
1. Introduction
Volcanic arc systems along plate boundaries are persistent systems that can exist in a relatively steady state 
over millions of years (e.g. active margin of South America; Booden et  al.,  2012). However, if subduction 
parameters change, the associated arc volcanism can also change in space and time, ultimately affecting the 
geochemical and eruptive character of the corresponding magmatism. The plate boundary between the Pacific 
and Australian Plates in the southwestern Pacific is an example of an unstable convergent plate boundary 
with associated evolving arc systems since the Late Cenozoic (Booden et  al.,  2012) and New Zealand has 
been under the influence of the re-adjusting plate boundaries between the Pacific and Australian plates for 
the last 40 Myr years. Since 25 Ma years, these tectonic changes are documented by evolving arc volcanism. 
The earliest subduction-related volcanic activity on the Zealandia continent was probably located along the 
Northland arc (Northland Peninsula, Figure 1a) with relatively silica-poor volcanism producing mainly basalts 
and andesites (Smith et al., 1989). Over time, the geochemical composition of the arc shifted toward andesitic 

Abstract Three volcanic arcs have been the source of New Zealand's volcanic activity since the Neogene: 
Northland arc, Coromandel Volcanic Zone (CVZ) and Taupō Volcanic Zone (TVZ). The eruption chronology 
for the Quaternary, sourced by the TVZ, is well studied and established, whereas the volcanic evolution of the 
precursor arc systems, like the CVZ (central activity c. 18 to 2 Ma), is poorly known due to limited accessibility 
to, or identification of, onshore volcanic deposits and their sources. Here, we investigate the marine tephra 
record of the Neogene, mostly sourced by the CVZ, of cores from IODP Exp. 375 (Sites U1520 and U1526), 
ODP Leg 181 (Sites 1123, 1124 and 1125), IODP Leg 329 (Site U1371) and DSDP Leg 90 (Site 594) offshore 
of New Zealand. In total, we identify 306 primary tephra layers in the marine sediments. Multi-approach age 
models (e.g. biostratigraphy, zircon ages) are used in combination with geochemical fingerprinting (major 
and trace element compositions) and the stratigraphic context of each marine tephra layer to establish 168 
tie-lines between marine tephra layers from different holes and sites. Following this approach, we identify 208 
explosive volcanic events in the Neogene between c. 17.5 and 2.6 Ma. This is the first comprehensive study of 
New Zealand's Neogene explosive volcanism established from tephrochronostratigraphic studies, which reveals 
continuous volcanic activity between c. 12 and 2.6 Ma with an abrupt compositional change at c. 4.5 Ma, 
potentially associated with the transition from CVZ to TVZ.

Plain Language Summary Since 18 Ma, volcanic activity in New Zealand is dominantly sourced 
by the Coromandel Volcanic Zone (CVZ). Most caldera systems of the CVZ identified so far are located 
on Coromandel Peninsula in the NW of North Island, New Zealand, but studies of the CVZ are rare mainly 
due to the limited accessibility of its volcanic deposits, as well as missing stratigraphic continuity between 
different outcrops and the volcanic source. Here, our ocean drilling tephra record—mainly volcanic ash from 
explosive eruptions, distributed and falling out over the ocean—has a great potential to reveal the eruption 
history of the CVZ because it is preserved in marine sediments in a nearly undisturbed stratigraphic context. 
We analyzed ∼400 marine tephra layers from multiple ocean sediment cores off the coast of New Zealand for 
their geochemical glass compositions and identified 306 as largely undisturbed ash deposits. These primary 
ash deposits correspond to a total number of 208 Neogene volcanic events. Different dating methods result in a 
continuous marine tephra record for the last 12 Ma, equivalent to a unique and most complete eruptive history 
for the CVZ. This enables us to further unravel changes in the composition of the associated magmas with time.
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and rhyolitic volcanism in the Coromandel Volcanic Zone (CVZ; Skinner, 1986), and finally to highly silicic 
volcanism in the Taupō Volcanic Zone (TVZ; Figure 1), which still represents the zone of active volcanism in 
New Zealand today (Booden et al., 2012; King, 2000; Wilson et al., 1995). The TVZ is considered one of the 
most frequently active rhyolitic systems worldwide, having produced many caldera-forming eruptions from 
several prominent volcanic centers over the last 2 million years (e.g. Allan et al., 2008; Houghton et al., 1995; 
Pittari et al., 2021). In order to understand the full volcanic potential of the TVZ, estimate possible future shifts 
in geochemistry and thus explosive character of this volcanic arc, it is important to study the evolution of its 
precursory activity. Studies about the volcanic evolution of the Northland arc and volcanism at the Neogene 
CVZ are limited mostly due to the restricted subaerial accessibility of volcanic deposits and source volca-
noes, or even their identification because of geomorphological, tectonic, and hydrothermal modifications over 
millions of years. However, the overall interest in the geochemical evolution of precursory arcs is rising and 
recent studies (e.g. Booden et al., 2012; Pittari et al., 2021) present detailed insights into the spatiotemporal 
evolution of CVZ volcanism. In order to study the long-term evolution of the CVZ and possible geochemical 
differences between the Quaternary and Neogene volcanic arcs, the establishment of a comprehensive eruptive 
history is required. Examples from other arc systems (e.g. Hellenic arc, Central American Volcanic Arc; e.g. 
Kutterolf et al., 2021a; Schindlbeck, Kutterolf, Freundt, Straub, et al., 2016) have shown that nonerosive marine 
environments provide the most complete eruptive record of volcanic zones by preserving widely distributed 
volcanic ash (Carey, 2000; Carey & Sigurdsson, 2000; Keller et al., 1978; Kutterolf, Freundt, Peréz, et al., 2008, 
Kutterolf, Freundt, & Peréz, 2008; Ledbetter, 1985; Schindlbeck, Kutterolf, Freundt, Alvarado, et al., 2016; 
Schindlbeck, Kutterolf, Freundt, Straub, et al., 2016; Schindlbeck, Kutterolf, et al., 2018). Marine sediments 
can even conserve small eruptions which might not be preserved in the onshore sedimentary record, allowing 
the establishment of the most complete eruptive histories of volcanic regions found within these distal marine 
locations (Freundt et al., 2022).

In this study, we present new marine tephra layers from IODP Expedition 375 (proximal marine tephra record), 
and we revisit marine tephra layers from ODP Leg 181, IODP Leg 329 and DSDP Leg 90 (distal marine tephra 
record). The proximal and distal submarine tephra records are connected and integrated, allowing us to establish 
the most complete tephrochronostratigraphy of New Zealand's Neogene explosive volcanism.

2. Geological Setting
Neogene (23–2.6 Ma) volcanic-arc related edifices and volcanic deposits are found on the northwesternmost 
tips of the North Island, New Zealand; more specifically on Northland Peninsula and on Coromandel Peninsula, 
two parallel peninsulas associated with continental arc systems (Figure  1a; e.g. Adams et  al.,  1994; Booden 
et  al.,  2012; Briggs et  al.,  2005; Hayward et  al.,  2001; Herzer,  1995). On Northland Peninsula basalt- and 
andesite-dominated shield and cone volcanism with limited silicic activity were identified as products of the 
Northland volcanic arc (Smith et al., 1989). The onset of volcanic activity along the Northland arc is dated to c. 
23.5 Ma (Hayward et al., 2001). From c. 18 Ma, while volcanic activity along the Northland arc decreased, the 
Coromandel Volcanic Zone (CVZ) became active and produced more evolved andesite-to rhyolite-dominated 
volcanism (Skinner, 1986). Most subaerially identified volcanic deposits and edifice structures of the CVZ are 
located on Coromandel Peninsula. The Coromandel Peninsula is located at the continental tip of the extinct 
Colville Ridge, which trends NNE and was active as early as c. 17 Ma. This coeval arc volcanism led to the 
interpretation of a single NNE-trending Miocene volcanic arc with a total length of ∼2,500 km (Herzer, 1995). 
From c. 12 Ma on, volcanism of the CVZ migrated over time from the NNW toward the SSE and ultimately 
to the central North Island (Figure  1b). Simultaneously the geochemistry of volcanism shifted from initially 
andesitic compositions to mixed basaltic, andesitic and rhyolitic compositions (Booden et  al.,  2012). These 
changes in geochemical compositions are most likely due to variations in the tectonic setting, for example, during 
phases of extension silica-rich volcanism is likely to occur (Booden et al., 2012). Since 3 Ma, the spatiotemporal 
evolution of North Island volcanism reflects a south-eastward migration of the volcanic arc toward its present 
position on the central North Island along the TVZ. The temporal transition of volcanic activity from CVZ to 
TVZ is assigned to the onset of andesitic calc-alkaline volcanism, roughly dated to between 4 and 2 Ma (Carter 
et al., 2003; Houghton et al., 1995; Stipp, 1968; Wilson et al., 1995; Wilson & Rowland, 2016), and the first 
volcanic activity attributed to the TVZ occurred at c. 2 Ma at Mangakino Volcanic Centre (MVC, Figure 1b) with 
increased silica-rich volcanism.
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2.1. Evolution of the CVZ

Earliest descriptions of volcanic deposits on North Island, New Zealand, are attributed to the discovery of gold 
in the mid to late nineteenth century and exploration of mineralized volcanic zones at Coromandel Peninsula. For 
example, Skinner (1976, 1986, 1993) regionally mapped and characterized volcanic deposits, but stratigraphic 
work concentrating on deposits and geochemistry was established more recently, mostly by Adams et al. (1994), 
Briggs et al. (2005) and Booden et al. (2012). The volcanism evolved through time, erupting a range of calc-alkaline 
basaltic andesites, andesites and dacites. At c. 12 Ma the first rhyolitic eruptions have been identified, however 
there remains evidence of basaltic through to dacitic eruptions throughout the life-time of the CVZ (e.g., Adams 
et al., 1994; Booden et al., 2012; Skinner, 1986). Volcanism in the CVZ is thought to have initiated close to Great 
Barrier Island (Figure 1b) as basaltic (Mercury basalts) and andesitic rocks at c. 18 Ma, with Booden et al. (2012) 
concluding that volcanism in the CVZ occurred continuously until the inception of the TVZ. The authors state that 
the basalts and andesites of the early and later series of the CVZ are geochemically and isotopically comparable, 
likely indicating related magmatic processes or similar sources for the c. 16 Ma eruptive life-time of the CVZ.

Several silicic volcanic centers or calderas are currently recognized in the CVZ, which have evolved in a south-
ward progression through time: Great Barrier Island (c. 12–8 Ma), Great Mercury Island (c. 7–5.3 Ma), Whitianga 

Figure 1. (a) Overview map of New Zealand including simplified plate boundaries. Neogene sediments with intercalated 
tephra layers were recovered from Sites U1520 and U1526 (IODP Exp. 375), Sites 1123, 1124 and 1125 (ODP Leg 181), Site 
594 (DSDP Leg 90) and Site U1371 (IODP Leg 329). CVZ: Coromandel Volcanic Zone, TVZ: Taupō Volcanic Zone, WB: 
Whanganui Basin. Map created with GeoMapApp, GMRT (Ryan et al., 2009). B) Identified volcanic centers of the Neogene 
CVZ (green signature) and Quaternary TVZ (yellow signature) after Briggs et al. (2005), Hopkins and Seward (2019) and 
Pittari et al. (2021).
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(c. 8.7–7.7 Ma), Kapowai (c. 8.4–4.9 Ma), Wharekawa (not dated), Tunaiti (c. 5.4 Ma), Waihi (c. 4.5–3.0 Ma), 
Tauranga and Kaimai (Omanawa caldera, c. 2.9–1.9 Ma) (Figure 1b; Booden et al., 2012; Briggs et al., 2005; 
Hopkins & Seward, 2019; Pittari et al., 2021).

