and High Arctic LIPs (Fig. 6B). These filtered ages cast doubt on the view 440 
that CLIP volcanism played a significant role in triggering OAE2 (93.9 Ma), suggesting that the bulk 441 
of the CLIP may have erupted entirely after the event (Kasbohm et al., 2021). Recent studies have 442 
instead identified the Kerguelen and High Arctic LIPs as the primary contributors to OAE2 (e.g., 443 
Dummann et al., 2024; Walker-Trivett et al., 2024).  444 
 445 
If the CLIP was indeed the primary driver of OAE3, then multiple geochemical and sedimentological 446 
proxies–such as shifts in carbon isotope ratios, trace metal enrichments, and black shale deposits–should 447 
align temporally within the Coniacian–Santonian interval. Fig. 6 shows a clear temporal correlation 448 
among OAE3a, the peak phase of the CLIP, and the deposition of the Loma Chumico black shales, all 449 
of which began between 89 and 88 Ma. Moreover, positive shifts in several global carbon isotope curves 450 
indicate that the carbon cycle perturbation during the OAE3 subevents was recorded in both marine and 451 
continental environments worldwide (Mansour and Wagreich, 2022; Richey et al., 2023). Our new 452 
results from Holes 700B and U1513A show that Hg values are consistent across boreholes–i.e., no local 453 
faulting (Ciesielski and Kristoffersen, 1988; Huber et al., 2019) could account for the Hg enrichments 454 
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(e.g., Zhang et al., 2014)–and that they peaked immediately before (~0.1 Ma) the East Cliff event. This 455 
event was followed by the onset of the largest positive carbon isotope excursions in the Coniacian, 456 
which include the White Fall and Kingsdown events (Fig. 6; Jarvis et al., 2006), between which we 457 
infer that OAE3a took place.  458 
 459 
Recently, Grasby et al. (2025) identified OAE3 in organic-rich rocks of the Smoking Hills Fm. in the 460 
Western Interior Seaway (Fig. 1A). They attribute the high Hg abundances (up to 370 ppb; Fig. 6B), 461 
typically associated with LIP volcanism (Percival et al., 2024), to regional arc volcanism, supported by 462 
the presence of arc-derived bentonites. This interpretation is based on the supposedly low magma output 463 
and predominantly submarine nature of known LIPs from that period. However, bentonites in the 464 
studied section were not analzyed for Hg contents and are not confined to the Hg-enriched intervals–465 
they also appear in the overlying, less Hg-rich Mason Fm. Scaife et al. (2017) observed in other parts 466 
of the Western Interior Seaway that bentonite deposits did not affect the Hg levels of adjacent strata. 467 
Additionally, filtered ages of the peak CLIP eruption (Fig. 6; Jiang et al., 2023), along with evidence 468 
for a subaerial CLIP phase around 88 Ma (Buchs et al., 2018), may offer an alternative explanation for 469 
the Hg enrichments reported here and by Grasby et al. (2025). We observe a striking similarity between 470 
the Hg curves of Holes 700B/U1513A and that of the Smoking Hills (Fig. 6): all curves peak shortly 471 
(~0.5 Ma) before OAE3a, remain relatively high during the event, and decline shortly afterward. This 472 
pattern suggests that Hg enrichments in marine sediments began to occur globally between 89 and 88 473 
Ma, shortly preceding the onset of OAE3. 474 
 475 
Subaerial and submarine eruptions of the CLIP could have perturbed not only the global Hg cycle (e.g., 476 
Percival et al., 2024), as documented in Holes 700B/U1513A and in the Western Interior Seaway, but 477 
also enhanced the environmental and climatic changes (e.g., Mather and Schmidt, 2021) reported during 478 
OAE3. A significant eruption of the CLIP during the Coniacian–Santonian would be consistent with an 479 
estimated 1.5- to 2-fold increase in atmospheric CO2 concentrations near the Coniacian–Santonian 480 
boundary–similar to the rise observed following OAE2 (based on fossil leaves: Barral et al., 2017; and 481 
on phytoplankton: Witkowski et al., 2018). Using the offset between global δ13Corg and δ13Ccarb curves, 482 
Mansour and Wagreich (2022) estimated that atmospheric CO2 concentrations increased at the onset of 483 
OAE3a, possibly as a result of LIP activity. 484 
 485 
Indeed, OAE3 had a much more limited environmental impact compared to earlier OAEs. Unlike 486 
OAE2, it lacked the multiple LIP eruptions (Fig. 6B) that likely produced rates of magma effusion high 487 
enough to trigger a short-lived, major environmental crisis (e.g., Ernst and Youbi, 2017). Instead, the 488 
prolonged eruption of the CLIP, which lasted approximately 4 Ma during its main peak, may have been 489 
significant enough to sustain the episodic formation of black shales and to cause a mild disturbance to 490 
the global carbon cycle, though not severe enough to trigger mass extinctions. Although further research 491 
is needed to trace the influence of LIP magmatism during OAE3–such as elemental and isotopic 492 
analyses of sedimentary rocks–the regional occurrence of organic-rich sequences overlying and in 493 
places interbedded with the peak phase of the CLIP eruption supports a causal relationship. Finally, 494 
higher-precision ages of the CLIP are needed to determine whether its peak phase may be subdivided 495 
into three pulses that were synchronous with the three subevents of OAE3. 496 
 497 
6. Conclusions 498 
 499 
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The Loma Chumico Fm. reveals that black shales were deposited in the forearc basin of Costa Rica 500 
during OAE3a. Radiolarian biostratigraphy and zircon U–Pb geochronology of tuffs and volcaniclastic 501 
rocks intercalated with the OAE3a black shales indicate deposition around 88 Ma (middle to late 502 
Coniacian). In the early to middle Coniacian interval of ODP Hole 700B and IODP Hole U1513A, the 503 
largest Hg enrichments immediately precede the onset of the greatest positive δ13Ccarb excursion of the 504 
Coniacian, which peaks at the White Fall and Kingsdown events in the English Chalk reference curve 505 
(i.e., Jarvis et al., 2006). Although several LIPs were active during OAE3, the CLIP was the only one 506 
that peaked during the anoxic event, supporting the interpretation that its subaerial and submarine 507 
eruptions could have intensified global carbon- and mercury-cycle perturbations through atmospheric 508 
and oceanic dispersal of large volumes of magmatic material and gases. When combined with recently 509 
revised 40Ar/39Ar ages of the CLIP and new Hg data from Holes 700B and U1513A, the results from 510 
the Loma Chumico Fm. suggest that initial peak CLIP magmatism between 89 and 88 Ma likely 511 
triggered the environmental disturbances associated with OAE3, including regional marine anoxia and 512 
deposition of black shales.  513 
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Captions 831 

 832 

Fig. 1. (A) Coniacian paleogeography (modified after Scotese et al., 2025) showing the location of 833 
OAE3a black shales (after Mansour and Wagreich, 2022), including the Loma Chumico Formation (this 834 
study), ODP/IODP sites (Ciesielski and Kristoffersen, 1988; Huber et al., 2019), and the Caribbean 835 
Large Igneous Province (CLIP). (B) Plate tectonic map illustrating the main units of the Caribbean Plate 836 
(modified after Andjić et al., 2025). The location of the Coniacian–Santonian organic-rich rocks is after 837 
Carvajal-Arenas et al. (2020) and Mansour and Wagreich (2022). The location of the subaerial CLIP 838 
volcanics is after Wright and Wyld (2011) and Buchs et al. (2018). The location of DSDP/ODP sites is 839 
after Carvajal-Arenas et al. (2020). MAT = Middle America Trench.  840 
 841 
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 842 

Fig. 2. (A) Geological map of the southern Nicoya Peninsula, Costa Rica (modified after Andjić et al., 843 
2018). The three sampled locations (labelled 1, 2, 3) are those depicted in Fig. 2B and 2C. The Morote-844 
1 borehole is located near our location 1, while the Manzanillo-1 borehole is located on the eastern side 845 
of the Nicoya Gulf.  (B) Chronostratigraphic chart of the southern Nicoya Peninsula (modified after 846 
Andjić et al., 2019). (C) Stratigraphic logs of the lower Loma Chumico Fm. in the Loma Chumico, 847 
Punta Pochote, and Bahia Murciélago sections (modified after Andjić et al., 2019). The dashed lines 848 
indicate intraformational correlation. The zircon ages are those presented in Fig. 3. GPS coordinates of 849 
the sections: (1) Loma Chumico = N 10°03’44.5’’/W 85°15’52.4’’ (quarry = N 10°03’47.6’’/W 850 
85°15’48.5’’); (2) Punta Pochote = N 09°44’44.9’’/W 84°59’30.6’’; (3) Bahia Murciélago = N 851 
09°44’46.9’’/W 84°57’19.3’’. 852 
 853 
 854 
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 855 

Fig. 3. Plots of ranked 206Pb/238U dates from tuff and detrital zircon samples collected in the lower Loma 856 
Chumico Fm. Each plot is accompanied by cathodoluminescence images of representative zircons taken 857 
with a scanning electron microscope. (A)–(C) Tuff samples. (D)–(F) Detrital samples. The weighted 858 
mean 206Pb/238U dates of each sample is given with its analytical uncertainty (1s for detrital samples and 859 
2s for tuff samples). Zircon dates excluded from weighted mean calculation are indicated as dashed 860 
boxes. 861 
 862 
 863 
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 864 