Studies about specific caldera systems of the CVZ are rare, however, the youngest two volcanic systems have 
more in depth studies published: (a) Waihi caldera (Figure 1b) dated as 4.5–3.0 Ma (Briggs et al., 2005), and 
4.5–3.5 Ma (Julian, 2016) has been shown to have two eruptive episodes with associated ignimbrite deposits; 
Owharoa (c. 3.8 Ma) and Waikino (c. 3.5 Ma) (Brathwaite & Christie, 1996; Julian, 2016), and (b) Tauranga 
Volcanic Centre (TgaVC; Figure  1b) dated as c. 2.7–1.9  Ma (Briggs et  al.,  2005), and 2.95–1.9  Ma (Pittari 
et al., 2021 and references therein) consisted of andesitic to rhyolitic volcanism from two previously recognised 
volcanic centers (Tauranga and Kaimai, Figure 1b), with several ignimbrite-forming eruptions toward its end that 
may be related to the Omanawa caldera (Pittari et al., 2021 and references therein). The spatiotemporal transition 
of volcanic activity located at the CVZ to TVZ is still under debate, but Pittari et al. (2021) identified volcanic 
deposits of potentially contemporaneous volcanic activity from the TgaVC (CVZ) and Mangakino Volcanic 
Centre (TVZ; Figure 1b).

2.2. Dispersal of Volcanic Material

Explosive arc volcanism is usually associated with large eruptions that widely disperse volcanic material, such 
as tephra, lahars and pyroclastic flows across land and oceans 10s to 1,000s kilometres from source (e.g. Freundt 
et al., 2022 and references therein).

In New Zealand, westerly to south-westerly stratospheric winds transport tephra far offshore into the Pacific 
Ocean where the tephra is preserved in the marine sediments off the east coast (e.g. Allan et al., 2008; Carter 
et  al.,  2004). Additionally, rivers and re-entrants towards the open ocean cause a high terrigenous sedimen-
tary input into the Pacific also transporting potentially reworked volcanic material from onland (Pouderoux 
et al., 2012). However, so far these studies (e.g. Pouderoux et al., 2012) mostly focus on the Quaternary tephra 
dispersal. During the Neogene, the dispersal of tephra might have been different to what is known for the Quater-
nary, for example, due to the influence of paleowinds and/or plate tectonics, but studies about regional-specific 
paleoclimate including wind directions for New Zealand are rare and mostly focus on glacial and interglacial 
cycles, or are poorly resolved in terms of local effects (e.g. Pole, 2003; Rea and Bloomstine, 1986). A compari-
son of tephra occurrence in drill sites from ODP Leg 181 (Figure 1a) and DSDP Leg 90 (Site 594 in Figure 1a, 
and Sites 592 and 593 west of New Zealand, not shown) shows the overall predominating westerly winds in New 
Zealand, leading to numerous macroscopic tephra layers in sediments from ODP Leg 181 and only very few 
macroscopic tephra layers in Sites 592 and 593 (Carter et al., 2004; Gardner et al., 1986; Nelson et al., 1986). 
Moreover, the arrangement of ODP Leg 181 drill sites provides insights into regional changes of paleowinds 
over the last 12 million years due to the occurrence or absence of tephras in the marine sediments of Sites 1123, 
1124 and 1125. For example, between 11 and 9 Ma most tephras are present in Site 1125 (Figure 1a), whereas 
tephras are rare in Site 1124 or absent in Site 1123, indicating predominant winds toward the southeast (Carter 
et al., 2004). From 9 Ma on, most tephras are present in drill sites to the east (Sites 1123 and 1124), explained 
by increasing westerly winds, whereas from 7 Ma on intensified dispersal of tephra toward the south is observed 
(Carter et al., 2004).

Even though there seem to be shifts of tephra occurrence in the drill sites over time, the ODP Leg 181 sites were 
located further offshore from the volcanic source due to plate rearrangements until at least 4 Ma ago, generally 
limiting the ability of fallout tephra and pyroclastic flows to reach the depositional environment (see Section 7.2; 
Carter et al., 2004; King, 2000; Strogen et al., 2022).

3. Previous Neogene Tephra Studies
3.1. Onshore Tephrostratigraphy

New Zealand has been in the focus of numerous tephra studies for >100  years, pioneered for example by 
Froggatt  (1983) and Lowe  (1990) who established the first approach for the geochemical fingerprinting of 
individual tephra layers of New Zealand’s Quaternary volcanism using electron-probe microanalysis (EMP). 
Several detailed studies led to a precise reconstruction of the volcanic record of the last 61 ka (e.g. Hopkins, 
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Bidmead, et al., 2021). Older Quaternary TVZ deposits and especially those older than the Whakamaru group 
ignimbrites (c. 0.35 Ma; Whakamaru Volcanic Centre; Figure 1b) are poorly constrained due to the fragmentary 
terrestrial record of volcanic deposits and the limited stratigraphic control of terrestrial deposits with unknown 
ages (Allan et al., 2008; Hopkins, Lowe, et al., 2021; Shane, 2000; Wilson et al., 1995). Moreover, the data of most 
studies are sparsely or not at all published, and often limited to major element compositions, hindering present 
studies to access and use the data. Studies with a specific focus on the Neogene volcanic history of New Zealand 
are even more rare and neither systematic, nor truly comprehensive as discussed in Hopkins and Seward (2019). 
However, in recent years more volcanological studies have been undertaken (e.g. Booden et al., 2012; Briggs 
et al., 2005; Hopkins & Seward, 2019; Julian, 2016; Pittari et al., 2021), improving the knowledge of volcanic 
onshore deposits, and therefore further facilitating the use of existing data for distant correlation purposes.

Entire tephra successions and cycles of volcanic activity can be investigated on North Island, New Zealand, 
because uninterrupted, marine sediment intervals were uplifted, e.g. in the Whanganui Basin and at Mahia Penin-
sula (Figure 1a). The Whanganui Basin contains a stratigraphic record of marine sediments with several interca-
lated tephra beds from c. 0.5–3.1 Ma (Grant et al., 2018; Naish et al., 1996; Pillans et al., 2005; Sefton, 2015), 
and Mahia Peninsula contains an up-lifted sequence of tephra deposits within marine sediments from c. 7 to 9 Ma 
(Shane et al., 1998). In addition, Hopkins and Seward (2019) sampled late Miocene to Pleistocene marine sedi-
ments from several terrestrial locations around Hawke’s Bay (Figure 1a, large bay of the eastern North Island), 
and acquired a comprehensive Neogene terrestrial tephra data set including major and trace element compositions 
of volcanic deposits, and where possible direct ages of individual tephra beds (c. 1.6–7.0 Ma).

3.2. Previous Marine Tephra Studies

Marine tephra studies have focused on tephra layers within marine sediments from ODP Leg 181 (∼700–1,100 km 
offshore; Figure  1a) covering the Quaternary (e.g., Allan et  al.,  2008; Alloway et  al.,  2005) and part of the 
Neogene (Carter et al., 2003, 2004; Stevens, 2010). Carter et al. (2003, 2004) established a c. 12 Myr long record 
for ODP Leg 181 Sites and analyzed discrete tephra beds greater than 1 cm for their major element compositions 
and used combined paleomagnetic records, biostratigraphic datums and an orbitally tuned, benthic δ 18O record 
to obtain age models for the tephra record at Sites 1122, 1123 and 1124. These are assisted by direct age dating 
from glass isothermal plateau fission track ages from tephras of Site 1124. Site 1125 has a less-well constrained 
age model but the well-established biostratigraphic markers and paleomagnetic records of Sites 1123 and 1124, 
partly found in Site 1125 as well, enable an adaption of the age model for Site 1125 (Carter et al., 2004). Site 1125 
records the oldest phase of increased CVZ volcanic activity between c. 10.6 to 10 Ma (Adams et al., 1994; Carter 
et al., 2004). The sediment record of Site 1123 is considered uninterrupted to 15 Ma and reliable to 20 Ma, except 
for two hiatuses each <100 Kyr. The record of Site 1124 is continuous to 11 Ma and reliable to 27 Ma, except for 
three mid-late Miocene hiatuses of 1.5–5.0 Myr duration (Carter et al., 2004). The most regular volcanic activity 
throughout the last c. 12 Ma is recorded at Site 1124, probably due to its proximity to the volcanic source area 
(Carter et al., 2004).

Stevens  (2010) re-visited cores from Site 1124, sampled discrete tephra layers, and conducted major and 
trace element analyses which partly overlap between c. 2.1 Ma and c. 8.4 Ma with the ones studied by Carter 
et al. (2004). Periods of volcanic quiescence during the Miocene continued for c. 0.8 Myr, whereas non-tephra 
deposition during the Pliocene (late Neogene) was only <0.5 Myr (Stevens,  2010). Based on the number of 
eruptive events in Site 1124, Stevens (2010) calculated eruption frequencies of one eruption per 99 Kyr for the 
late Miocene and one per 74 Kyr for the Pliocene; however, Shane et al. (1998) suggest that the records of both 
depositional environments, terrestrial and marine, probably underestimate the volcanic activity of the CVZ.

4. Methods
4.1. Deep Sea Drilling Cores

During IODP Expedition 375, five proximal deep-sea sites (Sites U1517, U1518, U1519, U1520 and U1526) 
were drilled along a transect across the Hikurangi subduction margin ∼40–100 km offshore of the North Island of 
New Zealand (Figure 1a). For this study, the drill sites U1520 (holes C and D), located in the Hikurangi Trough, 
and U1526 (hole A), located on Tūranganui Knoll, are relevant. Sampling of discrete tephra layers occurred 
during the expedition. The proximal sediment record of IODP Exp. 375 is complemented by the distal deep-sea 
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drill sites 1122, 1123, 1124 and 1125 from ODP Leg 181 located on the Hikurangi Plateau ∼700 - 1,100 km 
offshore to the south and southeast of the IODP Exp. 375 drill sites (Figure 1a). Tephras of Neogene age were 
identified mostly based on shipboard data and previous studies (e.g., Allan et al., 2008; Alloway et al., 2005; 
Carter et al., 2004) in Sites 1123, 1124 and 1125, and sampled at the IODP Gulf Coast Repository at Texas A&M 
University, College Station, Texas. Additionally, Neogene age deposits from cores from Sites 594 (DSDP Leg 90) 
and U1371 (IODP Leg 329) were resampled at the Gulf Coast Repository.

Our Neogene data set includes ∼400 ash-rich samples. The complete data set (Quaternary and Neogene) includ-
ing a detailed description of recovered sediments from individual drill sites, methods, and geochemical composi-
tions is published in a data report by Pank et al. (2023).

4.2. Sample Preparation

All marine tephra samples were disaggregated in an ultrasonic bath and, where applicable, carefully crushed with 
a mortar, and then wet-sieved with deionized water into the grain size fractions 63–125 µm, >125 µm and where 
necessary 32–63 µm. The samples were subsequently dried at ∼50°C for at least 12 hr.

For the compositional analysis of the samples by electron probe microanalysis (EPMA) and laser 
ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) the 63–125 µm fraction of each sample is 
embedded with epoxy resin in a predrilled hole on an acrylic tablet (twelve samples per mount). The mounts are 
ground on sandpaper (four grit sizes) for two minutes each in order to remove excess resin, bubbles or scratches 
on the sample’s surfaces. Subsequently and in order to ensure a smooth surface of each sample, the mounts were 
polished on a TegraPol-31 (Struers) using three diamond suspensions (9, 3 and 1 µm) and corresponding polish-
ing discs for 4 min each. The mounts were carbon-coated before analysis with the electron microprobe to ensure 
proper electron flow.

4.3. Analytical Techniques

4.3.1. Electron Microprobe (EMP) and Data Reduction

Individual glass shard analyses, ∼7,500 analyses in total, for major and minor (Na2O, K2O, FeO, SiO2, Al2O3, 
CaO, TiO2, MgO, MnO, P2O5) elements were conducted on epoxy embedded samples using a JEOL JXA 8200 
wavelength dispersive electron microprobe (EMP) at GEOMAR Helmholtz Centre for Ocean Research Kiel 
(Germany) adopting the methods from Kutterolf et al. (2011). For every 80 individual glass shard analyses the 
standard materials Lipari Obsidian (rhyolite; Hunt and Hill, 2001) and VGA-99 (basalt from Makaopuhi Lava 
Lake; Jarosewich et al. (1980) and Jarosewich (2002)) were repeatedly analyzed (two measurements per standard) 
to monitor the accuracy of measurements. The resulting standard deviations over the entire measurement period 
are <6% for all oxides except for MnO (Tables S3 and S4 in Supporting Information S2). Per sample, if possible, 
20 individual glass shards were analyzed and the compositions were averaged in order to geochemically char-
acterize each individual tephra layer. In rare cases, for example if the sample was too altered, less than 20 glass 
shards were selected for analyses. Analyses with total oxides less than 90 wt% were excluded from the data set 
to avoid effects of alteration. However, exceptions were made for some tephra layers in Site U1520C where data 
acquisition was comparably difficult and some analyses resulted in totals <90 wt%. Accidentaly measured micro-
crystals and glass shards with exotic compositions, compared to the average composition of the tephra layer, were 
excluded. All analyses were normalized to 100 wt% to eliminate possible effects of post-depositional hydration 
and minor deviations in the focus of the electron beam.

In total ∼6,900 individual analyses passed the quality check as described above. Publication relevant geochemical 
data are given in Tables S1, and S7–S13 in Supporting Information S2.

4.3.2. Laser Ablation-Inductively Coupled-Mass Spectrometry (LA-ICP-MS) and Data Reduction

For each sample five glass shards were selected for trace element analysis. These glass shards were previously 
measured on the EMP in order to obtain their individual calcium and silica concentrations, which are used as 
internal standards to calibrate each trace element analysis. The trace element compositions were analyzed on a 
Photon Machines Analyte G2 (193 nm) excimer laser ablation system linked to a high-resolution ICP-MS (Agilent 
7900) at the Institute of Earth Sciences, Academia Sinica in Taipei (Taiwan) using the methods described in 
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Kutterolf et al. (2021a). Data reduction was performed using GLITTER © software immediately following each 
ablation analysis (van Achterberg et al., 2001). The international glass standard BCR-2G (Jochum et al., 2005) 
was analyzed every ten individual measurements in order to monitor the accuracy. The repeated analyses of the 
standard material assured the correction of matrix effects and signal drift of the LA-ICP-MS, just as it monitors 
the differences of the ablation efficiency between sample and reference material (Günther et  al.,  1999). The 
reference material NIST SRM612 was used for external calibration, with reference data taken from Norman 
et al. (1996) (Table S5 in Supporting Information S2). The limits of detection (LOD) for most trace elements is 
<100 ppb, for rare earth elements (REE) the LOD is around 10 ppb. The analytical precision compared to the 
international glass standard BCR-2G is generally better than 10% (except for Ta) over the entire measurement 
period (Table S6 in Supporting Information S2).

We analyzed ∼170 Neogene samples for their trace element compositions, resulting in ∼780 individual analyses. 
All data are reported in Tables S1, and S7–S13 in Supporting Information S2.

4.4. U-Pb Zircon Geochronology

U-Pb zircon ages were collected for selected tephra layers at Heidelberg University, Germany (Table S2 in 
Supporting Information S2). Zircon crystals were embedded in epoxy, sectioned using SiC and diamond abra-
sives, and then imaged using a Gatan MiniCL cathodoluminescence detector (LEO 440 scanning electron micro-
scope). Zircon U-Pb dating was conducted on a CAMECA IMS 1280-HR secondary ion mass spectrometer 
(SIMS) with a ∼20 nA primary beam focused to a ∼40 µm diameter spot. The zircon reference Temora 2 (417 Ma; 
Black et al., 2004) was used to calibrate relative sensitivities of U and Pb and after correction for common Pb 
using measured  207Pb with a zero-age model Pb composition of  207Pb/ 206Pb = 0.836 (Stacey and Kramers, 1975), 
individual  206Pb/ 238U ages were calculated. The ages were adjusted for initial disequilibrium with correction 
factors D230 = 0.2 and D231 = 3. Abundances for U and Th were estimated from measured  238U/ 94Zr2O and Th/U 
with relative sensitivities of 0.00689 and 0.690 determined on reference zircon 91500 and Temora 2, respectively. 
Replicate analyses of reference zircon 91500 were performed to assure accuracy and obtained an average of 
1,064 ± 8 Ma (n = 3), in close agreement with the reported age of 1,065 Ma (Wiedenbeck et al., 1995).

4.5. Correlation Techniques and Establishment of Volcanic Events

Correlating tephra layers between individual holes and sites is the foundation of our study, the establishment of an 
eruption chronology based on the marine tephra record. The correlations are primarily established on geochemi-
cal data (major and trace element compositions and their ratios) and stratigraphic relationships (vertically within 
the recovered sediment) between neighboring tephras. In addition, we compared the marine tephras by their 
visual appearance, for example macroscopically visible sedimentary structures, deposit colors, and grain size 
gradation. Before correlation, shipboard age models or previously published age models for the individual sites 
were applied, where applicable, and the approximate age of each tephra layer was calculated (see Section 5.1). 
At first, correlations were established between the individual holes of a drill site (e.g. between Holes C and D of 
Site 1124) by comparing the geochemical compositions (e.g. Figure 4) with respect to their calculated ages. If 
more than three to four geochemical values (majors, traces or ratios) do not overlap within the analytical error, a 
correlation is excluded (individual exceptions may occur). When a tephra correlation between individual holes 
was proven solid (by applying the above-mentioned criteria of e.g. age, geochemical homogeneity and visual 
appearance), we tried to find correlatives in closely neighboring drill sites. Subsequently, correlations to more 
distant drill sites were established.

Ultimately, all correlated and uncorrelated tephra layers are ascribed to volcanic events for which individual 
correlation codes are assigned (s1–s69 for correlated, u1–u139 for uncorrelated events; Table 1 and Table S1 in 
Supporting Information S2).

5. Results
5.1. Tephra Ages

The marine sediments and tephras were dated indirectly and directly. Indirect dating methods are based on ship-
board age-depth models mostly derived from biostratigraphic and paleomagnetic data for each site (e.g. Barnes 
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Code Sample ID Age Ma FeOt wt% SiO2 wt% Ba/La Rb/Nd

s1 U1520D 55X-1 111-113 2.78 1.35 77.18 38.02 6.40

1124C 8H-7 126-128 1.13 77.62

s2 U1520D 55X-3 52-54 2.95 1.67 76.19

1124D 7H-3 63-65 1.57 76.90 36.98 5.99

1125B 8H-2 70-72 1.58 76.65

1123A 12H-1 130-132 1.51 76.22 40.96 6.97

594A 10X-6 6-8 1.64 76.22

s3 1123C 11H-7 38-40 3.00 1.84 75.69 33.18 5.42

1526A 3R-1 78-79 2.06 75.15

s4 1124C 9H-3 17-19 3.09 1.40 76.26 41.04 6.98

1124D 7H-5 54-56 1.43 76.42 40.48 6.59

1123C 12H-2 74-76 1.43 76.59 41.52 7.22

1123A 12H-3 56-58 1.37 76.33

s5 1125B 9H-2 137-139 3.16 2.26 74.13

1125A 9H-5 90-92 2.30 74.30 32.19 5.80

U1371D 7H-2 19-21 2.29 74.24 32.40 5.57

s6 U1520D 56X-1 28-30 3.18 1.82 75.75

1124D 7H-6 92-94 1.87 75.64 34.35 5.45

1124C 9H-4 75-77 1.84 75.77 33.88 5.60

s7 1124D-7H-7 48-50 3.25 3.80 70.03 37.48 3.36

1124C 9H-5 33-35 3.66 70.37 36.85 3.52

s8 1124D 8H-1 17-19 3.40 1.70 76.54

1124C 9H-6 68-70 1.74 76.33 29.19 4.26

1123C 13H-4 67-69 1.77 76.45

1123A 13H-5 98-100 1.73 76.57 28.46 4.66

s9 1124C 9H-6 129-131 3.40 1.61 76.11

1124D 8H-1 73-75 1.57 76.47

s10 1124C 9H-7 23-25 3.46 1.67 76.68

1124D 8H-1 117-119 1.65 76.70 29.09 4.80

1123B 14H-2 4-6 1.63 76.55 28.91 4.57

s11 1124C 10H-1 97-99 3.58 2.15 75.21 30.33 5.50

1124D 8H-3 96-98 2.08 75.34 30.14 5.40

s12 U1520D 58X-1 31-33 3.60 1.40 77.33

1124C 10H-1 124-126 1.20 77.20

1124D 8H-3 122-124 1.16 77.51 35.12 6.53

1123B 14H-3 140-145 1.25 77.48 33.24 6.37

s13 1124C 10H-2 48-50 3.64 1.87 76.02

1124D 8H-4 45-47 1.90 75.75 32.01 5.31

U1520D 58X-2 61-63 2.22 76.20

s14* 1123B 14H-5 72-74 3.68 2.58 73.26 30.01 5.32

1123A 14H-3 90-92 I 2.70 73.10

1123A 14H-3 90-92 II 2.19 74.87 31.21 5.50

Table 1 
Key Major Elements and Trace Element Ratios for Correlated Marine Tephra Layers
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Code Sample ID Age Ma FeOt wt% SiO2 wt% Ba/La Rb/Nd