Fig. 4. Age-diagnostic radiolarian species of the lower Loma Chumico Fm. The timescale is after Ogg 865 
et al. (2016) and Thibault et al. (2016). Radiolarian age ranges are from O’Dogherty et al. (2009), Andjić 866 
et al. (2018, 2019), Bragina et al. (2021), Baumgartner et al. (2024), and Bragina (2025). Genus 867 
abbreviations: A. = Alievium; An. = Annikaella; Ar. = Archaeospongoprunum; C. = Crucella; D. = 868 
Dictyoprora; E. = Eostichomitra; H. = Hemicryptocapsa; P. = Pseudodictyomitra; Ps. = 869 
Pseudoaulophacus; R. = Rhopalosyringium. The scale of the radiolarians is indicated below relative to 870 
the length of hexagon sides. Side length of hexagons in the upper row, from left to right: (1) 112 µm, 871 
(2) 231 µm, (3) 157 µm, (4) 298 µm, (5) 230 µm, (6) 225 µm, (7) 176 µm, (8) 55 µm, (9) 96 µm. Side 872 
length of hexagons in the lower row, from left to right: (1) 191 µm, (2) 150 µm, (3) 163 µm, (4) 176 873 
µm, (5) 119 µm, (6) 170 µm, (7) 76 µm, (8) 68 µm, (9) 68 µm. Other abbreviations: Cam. = Campanian; 874 
Tur. = Turonian. 875 
 876 
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 877 

Fig. 5. Data from the Northeast Georgia Rise (Hole 700B) and the Naturaliste Plateau (Holes U1513A, 878 
U1513B, U1513D). (A) δ13Ccarb, TOC, and Hg from this study. CaCO3 from Ciesielski and 879 
Kristoffersen (1988). Planktonic foraminifera datums from Petrizzo et al. (2020); the height of the 880 
arrows represents the core interval in which the taxa first appear. (B) δ13Ccarb from this study and 881 
Petrizzo et al. (2022). TOC and Hg from this study (Hole U1513A). CaCO3 from Huber et al. (2019). 882 
Planktonic foraminifera datum from Petrizzo et al. (2022). Nannofossil datum from Huber et al. (2019). 883 
Carbon isotope events are named after Jarvis et al. (2006). Abbreviations: avg = average; LO = lowest 884 
occurrence; Sant. = Santonian; Tur. = Turonian. 885 
 886 
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 887 

Fig. 6. Temporal correlation among (A) global carbon isotope curves (English Chalk δ13Ccarb from Jarvis 888 
et al., 2006; δ13Corg after Mansour and Wagreich, 2022; OAE3a-b-c after Mansour and Wagreich, 2022, 889 
Joo and Sageman, 2014, and Grasby et al., 2025; 5-point moving average of ISOORG23 δ13Cplant from 890 
Richey et al., 2023), (B) Large Igneous Province (LIP) 40Ar/39Ar and U-Pb ages (filtered ages from 891 
Jiang et al., 2023) combined with Hg data, and (C) biostratigraphic and geochronologic ages of the 892 
organic-rich lower Loma Chumico Fm. In (B) and (C), Kernel Density Estimations (KDEs) were 893 
computed using IsoplotR (Vermeesch, 2018) and applying a Kernel bandwidth of 1. In (B), some KDE 894 
curves of LIPs are based on n < 10 because of dataset filtering; however, they closely resemble the 895 
corresponding curves from the unfiltered dataset of Jiang et al. (2023; Fig. S3), in which all sample 896 
sizes are n > 10. This similarity indicates that the main features of the age distributions are not artifacts 897 
of small sample sizes. The dots on the left side of the KDE curves show the mean ages (without 898 
uncertainties) used to compute the curves. In (B), U-Pb ages are only present in the Madagascar (n=3 899 
out of 7) and High Arctic (n=13 out of 14) datasets. In (B), the age of subaerial CLIP eruption is based 900 
on the zircon U-Pb age (sample JPA-29) reported in Zapata-Villada et al. (2017) and Buchs et al. (2018): 901 
87.7 ± 0.9 Ma. In (B), new mercury (Hg) data from Holes 700B and U1513A are shown with red and 902 
blue curves, respectively. The black Hg curve and ID-TIMS age (88.01 ± 0.04 Ma) are from Grasby et 903 
al. (2025; Smoking Hills). In (C), zircon mean ages from tuffs include the systematic uncertainty 904 
(dashed lines). Other abbreviations: Cam. = Campanian; HALIP = High Arctic LIP; OAE = Oceanic 905 
Anoxic Event; OJP = Ontong Java Plateau. 906 