s15 1124D 8H-5 2-4 3.70 1.47 77.20

1124C 10H-3 5-7 1.51 76.94 31.66 5.20

s16 1125B 11H-4 61-63 3.72 1.76 77.06

1125A 11H-7 52-54 1.73 77.22

s17 1124D 8H-5W 120-122 3.77 1.08 77.59

1124C 10H-3 124-125 1.09 77.61 47.64 11.73

s18 1124D 8H-5W 136-138 3.78 2.74 73.67 25.60 4.90

1124C 10H-3 141-143 2.81 73.35

s19 1124D 8H-6W 4-6 3.79 3.19 72.75

1124C 10H-4 7-9 3.22 72.54 36.75 2.62

s20 1124C 10H-4 26-28 3.80 1.37 77.47 30.26 5.42

1124D 8H-6W 25-27 1.39 77.34

s21 1124C 10H-4 129-131 3.86 2.28 73.55

1124D 8H-6 128-130 2.24 73.56

s22 1123B 15H-5 63-65 3.99 2.08 76.11 28.75 4.38

1123C 15H-4 50-57 1.99 75.86 29.06 4.57

s23 1124D 9H-1 83-85 4.04 1.21 77.64 33.55 5.77

1124C 10H-6 12-14 1.18 77.60 37.72 6.15

s24* 1124C 11H-2 130-132 4.34 1.88 75.33 26.65 4.06

1124D 9H-6 8-10 I 2.24 73.52

1124D 9H-6 8-10 II 1.29 77.42

s25 1125B 15H-3 109-111 4.38 1.21 77.74

1125A 15H-6 142-144 1.27 77.97

1124C 11H-3 40-42 1.26 77.67

1124D 9H-6W 69-71 1.23 77.82 44.75 7.25

s26 1124C 11H-6 91-93 4.67 2.53 72.34

1125B 19H-4 47-49 2.90 71.37 26.65 2.17

s27 1124C 11H-7 30-32 4.72 3.07 73.93

1124D 10H-3W 109-111 3.05 73.76

s28 1125A 20H-3 30-32 4.78 1.99 74.50

1124D 10H-4 66-68 2.09 74.90 28.87 2.16

s29* 1124D 10H-5W 84-86 I 4.89 2.11 74.48

1124D 10H-5W 84-86 II 2.30 73.24

1124C 12H-2 35-37 I 2.37 73.35

1124C 12H-2 35-37 II 2.05 74.70 26.41 1.87

s30 1124D 10H-6W 23-25 4.94 1.25 77.23

1124C 12H-2 119-121 1.31 77.34 38.82 8.81

s31 1124D 10H-6W 57-59 4.95 2.79 72.54

1124C 12H-2 143-145 2.79 72.95 28.12 2.81

s32 1124D 11H-1 33-35 5.13 1.31 76.95

1124C 12H-4 141-143 1.34 76.64

Table 1 
Continued
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Code Sample ID Age Ma FeOt wt% SiO2 wt% Ba/La Rb/Nd

s33* 1124D 11H-1W 49-51 I 5.13 1.56 75.29

1124D 11H-1W 49-51 II 1.80 74.21

1124C 12H-5 5-7 1.74 74.71 28.76 3.18

s34 1124C 12H-5 103-105 5.20 1.04 78.12

1124A 11H-2W 13-15 1.01 78.18

s35 1124C 12H-6 121-123 5.30 2.05 75.34

1124D 11H-3W 65-67 2.10 75.15 28.37 4.47

s36 1125B 24X-4 84-86 5.41 2.69 72.39 26.88 2.10

U1520D 61X-2 42-43 2.57 73.36

s37 1124C 13H-4 74-76 5.74 2.01 74.32

U1520D 63X-3 32-34 1.96 74.88 28.02 3.84

s38* 1124C 13H-5 68-70 5.85 8.38 59.13 20.96 1.24

1124D 12H-2W 139-141 I 10.63 53.85 30.34 2.45

1124D 12H-2W 139-141 II 6.54 63.40 30.34 2.45

s39* 1124C 13H-6 20-22 5.87 1.62 75.45

1124C 13H-6 24-26 1.28 76.95

U1520D 64X-1 69-71 I 1.48 76.79

U1520D 64X-1 69-71 II 2.05 74.45

s40 1124C 13H-6 100-102 5.91 1.27 78.01

1124D 12H-3 28-30 1.30 77.67

s41 1124C 13H-7 53-55 6.08 0.70 78.04 35.96 9.13

1124D 12H-4W 25-27 0.73 78.18

1123B 24X-5 69-71 0.77 77.93 35.46 9.18

s42 1124C 14H-1 111-113 6.14 1.13 77.44

U1520D 64X-3 36-38 1.04 77.77

s43 U1520D 65X-1 110-114 6.28 1.90 75.12 29.55 3.92

1124C 14H-1 135-137 2.05 75.08 22.43 3.27

1124D 12H-5W 133-135 2.03 75.09

s44 U1520D 66X-2 88-90 6.34 2.89 71.39 25.85 3.02

1124C 14H-6 122-124 2.97 71.35 50.92 2.44

1124D 13H-4W 2-4 3.03 71.46

s45 1124C 15H-2 119-121 6.83 0.79 77.84

1124D 13H-6W 135-137 0.79 77.87

s46 1124D 13H-7W 53-55 6.87 2.31 71.90

1124C 15H-3 38-40 2.36 71.81

s47 1124D 14H-1W 135-137 6.98 12.42 52.56 61.82 1.03

1124C 15H-4 90-92 12.10 52.85 62.35 1.23

s48* U1520D 67X-1 83-85 7.00 2.51 74.50

1124D 14H-2 16-18 II 2.84 74.13 25.04 3.07

1124D 14H-2 16-18 I 3.28 72.98

1124C 15H-4 106-108 3.18 72.94

U1520D 67X-1 91-92 2.64 74.09 27.00 3.92

1124C 15H-4 141-143 2.43 74.64

Table 1 
Continued
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Code Sample ID Age Ma FeOt wt% SiO2 wt% Ba/La Rb/Nd

1124D 14H-2W 60-62 2.36 74.68

s49* 1124C 15H-5 38-40 I 7.05 2.17 74.34

1124C 15H-5 38-40 II 2.45 73.09

1124D 14H-2W 117-119 2.44 73.30 57.64 3.03

s50* U1520D 67X-1 115-116 7.06 2.18 75.66 26.35 4.33

1124C 15H-5 69-71 II 2.21 75.37

U1520D 67X-1 116-117 1.60 76.50 38.15 6.88

1124C 15H-5 69-71 I 1.58 76.51

s51 U1520D 67X-CC 17-19 7.07 1.43 77.98

1124C 15H-5 101-103 1.44 77.67 25.81 3.47

s52* 1124C 15H-5 131-133 I 7.11 2.88 74.08 26.66 3.76

1124D 14H-3 76-78 2.76 73.85 28.03 3.99

s53* 1124C 15H-5 131-133 II 7.11 1.68 76.70 26.66 3.76

1124D 14H-3W 88-90 1.73 76.10

s54 1124C 15H-6 35-37 7.14 1.05 77.31

1124D 14H-3 132-134 1.05 77.41 38.39 8.82

594 36X-CC 10-12 0.98 77.27 30.41 6.97

s55 1125B 39X-3 136-138 7.30 2.52 75.18

1124C 16H-1 145-147 2.71 74.20

1124D 14H-6 35-37 2.74 74.16 23.07 3.48

s56 1124C 16H-2 18-20 7.36 1.46 75.72

1124D 14H-6W 51-53 1.53 75.55 23.07 2.21

s57* 1124C-16H-2 115-117 I 7.42 1.93 75.67

1124C-16H-2 115-117 II 1.43 77.02

1124D 14H-7W 20-22 1.22 77.08 75.09 6.95

s58* 1125B 40X-1 148-150 I 7.48 1.93 75.58

1124C 16H-3 134-136 1.76 75.26

s59* 1125B 40X-1 148-150 II 7.55 1.09 77.61 44.38 7.90

1123B 29X-7 4-7 1.02 77.20 10.97 10.46

U1371D 11H-3 51-53 1.01 77.39 9.98 9.76

s60 1124C 16H-4 130-132 7.59 2.66 74.26 20.01 1.80

1123B 30X-3 100-102 2.77 74.17 22.21 2.05

1125B 41X-5 22-24 2.71 74.15

s61 1124C 17X-1 107-109 7.94 1.48 76.32 32.41 4.32

1123B 31X-4 67-69 1.53 76.36 34.09 4.57

s62 1124C 17X-5 11-13 8.20/ 0.98 77.85 34.73 7.74

1123B 32X-2 87-89 8.28 ± 0.33 1.02 77.70 33.78 7.86

s63* 1123B 32X-5 47-49 I 8.23 4.22 68.53 27.96 3.76

1123B 32X-5 47-49 II 4.91 66.57 27.96 3.76

1123B 32X-5 47-49 III 2.16 74.38 27.96 3.76

U1520C-2R-2 31-34 2.10 74.70

1124C 17X-5 116-118 2.15 74.20 27.41 3.61

Table 1 
Continued
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et al., 2019; Carter et al., 1999a, 1999b; Wallace et al., 2019). Direct dating relies on U-Pb zircon ages for selected 
marine tephra layers (Table 1 and Table S2 in Supporting Information S2), acknowledging that zircon crystalli-
zation recorded by these ages can predate tephra deposition. Where possible, indirect age models were verified 
or improved with direct U-Pb ages.

Indirect age constraints were converted into age-dependent sedimentation rates, which were ultimately used for 
the age calculation of marine tephra layers. Linear interpolation was applied between two key tephra horizons 
resulting in average sedimentation rates throughout the sediment record. This method has an uncertainty between 
1% to 14% of their age, which is comparable to the analytical error of direct age methods like U-Pb dating or 
better (Kutterolf et al., 2013, 2021b). The thickness of the tephra layers was not corrected for, potentially leading 
to an overestimation of the sedimentation rates. In addition, sediment compaction and drilling disturbances, and 
possible small-scaled local reworking events cause difficulties in age calculations for different holes and sites 
leading to an over- or underestimation of the sedimentation rates. However, in line with previous contributions 
to the deep-sea drilling program, we chose to ignore corrections for the thickness of individual tephra layers, 
because their cumulative thickness of ∼30 m compared to ∼3,500 m total recovery (Quaternary and Neogene 
tephra record) is negligible, and the resulting ages would still be within the analytical error of direct dating 
methods.

The Quaternary age models for IODP Exp. 375 sites are well established and proceeding studies resulted in 
high-resolution age models (e.g.  14C-dating; Barnes et  al.,  2019; Crundwell and Woodhouse,  2022b,  2022a; 
Woodhouse et al., 2022). Age models of the Neogene record of Exp. 375, however, have so far not been specifi-
cally addressed in preceding studies and we applied the shipboard age models for the calculation of the Neogene 
tephra record of Exp. 375 sites. In addition, few biostratigraphic marker horizons allowed to fine-tune the age 
model for tephras from Site U1520 (pers. comm. Martin Crundwell). For ODP Leg 181 Sites 1123, 1124 and 
1125, Carter et al. (2004) established age models back to the Neogene and used a combined approach of pale-
omagnetic records, biostratigraphic datums, and an orbitally tuned benthic δ 18O record. These are assisted by 
glass isothermal plateau fission track ages from tephras of Site 1124. However, we found that previous studies 
use non-uniform depth units (meters below sea floor, “mbsf”; meters composite depths, “mcd”; revised meters 
composite depths “rmcd”) without further explanation. In addition, the shipboard composite profiles of drill 
sites from ODP Leg 181 (Carter et al., 1999b), with revised depths and ages, were probably not applied. Impli-
cations  are discussed in Section 7.1.

Code Sample ID Age Ma FeOt wt% SiO2 wt% Ba/La Rb/Nd

s64* 1124C 18X-5 136-138 I 8.90 2.34 73.20

1124C 18X-5 136-138 II 1.48 76.12 24.33 4.21

1123B 34X-3 29-31 1.87 76.24 22.98 4.11

s65 U1520C 3R-2 70-72 8.98 1.82 75.55

1124C 18X-6 116-118 1.78 75.49

s66 1125B 46X-3 72-74 9.45 0.94 78.10

U1520C 4R-1 0-2 1.11 78.21 23.14 4.59

s67 1125B 47X-4 65-67 9.53 1.83 75.84 27.17 3.19

U1520C-4R-1 54-56 2.21 75.71

s68 U1520C 8R-4 70-72 10.49 1.30 77.10

1125B 52X-5 117-19 1.26 77.62 27.69 4.69

1123B 40X-6 119-121 1.27 77.44 28.15 5.58

s69 U1520C 8R-5 133-135 11.36/ 0.99 77.20 20.86 12.36

1123B 43X-1 77-79 11.9 ± 1.44 0.84 77.29 30.02 12.84

Note. These correlations correspond to 69 individual volcanic events (s1 to s69). Volcanic events comprising bimodal or trimodal tephra layers (Sample ID plus “I,” 
“II,” or “III”) are marked with an asterisk. Indicated ages per volcanic event are averages of indirect ages and, where applicable, direct U-Pb ages are given (s62, s69). 
We refer to the Table S1 in Supporting Information S2 for geochemical data, standard deviations and ages of individual marine tephra layers.

Table 1 
Continued
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5.2. Tephra Inventory and Identification of Primary Tephra Layers

The recovered Neogene sediments of IODP Exp. 375 and ODP Leg 181 are mostly pelagic and transition to hemipe-
lagic towards the top. All available intercalated and discrete tephra layers or pods were sampled. In addition, discrete 
and intact tephra layers or pods of selected sediment intervals of Site 594 and Site U1371 were included in this study.

The thickness of tephra layers varies from a few mm to several cm, but ash-pods or dispersed ash are present as 
well. The tephra layers occur in several colors (Figures 2a–2g) and the contacts to the surrounding sediments 
vary from sharp to wavy or diffuse, which are often the consequence of drilling or bioturbation, respectively 
(Figures 2a–2g; cf. Jutzeler et al., 2014). Analyzed glass shards are mostly fresh and transparent (Figures 2h 
and 2k), however in some older sediment intervals (e.g., Hole U1520C) the glass shards were slightly altered 
(Figure 2j). Intact and discrete tephra layers (Figures 2a and 2e) were not prioritized over disrupted or bioturbated 
tephra layers or pods (Figures 2b–2d).

The integrity of each individual tephra layer was screened intensely because only primary deposits are relevant 
for this study. The identification of primary tephra deposits is crucial because falsely identified primary tephra 
layers would increase the number of volcanic events during the Neogene. Vice versa, falsely identified reworked 
deposits would lower the number of total events. Therefore, the geochemical composition and visual appearance 
of each tephra layer was checked first individually and secondary within the stratigraphic context of the core and 
neighboring tephra layers.

Geochemically homogeneous, multi-modal or compositionally zoned tephra layers are considered primary if 
surrounding (vertically) tephra layers differ in visual appearance and geochemistry. Tephra layers with mixed 

Figure 2. Examples of core sections with tephra layers (a–g) and glass shards (h–k) of marine tephra layers. Please see 
Table 1 and Table S1 in Supporting Information S2 for further explanations. (a) Two tephra layers in U1520C-8R-5, 
68–94 cm: mafic tephra with bioturbation (upper layer, u133), and undisturbed rhyolitic layer (u134). (b) Rhyolitic tephra 
layer in 1125B-41X-5, 10–30 cm (s60) disturbed by drilling. Most likely the background sediment was squeezed into the 
tephra layer. (c) Tephra layer, rhyolitic, in U1371D-11H-3, 40–58 cm (s59*) disrupted by drilling. (d) Sharp lower and diffuse 
upper contact of the rhyolitic tephra 1124C-16H-2, 0-27.5 cm (s56). (e) Light gray tephra U1520C-9R-2, 2–22 cm (u136) of 
rhyolitic composition. The tephra layer shows an internal structure (slightly changing colours and grain sizes) that resembles 
bedding. However, the sample was taken from the lowermost part of the bed, ensuring its original composition. Towards the 
top the tephra layer was bioturbated. (f) Rhyolitic tephra layer 1123B-24X-5, 60–75 cm (s41) with relatively sharp contacts 
to the surrounding sediment, a light gray colored base and black top. (g) Light gray, rhyolitic tephra layer U1520D-58X-1, 
22–34 cm (s12) with a dark colored top. The upper contact shows signs of drilling disturbance. (h) Glass shard (left) 
with round vesicle in tephra U1520D-62X-2, 190 cm. (i) Brownish glass with many vesicles in sample U1520C-4R-5, 
109 cm. (j) Glass shards in sample U1520C-11R-5, 63 cm. (k) Y-shaped glass shards with remnant bubbles in tephra layer 
U1520D-62X-2, 190 cm.
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and genetically unrelated glass compositions are interpreted as reworked, especially when the tephra layers show 
visual signs of remobilization, for example, due to bioturbation and drilling disturbances. If tephra layers with 
the same geochemical composition and visual appearance occur repeatedly in sediment intervals, usually the 
lowermost or most discrete tephra layer is considered as primary, whereas the other tephra layers are character-
ized as reworked (exceptions may apply). The intense screening of each tephra layer, its surrounding sediment 
and vertically neighboring tephra layers, ultimately allows us to establish a robust tephrochronostratigraphy of 
New Zealand's Neogene explosive volcanism based on primary marine tephra layers, that were deposited either 
by fallout, vertical density flows, PDCs, or syneruptive tephra driven coastal mass transport continuing as subma-
rine turbidites (Carey, 1997; Jutzeler et al., 2017; Manville & Wilson, 2004). Despite our multi-proxy approach 
to identify primary versus reworked deposits, it is possible that not all primary tephra layers were identified, or 
reworked tephra layers were mistakenly characterized as primary ones. However, due to the large number of 
investigated tephra layers in our study, our time series for the Neogene is still the most comprehensive to date.

402 ash-rich Neogene samples were recovered from the marine sediments and 306 of these are identified as 
primary. The primary tephras of the Neogene span a range from basaltic to rhyolitic compositions; however, the 
majority of tephras are rhyolitic with 73–78 wt% SiO2 and 6.5 to 8 wt% Na2O + K2O (Figure 3a). 33 tephras are 
basaltic or basaltic andesites with ∼50–61 wt% SiO2 and 3 to 6 wt% Na2O + K2O. Four tephras have a dacitic 
composition with 64–68 wt% SiO2 and ∼5.5 to 6.5 wt% Na2O + K2O (Figure 3a). Two trachytic samples with 
∼69 wt% SiO2 and ∼8 wt% Na2O + K2O were identified in Holes U1520C and 1125B.

On a K2O  −  SiO2 classification diagram (Peccerillo & Taylor,  1976), most marine tephras fall within the 
calc-alkaline field (Figure  3b). Tephras with highest silica compositions trend toward and/or plot within the 
high-K calc-alkaline series (Figure 3b).

5.2.1. Multi-Modal and Compositionally Zoned Marine Tephra Layers

26 tephra layers are identified as geochemically multi-modal characterized by two to three geochemical groups in 
at least one major/minor element. Volcanic events which include multi-modal tephra layers are highlighted with 
an asterisk (“*”, Table 1 and Table S1 in Supporting Information S2). In addition, ∼29 tephra layers with a zoned 
geochemical composition were identified. Compositionally zoned tephra layers are usually, but not exclusively, 
characterized by comparably heterogeneous compositions which form a geochemical trend in at least one major 
or minor element, resulting in exceptionally large standard deviations of >0.8 wt% (Table S1 in Supporting Infor-
mation S2). Based on the overall integrity of these multi-modal and zoned tephra layers (e.g., visual appearance 
and unique geochemical compositions in stratigraphic context), we interpret them as primary. In addition, most 
of these tephra layers are correlated across the study area underlining their primary origin.

Of all identified multi-modal tephras 14 were correlated between holes and sites (s14*, s24*, s29*, s33*, s38*, 
s39*, s48* - s50*, s52*, s53*, s57* - s59*, s63*, s64*; Table 1). The remaining twelve multi-modal tephras are 

Figure 3. (a) Total alkali versus silica diagram after Le Maitre et al. (2002) showing the geochemical range of the primary 
marine tephra layers. Rhyolitic tephras clearly dominate at all sites, whereas basaltic to andesitic tephra layers are limited 
to Sites U1520, 1124 and 1125. Dacitic and trachytic compositions are rare (Sites U1520, 1123, 1124, 1125). (b) K2O-SiO2 
classification diagram after Peccerillo and Taylor (1976). The majority of marine tephra layers follow the calc-alkaline trend, 
some rhyolitic glass shards with high silica (≥75 wt%) tend towards the high-K calc-alkaline series.
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uncorrelated, individual volcanic events (u7*, u11*, u21*, u29*, u65*, u101*, u107*, u119*, u124*, u126*; 
Table S1 in Supporting Information S2). Sometimes, only one geochemical group of a multi-modal tephra layer 
was successfully correlated, whereas the second or third geochemical group has a different composition which 
is not repeated in vertically neighboring tephra layers (e.g., s64*). In other cases, one tephra layer spans the 
geochemical gap between correlated geochemical groups (e.g., s24*, s38*).

In the following, some key correlated bimodal and compositionally zoned tephra layers are presented.

The youngest multi-modal volcanic event is s14* (c. 3.68 Ma; Figure 4a; Table 1) correlated between a bimodal 
tephra layer from Site 1123 (1123A-14H-3, 90–92 cm) and a compositionally zoned tephra layer in the neighbor-
ing hole B (1123B-14H-5, 72–74 cm). The geochemical bimodality of this volcanic event is especially shown in 
SiO2: the bimodal tephra has two compositional groups, one at 73.1 wt% SiO2 (prominent group) and the second 
at 74.8 wt% SiO2 (slightly less pronounced), whereas the zoned tephra is characterized by 73.2 ± 1.6 wt% SiO2 
(Figure 4a). The individual glass shard analyses of 1123B-14H-5, 72–74 cm show no prominent geochemical 
grouping but cover the entire compositional range of the bimodal tephra 1123A-14H-3, 90–92 cm. Volcanic event 
s29* (c. 4.88 Ma; Figure 4a; Table 1) comprises the bimodal marine tephra layers 1124D-10H-5W, 84–86 cm 
and 1124C-12H-2, 35–37 cm. The bimodality is especially shown in SiO2, TiO2, K2O and FeOt. For example, the 
low-silica group (∼73.3 wt% SiO2) has 0.5 wt% TiO2, 2.1 wt% K2O and 2.3 wt% FeOt, whereas the high-silica 
group (∼74.6 wt% SiO2) has 0.45 wt% TiO2, ∼2.23 wt% K2O and ∼2.08 wt% FeOt (Figure 4a). Volcanic event 
s50* is correlated across the study area between proximal Site U1520 (Hole D) and distal Site 1124 (Hole C) and 
is indirectly dated to 7.06 Ma (Table 1). In Hole U1520D, this volcanic event comprises a tephra layer that consists 
of two horizons which vary in color and geochemistry. The bottom part of the tephra layer (U1520D-67X-1, 
116–117 cm) is of brownish color (∼1 cm) with ∼76.5 wt % SiO2, 1.6 wt% FeOt and ∼3.5 wt% K2O, whereas 
the upper part of the tephra layer (U1520D-67X-1, 115–116 cm) is gray-brown in color (∼1 cm) with ∼75.6 wt% 
SiO2, ∼2.2 wt% FeOt and 3.2 wt% K2O (Figure 4a). Its correlative is the bimodal tephra layer 1124C-15H-5, 
69–71 cm with one compositional group at ∼76.5 wt% SiO2, 1.6 wt% FeOt, 3.4 wt% K2O, and the second group at 
∼75.4 wt% SiO2, 2.2 wt% FeOt and 3.1 wt% K2O (Figure 4a). The volcanic events s52* (c. 7.10 Ma) and s53* (c. 
7.11 Ma) are established between a bimodal tephra layer from Hole 1124C (1124C-15H-5, 131–133 cm) and two 
neighboring unimodal tephra layers from Hole 1124D (1124D-14H-3, 76–78 cm and 1124D-14H-3, 88–90 cm; 
Table 1), and are characterized by low silica compositions of ∼74 wt% SiO2 in volcanic event s52* whereas s53* 
has higher silica with ∼76.5 wt% SiO2 (Figure 4a). We believe that the bimodal character of the tephra in Hole 
1124C is artificial, potentially caused by drilling disturbance, whereas in Hole 1124D, the geochemical signa-
tures of both tephra layers remained intact.

Figure 4. Examples of multi-modal volcanic events (a) and volcanic events with at least one compositionally zoned marine 
tephra layer (b). The colored and slightly transparent symbols (filled and open symbols) are single glass shard analyses 
and illustrate the overall geochemistry of correlated tephra layers. The larger symbols with error bars represent the average 
geochemical composition of the respective tephra layers.
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Compositionally zoned tephra layers occur throughout the Neogene and many of these are uncorrelated with 
comparably low SiO2 compositions (e.g., u10, U1520D-60X-1, 14–16 cm; u42, 1124D-13H-4W, 127–129 cm; 
Table S1 in Supporting Information S2). But, zoned low-silica rhyolites (e.g., s26) with ∼71.3–72.3 wt% SiO2 
or medium-to high-silica rhyolites (e.g., s2 and s5; Figure 4b; Table 1) with ∼76 wt% SiO2 and ∼74 wt% SiO2, 
respectively, occur as well.

The youngest compositionally zoned tephra layer was identified in Hole 1125B (s2, c. 2.95 Ma; Table 1). S2 
is correlated between five holes (Holes U1520D, 1123A, 1124D, 1125B and 594A; Figures 1a and 4b). The 
tephra 1125B-8H-2, 70–72 cm is zoned in SiO2, Na2O, K2O and FeOt. While silica increases from ∼72.5 to 
78.5 wt%, K2O increases from ∼2.5 to 4.3 wt%, whereas Na2O (∼5.3–3.7 wt%) and FeOt (∼2.9–0.6 wt%; 
Figure 4b) decrease. The correlative marine tephra layers are not classically zoned, but largely overlap with 
the mean composition of the zoned tephra (Figure 4b). Volcanic event s5 also comprises a zoned tephra layer 
(U1371D-7H-2, 19–21 cm), which spans a compositional range from ∼71 to 76.5 wt% SiO2 with ∼3.5 to 1.5 
wt% FeOt (Figure 4b). Its correlatives, two tephra layers from Site 1125, are comparably homogeneous (∼74 
wt% SiO2 and 2.3 wt% FeOt) and only the tephra layer from Hole 1125B shows a slight geochemical trend 
dependent mostly on silica and iron.

5.2.2. Distribution of Silica-Poor Tephra Layers

35 Neogene marine tephra layers are characterized by <70 wt% SiO2, and thus geochemically differ from the 
vast majority of analyzed marine tephras with rhyolitic compositions (>70 wt% SiO2; Figure 3). In total, these 
35 silica-poor marine tephras correspond to 33 individual volcanic events (Table 1 and Table S1 in Supporting 
Information S2).

The majority of silica-poor marine tephras occur in the proximal Site U1520, with four volcanic events (youngest 
to oldest: u10, u35, u37, u45; Tables S1 and S7 in Supporting Information S2) between c. 4.99 Ma to 6.93 Ma 
in Hole U1520D, and 19 volcanic events between c. 8.21 Ma to 10.8 Ma in Hole U1520C (youngest to oldest: 
u53, u69, u76, u82, u83, u85, u88, u94, u102, u103, u105, u107*, u114, u115, u118, u121, u124*, u132, u133, 
u135; Table S1 in Supporting Information S2). One silica-poor volcanic event was identified in distal Hole 1123B 
(s63*) and was indirectly dated at c. 8.4 Ma. Two volcanic events were identified in Hole 1125B (u7*, u131) 
and were indirectly dated at c. 3.84 and 10.4 Ma. Another six silica-poor events are present between c. 5.0 to 
8.02 Ma in Site 1124 (hole C: u11*, u48, u51; holes C/D: s38*, s47; hole D: u42; Table 1 and Tables S1, S9–S11 
in Supporting Information S2).

The most continuous record of silica-poor explosive eruptions is preserved in the proximal marine Site U1520 
(hole C) between 9.22 and 10.8 Ma.

6. Correlations of Marine Tephras
Geochemical fingerprinting allows for the correlation between volcanic deposits of unknown origin, such as 
marine tephra layers, because magmatic processes, for example, assimilation of continental crust or fractional 
crystallization, leave behind unique geochemical signatures (Lowe,  2011). These processes are stored in the 
major and trace element compositions of volcanic glass. However, for New Zealand's volcanism, it has been 
shown that the geochemical fingerprinting of volcanic deposits is not unambiguous but requires additional 
stratigraphic relationships and age constraints to produce confident correlations between volcanic deposits 
(Lowe, 2011). We therefore correlated the marine tephras using their geochemical fingerprint (major and trace 
element compositions, and trace element ratios), their stratigraphic contexts and site-specific age models, to 
establish (isochronous) tie-lines between the cores.

Following this approach, we established 168 tie-lines, correlating the marine tephra layers between holes and 
across the study area. The majority of correlations were established at Site 1124, followed by correlations at 
Sites U1520, 1123 and 1125. These 168 tie-lines of marine tephra layers between holes or sites correspond to 69 
individual volcanic events (s1 to s69; Table 1).

In the following, key correlations from youngest to oldest are highlighted.

The youngest identified volcanic event was correlated between the Holes U1520D and 1124C, and is indirectly 
dated to c. 2.77 Ma (s1). In Hole U1520D, s1 consists of a ∼3 cm thick tephra layer, whereas the thickness of 
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the tephra in Hole 1124C is ∼1 cm. The tephra is whitish to gray in color 
and characterized by comparably high silica compositions (∼77.4 wt% SiO2; 
Figure 5 A1 and A2). The second volcanic event (s2, indirectly dated to c. 
2.95 Ma) was identified and correlated across the study area between Holes 
U1520D, 1123A, 1124D, 1125B and 594A. It is characterized for example, 
by 76.2–76.9 wt% SiO2, 1.51 to 1.67 wt% FeOt and 1.12 to 1.69 wt% CaO 
(Figure 4b). In Site 1124, for instance, volcanic event s2 was identified as a 
∼5 cm thick gray to brown tephra layer, whereas in proximal Hole U1520D 
the color is brownish and the layer is slightly disrupted and <1 cm.

Four marine tephras, two from Site 1124 (holes C and D) and two from 
Site 1123 (holes A and C), were correlated and summarized in volcanic 
event s4 (Table 1, Figure 5 A1 and A2). In Site 1124, this volcanic event 
formed a c. 10–15 cm thick brown tephra layer, whereas in the more distal 
Site 1123, only 2.5–5 cm of volcanic ash were deposited. Volcanic event 
s4 is characterized by ∼76.4 wt% SiO2, ∼1.4 wt% FeOt, ∼3.2 wt % K2O, 
and comparably high U/Er (∼1.2–1.3) and Ce/Gd (∼12–14.5; Figure  5 
A1 and A2). Volcanic event s5 (c. 3.15  Ma) summarizes three marine 
tephra layers correlated between Site 1125 (holes A and B) and the 
southeasternmost Site U1371. It is the youngest Neogene volcanic event 
with ∼74.2 wt% SiO2, and comparably high FeOt (2.3 wt%) and TiO2 
(∼0.29 wt%) (Table 1). In Hole U1371D the tephra layer is composition-
ally zoned (Figure  4b), of brown color and ∼2  cm thick. The volcanic 
event s41, indirectly dated to c. 6.08 Ma, was correlated between Hole 
1123B and Site 1124 (holes C and D; Table 1). It is characterized by high 
SiO2 (∼78 wt%) and low FeOt (∼0.7 wt%; Figure 5 B1), and high U/Er 
(∼1.7) and Ce/Gd (17.3–18.1; Figure 5 B2). In Hole 1123B, the marine 
tephra is ∼5 cm thick with a light gray bottom and dark gray colored top 
(Figure 2f), whereas in Holes 1124C and D, the tephra layers are roughly 
10 cm thick, with a dark gray colored base and a brown to beige colored 
top. Volcanic event s54 is correlated across the distal sites of the study 
area between Sites 1124 (holes C and D) and 594 (Table 1). It is indirectly 
dated to c. 7.13 Ma and has high silica compositions (∼77.6 wt% SiO2) 
with low FeOt (∼1.05 wt%) and Na2O (∼3.7 wt%) (Figure 5 C1 and C2). 
In Holes 1124C and D, this volcanic event is characterized by <10 cm 
of beige to light brown volcanic ash. The volcanic events s58* (indirect 
age: 7.48 Ma) and s59* (indirect age: 7.54 Ma) are correlated between 
Holes 1124C and 1125B, and 1123B, 1125B and U1371D, respectively 
(Table 1). The marine tephra layer 1125B-40X-1, 148–150 cm is bimodal, 
with a low-silica group at ∼75.6 wt% SiO2 (s58*; Figure  5 C1) and a 
high-silica group at ∼77.6 wt% SiO2 (s59*; Figure 5 D1). The low-silica 
group is characterized by ∼4.6 wt% Na2O and ∼1.8 wt% FeOt, whereas 
the high-silica group has a lower Na2O (∼4 wt%) and FeOt composition 
(∼1.0 wt%; Figure  5 C2 and D2). In Hole 1123B this volcanic event is 
characterized by a light gray color with <2.5 cm thickness, whereas in 
Hole U1371D s59* was identified as a disturbed beige colored tephra 
layer (Figure 2c). The oldest volcanic event, s69, was indirectly dated to 
c. 11.3 Ma and correlated between Holes U1520C and 1123B (Table 1). 
This volcanic event is characterized by ∼0.9 wt% FeOt compositions and 
∼4.75 wt% Na2O (Figure 5 D1 and D2) at ∼77.2 wt% SiO2. Volcanic event 
s69 deposited <2 cm of volcanic ash, varying in color from beige (Hole 
U1520C) to gray (Hole 1123B). Direct ages derived from U-Pb give an 
age of 11.9 ± 1.44 Ma for the marine tephra in Hole 1123B (Table 1), 
overlapping well with the indirect age.

Figure 5. Harker (major and minor element compositions) and discrimination 
diagrams (trace element ratios) of Neogene tephra layers exemplarily showing 
correlations between sites ascribed to 16 volcanic events (s1, s4, s6, s8, s10, 
s12, s41, s43, s51, s54, s55, s58*, s59*, s61, s68, s69; Table 1). The slightly 
transparent symbols (open and filled) are single glass shard analyses, whereas 
larger symbols (filled, black and white frames) with error bars are geochemical 
averages. Please note, not all tephra layers were analyzed for trace element 
compositions (e.g. volcanic event s1, A2).
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6.1. Uncorrelated Marine Tephras

139 marine tephras could not be correlated, neither between holes nor sites, and each uncorrelated tephra layer is 
interpreted as an individual volcanic event (u1 to u139; Table S1 in Supporting Information S2).

The majority of uncorrelated tephras are present in Site U1520 (95 marine tephra layers, 21 tephra layers in 
hole D and 74 in hole C). Most of these uncorrelated tephra layers occur between c. 10.8 Ma and 8.8 Ma (Hole 
U1520C), and thus represent the oldest continuous tephra record in our study (Figure 6). In Site 1124, we identi-
fied 24 uncorrelated marine tephra layers (hole C: 15, hole D: 9). The youngest uncorrelated tephra in Site 1124 
was indirectly dated to c. 3.3 Ma (Hole 1124C) and the oldest to c. 17.4 Ma (Hole 1124C; Figure 6). 17 uncor-
related marine tephra layers were identified in Site 1125 (hole A: 2, hole B: 15). The youngest volcanic event in 
Site 1125 was indirectly dated to c. 2.6 Ma and the oldest to 10.4 Ma (Figure 6). In Hole 1123B, one uncorrelated 
tephra is present (c. 5.13 Ma). One uncorrelated tephra was identified in Hole U1526A indirectly dated to c. 
3.04 Ma, and one in Hole U1371D indirectly dated to 8.09 Ma (Figure 6).

7. Discussion
7.1. Precision of Age Models

Neogene sediments with intercalated tephra layers were recovered from Site U1520 (Holes D and C), Site 1123 
(Holes A, B and C), Site 1124 (Holes A, C and D), Site 1125 (Holes A and B), Sites 594 and U1371 (Figure 1a). 
For each drill site, age models have been determined by micropaleontology and paleomagnetism for the respec-
tive expedition (Section 5.1) and, where applicable, subsequent studies improved the indirect dated age-depth 
models by direct dating or detailed biostratigraphic work. This is, for example, the case for age models of ODP 
Leg 181 sites, revisited in previous studies (e.g. Alloway et al., 2005; Carter et al., 2004). The ages for sediments 
from Site U1520 and Hole U1526A are mostly based on shipboard age models of IODP Exp. 375.

Exemplary observations are discussed in the following.

1.  Reported offsets between splices of sites and individual holes of ODP Leg 181 sediments were most likely 
not corrected for in subsequent studies (e.g. Allan et al., 2008) and are therefore difficult to translate to our 
study. We have corrected the tephra depths of individual ODP Leg 181 sites from the composite stratigraphy 
site depths by applying the given offsets in Carter et al. (1999a) and as a result observed slight to significant 
age shifts. For example, the offset in the sediment interval where tephra layer 1123A-12H-1, 130–132 cm 
(s2; Table 1) occurs is an addition of +7.84 m to the mbsf-depths of each intercalated tephra layer in the 
sediment interval between 101.1 and 110.63 mbsf. This correction leads to an age of 3.05 Ma (with offset 
correction), whereas the age without offset-correction would be 2.84 Ma. Another example is volcanic event 
s14* (Table 1), correlated between the marine tephras 1123A-14H-3, 90–92 cm and 1123B-14H-5, 72–74 cm. 
Without offset-correction from the composite depth, indirect dating of these tephra layers results in c. 3.43 Ma 
(Hole 1123A) and 3.43 Ma (Hole 1123B). With offset-correction, however, they are ∼260 ka older and the 
individual ages result in 3.69 Ma (Hole 1123A; addition of +9.88 m in the sediment interval between 120.1 
and 129.54 mbsf) and 3.66 Ma (Hole 1123B; addition of +8.6 m for the sediment interval between 117.4 
and 126.88 mbsf). In general, the resulting age differences between offset-corrected and uncorrected ages 
increase with increasing depths of the sediments from <100 ka (interval: 0 to 50 mbsf) to c. 230 ka to c. 350 
ka (interval: ∼118 to 290 mbsf) or even 411 ka (interval: ∼310 to 395 mbsf) for the deepest tephra layers in 
Hole 1123B. A direct comparison to previous studies focusing on Neogene tephras (Carter et al., 2004) is 
difficult because these authors do not refer to sampling depths of the tephras but use their own nomenclature. 
However, comparisons to the Quaternary tephra record show that the established ages for tephras studied in 
Carter et al. (2004) and Allan et al. (2008) differ from our calculations. For example, the marine Quaternary 
tephra 1123B- 5H-3, 3–5 cm has an offset-corrected age of c. 857 ka. Its age without offset-correction is c. 792 
ka and Allan et al. (2008) report an age of c. 991 ka. Based on the publicly available data, we were not able to 
ultimately resolve this issue. However, the resulting age differences are generally within the analytical error 
of direct dating methods, thus not relevant for the correlation purpose of this study, although it is important to 
use the consistently calculated corrected tephra ages in further studies.

2.  A missing isotopic cycle in Site 1123 leads to an addition of 2.72 m to all data from sediment intervals deeper 
than cores 5H from Holes 1123A, 1123B and 1123C. Starting at cores 8H at Holes 1123C as well as 9H at Hole 
1123A and 1123B an addition of 0.14 m to the cores is added on top of the previous given extensions (Hall 
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Figure 6. Core profiles of Sites U1520, U1526, 1123, 1124, 1125, 594 and U1371 showing the individual Neogene tephra 
layers, uncorrelated (black), correlated between holes (green) and between sites (blue) in hemipelagic (green) to pelagic (light 
pink) background sediment. Explanations of correlation codes (s1 to s69) are given in Table 1, labels for uncorrelated tephras 
(u1 to u139, Table S1 in Supporting Information S2) are not shown.
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et al., 2001; Harris, 2002). When applying these additional depth corrections, the re-calculated ages of marine 
tephras vary strongly from previously established age-depth constraints, with or without offset-correction, 
and become older, for example, from 8.93 Ma to 9.03 Ma (1123B-34X-3, 29–31 cm, s64*; Table 1). This age 
shift alone would not be a problem, but the effects on established site to site correlations in the region (previ-
ously or within this study), for example, between Sites 1123 and 1124, are large. Previous studies (e.g., Allan 
et al., 2008; Carter et al., 2004) refer to these corrections proposed by Hall et al. (2001) and Harris (2002). 
However, their indirect ages do not include the depth adjustments after Hall et al. (2001) and Harris (2002). 
Thus, we decided to follow their example and did not explicitly apply the corrections. Re-visiting previously 
and newly established correlations between ODP Leg 181 sites, in combination with direct zircon ages (this 
study, Table S1 and S2 in Supporting Information S2), support our approach.

3.  Direct U-Pb age dating of zircons was carried out for five Neogene marine tephra layers (Table 1 and Tables 
S1 and S2 in Supporting Information S2). For example, marine tephra 1123B-32X-2, 87-89 cm (s62, Table 1) 
was indirectly dated to 8.24 Ma (without offset-correction 7.91 Ma) and its direct U-Pb zircon age resulted 
in 8.28 ± 0.33 Ma, more closely aligned with the age assigned when the offset-correction is applied. This 
volcanic event was correlated to a tephra layer in Hole 1124C (1124C-17X-5, 11–13 cm) indirectly dated to 
8.16 Ma, thus slightly younger than the proposed indirect age of this volcanic event in Hole 1123B, but still 
within the analytical error of the direct U-Pb zircon age. For Site U1520, however, the Neogene shipboard age 
model was less well constrained, leading to an offset of up to 2.5 Ma for the deepest tephra layers between the 
indirectly calculated ages and direct U-Pb zircon ages. Here, we adjusted the age-depth model by applying our 
direct U-Pb zircon ages and newly revised biostratigraphic datums (M. Crundwell, pers. comm.), resulting in 
a most robust age model for the Neogene sediments at Site U1520 to date.

7.2. Preservation of Marine Tephras

The drill sites cover a wide study area east to southeast to south of New Zealand and thus enable to establish first 
constraints regarding tephra dispersal and tephra preservation during the Neogene. Strogen et al. (2022) show the 
tectonic evolution of the continent of Zealandia and suggest that at 19 Ma our study sites in the East Coast Basin 
(Sites U1520 and U1526) would have been closer to the CVZ and Northland arc source volcanism than today. 
Between 19 and 10 Ma, the East Coast Basin rotated clockwise away from the CVZ and Northland arc sources, 
and by 10 Ma the sites would have been close to their present-day locations (Strogen et al., 2022). Rifting of the 
TVZ occurs since c. 2 Ma and increases the distance between volcanic source and IODP Exp. 375 drill sites; 
however, these small-scale plate motions are negligible for the purpose of this study. The drill sites from ODP 
Leg 181 are located on the incoming Pacific Plate, which is subducted beneath North Island (New Zealand) since 
at least 20 Ma. The plate reconstructions from Strogen et al. (2022) imply that, for example, Site 1124 would 
have been located ∼650 km further to the east from its present-day location at c. 10 Ma. Between c. 10 and 4 Ma, 
the distance generally decreases but at c. 4 Ma, Site 1124 would still have been ∼300 km to the east from its 
present-day location (Strogen et al., 2022). Our oldest tephra layers from Site 1124 have therefore been deposited 
in sediments ∼900 km more distal than today. This observation, which affects all distal drill sites, is considered 
in our discussions below.

Most marine tephras, correlated or uncorrelated, were identified in Site U1520 (116 tephra layers; at present c. 
104 km E from Gisborne; Figure 1a) and Site 1124 (127 tephra layers; at present c. 486 km E from Gisborne), and 
to a lesser extent in Site 1125 (35 tephra layers; at present c. 540 km SE from Gisborne) and Site 1123 (22 tephra 
layers; at present c. 960 km SE from Gisborne). The tephra layers in Site U1520 occur between c. 2.68 Ma and c. 
11.9 Ma with the highest concentrations between c. 6.1 to 6.4 Ma, and between c. 8.8 to 10.8 Ma (Figure 6). The 
latter time interval in Site U1520 is the oldest continuous Neogene tephra record present in our study (Figure 6). 
In comparison, the oldest continuous tephra record in Site 1124 ends at c. 9 Ma, in Site 1125 it extends to c. 
10.5 Ma, whereas Site 1123 does not contain a continuous record but more sporadic tephra occurrence back to c. 
11.8 Ma (Figure 6). For Site 1124, intensified deposition of volcanic material is observed between c. 3 to 9 Ma, 
resulting in a continuous tephra record during that time period (Figure 6). These changes in tephra occurrence 
between the individual drill sites are most likely explained by re-arranging plate boundaries and plate motions 
during the Neogene (Carter et al., 2004; King, 2000; Strogen et al., 2022), (a) potentially hindering volcanic mate-
rial reaching the depositional areas, (b) potentially favoring the deposition of volcanic material at one location 
over another, and (c) generally limiting the deposition of fallout at the very distal drill sites of ODP Leg 181 to 
only very large eruptions. An alternate explanation could be variations in dominant paleowind directions with 



Geochemistry, Geophysics, Geosystems

PANK ET AL.

10.1029/2023GC010866

21 of 28

time, leading to local accumulation (e.g. at Site 1124) or absence (e.g. at Sites 594 and U1371) of tephra layers 
in the marine sediments. Most likely both factors played a fundamental role in the distribution of volcanic mate-
rial  towards the marine environment east and southeast of New Zealand.

Marine tephra layers in the most southwestern Site 594 and southeastern Site U1371 are condensed in two 
intervals, between c. 2.9–3.1 Ma and between c. 7.1–8.08 Ma. At c. 2.95 Ma and 3.15 Ma two volcanic events 
are preserved at Sites 594 (s2) and U1371 (s5), then ∼4 Myr pass without a single marine tephra layer in both 
sites in our tephra records. At c. 7.1 Ma we identified a tephra layer in Site 594 (s54), followed by two volcanic 
events forming marine tephra layers at U1371 (s59* and u52), indirectly dated to c. 7.54 Ma and c. 8.09 Ma, 
respectively (Figure  6, Table  1 and Table S1 in Supporting Information  S2). These marine tephras reaching 
the southwesternmost and southeasternmost study areas might be the deposits of exceptionally large eruptions 
similar to the recent Kawakawa/Oruanui super eruption that deposited volcanic ash as far as Antarctica (Dunbar 
et al., 2017). Examples from large eruptions of the Central American volcanic arc and the Japanese arcs show 
that those eruptions are able to influence and even modify or suspend the prevailing wind regimes even up to the 
stratosphere and therefore also the dispersal of ash in the known distribution pattern of smaller eruptions (e.g. 
Brenna et al., 2021; Cisneros de León et al., 2021). However, the thicknesses of respective tephra layers within 
the cores do not differ significantly, if at all, from other tephra layers, excluding this assumption. An alternate 
hypothesis for these periods of heightened tephra preservation is changes in the paleowinds transporting volcanic 
ash more dominantly towards the SW and SE of New Zealand. Both time intervals, between c. 2.9–3.1 Ma and 
between c. 7.1–8.08 Ma, are present in both distal drill sites, likely indicating the deposition of these tephra layers 
while the prevailing wind directions were unstable and changing.

7.3. Spatiotemporal Compositional Variations and New Insights Into the Geochemical Evolution From 
CVZ to TVZ Volcanism

Next to the above discussed dispersal of volcanic material and probable changes in paleowinds, the extensive 
tephra record allows for a spatiotemporal geochemical comparison of the marine tephra layers present in the drill 
sites.

7.3.1. Spatiotemporal Compositional Variations

Generally, the marine tephra record from all drill sites show that New Zealand’s Neogene explosive volcanism 
mainly produced silica-rich volcanic material of rhyolitic composition with only a few geochemical exceptions 
being silica-poor to mafic (Figure 3a).

We found that most silica-poor (<70 wt% SiO2) volcanic events of the Neogene are present in the proximal Site 
U1520, and sporadically present in the distal Sites 1124, 1125 and 1123 (see Section 5.2.2). The high abundance 
of silica-poor tephras in the proximal Site U1520 is most likely explained by the site’s proximity to the volcanic 
source in the CVZ because dense silica-poor tephra is not likely to travel as far as silica-rich tephra leading to a 
natural accumulation of silica-poor tephra closest to source (e.g. Pearce et al., 2020).

During the late Pliocene (c. 3.8 to 2.58 Ma) silica-poor marine tephra layers are absent in the marine sediments, 
except for one volcanic event at c. 3.84 (u7*) present in Site 1125. Between c. 4.9 Ma to c. 8.2 Ma silica-poor 
volcanic events are equally rare, but present at c. 4.99 Ma (u10, Hole U1520D), c. 5.0 Ma (u11*, Site 1124), c. 
5.84 Ma (s38*, Site 1124), c. 6.33 Ma (u35, Hole U1520D), c. 6.36 Ma (u37, Hole U1520D), c. 6.65 Ma (u42, 
Site 1124), c. 6.93 Ma (u45, Hole U1520D), c. 6.98 Ma (s47, Site 1124), c. 7.28 Ma (u48, Site 1124), c. 8.02 Ma 
(u51, Site 1124), c. 8.21 Ma (u53; Hole u1520D), and c. 8.23 Ma (s63*, Site 1123; Table S1 in Supporting Infor-
mation S2). These volcanic events are characterized by varying silica compositions between ∼51–66.4 wt% SiO2 
(Table S1 in Supporting Information S2). Between c. 8.2 Ma to 9.2 Ma silica-poor volcanic events are absent 
again, before they become abundant and continuous until c. 10.8 Ma (Table S1 in Supporting Information S2). 
The volcanic events during this 1.6 Myr time interval are characterized by low silica compositions mostly ranging 
between ∼52.1 - 58.2 wt% SiO2 (except for four volcanic events with ∼60.4 to 68.9 wt% SiO2). The temporal 
distribution of silica-poor tephra in the marine record is most continuous between c. 9.2 to 10.8 Ma and might 
reflect the overall geochemical evolution of the CVZ from a more mafic volcanic arc toward a more evolved 
silicic arc. An alternate explanation is an overall increased incidence of explosive silica-poor eruptions during 
the early stages of CVZ volcanism, large enough to reach the submarine depositional areas. The absence of 
silica-poor volcanic events during shorter time periods, for example between c. 8.2 to 9.2 Ma, might be explained 
by local rearrangements between volcanic centers, maybe associated with fewer explosive eruptions.
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Between c. 10.2 and 9.6 Ma, silica-poor volcanic events are most frequent in the marine tephra record (Table S1 
in Supporting Information S2) and their abundance implies that mafic explosive eruptions occurred every ∼12 
Kyr within this time interval. A more detailed study about eruption frequency, with regard to silica-poor volcan-
ism, eruption magnitudes and potential climate interactions, will be addressed in a future study by the authors.

7.3.2. Geochemical Evolution From CVZ to TVZ Volcanism

The established detailed marine tephrochronostratigraphy allows preliminarily investigation into the temporal 
compositional variations within the respective record of New Zealand’s volcanism.

Three periods of lower abundances of marine tephra layers from the Miocene to the Pleistocene are identified in 
our records (Figure 7). These are in the Late Miocene (9–8.5 Ma), the Middle Pliocene (4.7–4 Ma), and between 
the Pliocene and Pleistocene (2.9–2.5  Ma). This reduced tephra abundance in the marine sediments may be 
due to an incomplete tephra record within these time intervals but also due to fundamental changes in the arc 
systems like local and regional tectonic rearrangements or global climate (e.g. Kutterolf et al., 2019; Schindlbeck 
et al., 2018a), which must be further investigated. Next to these times of quiescence, compositional trends are 
observed that may be related to either general trends of New Zealand’s subduction systems, changes between 
the arc systems with time, or contribution from other volcanic sources. Tentative interpretations can be made 
on the base of the variations within trace element ratios regarding increasing or decreasing fluid and/or crustal 
contamination/interaction or variable melting degree (e.g., crust: Chen et al., 2020; Walker et al., 2007; Waight 
et al., 2017; fluids: Bolge et al., 2009; Carr et al., 1990; Elliott, 2003; Plank, 2014; Zamboni et al., 2016; melting 
degree: Münker, 2000; Pfänder et al., 2012; Zirakparvar, 2016).

1.  Starting in the early Late Miocene (11 Ma) until the second and most pronounced gap in our tephra record, two 
(Figure 7c) to three (Figure 7e) distinct compositions can be identified within the tephra time series possibly 
indicating a different volcanic source for the related tephras associated with higher fluid (Figure 7c) and lower 
crustal (Figures 7e and 7f) interaction. This may be evidence for either an ultra-distal volcanic source (e.g. 
Smith et al., 2016) for example one decoupled from the overall New Zealand subduction zone magmatism, or 
it represents a source that is placed behind the arc present in the respective time interval, facilitating a different 
fluid contribution to magma generation and less pronounced access to crustal contamination. In the scope of 
the regional tectonic setting as well as the thicknesses and grain sizes of the ash layers an ultra-distal volcanic 
source can be excluded and the second latter interpretation seems favorable. This group of different tephra 
compositions within this oldest time interval is accompanied by tephra layers with compositions that follow a 
similar trend/composition than shown by tephra related to the Taupō Volcanic Zone.

2.  From the Late Miocene on, one can identify pronounced (Figures 7a, 7b and 7d) to vague (Figures 7c, 7e 
and 7) continuous compositional trends within the entire tephra time series. An increasing signal of crustal 
interaction is paralleled by a decreasing degree of melting (Figures 7a, 7b, 7d and 7f).

3.  The tephra compositions after the 0.7 Ma gap in the Middle Pliocene towards the Pleistocene have overall 
higher Li/Y, La/Yb, La/Sm, Nb/Yb and lower Zr/Rb ratios, indicating an overall decreasing signal of fluids 
and melting degree at the time with increasing influence of crustal interaction (Figures 7a, 7b, 7d–7f).

4.  Considering the geochemical signatures of the trace element ratios with time (Figures 7a, 7b and 7d), it seems 
that after a short period of volcanic quiescence at c. 4.5 Ma, the geochemical signature changed towards more 
TVZ-like compositions, potentially indicating that the geochemical transition from CVZ to TVZ started at 
around that time. This geochemical shift may be correlated with major changes in the degree of melting and 
crustal interaction as described above.

7.4. Neogene Tephrochronostratigraphy and Repose Times

The marine tephra record of the Neogene presents intervals with increased numbers of intercalated marine tephra 
versus intervals of tephra absence within the marine sediments, which might be an indicator for increased explo-
sive volcanic activity compared to no or only very few volcanic events (Figure 6). Overall, four main intervals 
with varying eruption frequencies were identified and allow for a first holistic estimation of repose times for New 
Zealand’s Neogene volcanism (Figure 8; Table S14 in Supporting Information S2).

The oldest interval with fewest tephra abundance in the marine sediments is between c. 11.9 Ma and 10.6 Ma 
with one eruption occurring approximately every 310 Kyr (Figure 8). This number is most likely not represent-
ative for New Zealand’s volcanism at that time, since onshore records indicate continuous volcanic activity (e.g. 
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Figure 7. Geochemical evolution from the Neogene (blue circles) and the Quaternary (red circles) based on the marine tephra record. Quaternary marine tephra data 
from Pank et al. (2023). The gray bar extends from c. 4.5 to 2.5 Ma and probably represents a time of geochemical transition from CVZ to TVZ. Other volcanic sources 
contributing to the marine sediments are possible, as indicated by varying trace element compositions and ratios of some marine tephras between c. 11 to 5 Ma.
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Booden et al., 2012). We believe that the marine tephra inventory during this 
interval is incomplete, probably due to the distance between volcanic source 
and drill sites, and that the calculated repose time represents a maximum 
value. From c. 10.5 to 2.6 Myr the marine tephra record indicates continu-
ous explosive volcanic activity with frequent tephra layers mostly in Sites 
U1520 and 1124 (Figure 6). Calculated repose  times reveal that for the inter-
val between c. 10.5 to 10.0 Ma one eruption occurred approximately every 
36 Kyr, and for the interval between c. 9.7 to 2.6 Ma slightly longer repose 
times with one eruption occurring every 47 Kyr (Figure 8). Between c. 9.9 
to 9.7 Ma, however, the calculated repose times are significantly shorter with 
one eruption occurring every 5.5 Kyr (Figure 8). During this time interval of 
c. 200 Kyr 38 volcanic events are present at Site U1520, probably indicating 
a short period of increased volcanism with comparably small eruptions only 
reaching the most proximal marine drill site.

The calculated repose times give insights into New Zealand’s Neogene explo-
sive volcanism, but should be considered as maximum intervals of recurrence 
because the marine tephra record most likely lack deposits of small explosive 
and effusive eruptions. However, compared to previous studies from Carter 
et al. (2003) and Stevens (2010) where the authors propose one eruption per 
163 Kyr (Carter et  al.,  2003) and one per 99 Kyr (Stevens,  2010) for the 
Miocene and one eruption per 86 Kyr and one per 74 Kyr during the Plio-
cene, our repose times are the most accurate and detailed to date, revealing 
better variabilities over time, but overall are comparable and within the same 
order of magnitude.

8. Conclusions
We established a comprehensive tephrochronostratigraphy for New Zealand’s Neogene volcanism based on 
marine tephra layers from IODP Exp. 375, ODP Leg 181, IODP Leg 329 and DSDP Leg 90, covering the proxi-
mal and distal marine environment to the east and southeast of North Island, New Zealand.

All ash-rich samples were analyzed for their major element compositions, and selected samples were further 
analyzed for trace element compositions, resulting in a geochemical fingerprint for each marine tephra. We 
combined the geochemical fingerprints, with the stratigraphic context and indirect and/or direct ages of each 
marine tephra layer, and identified 306 as primary. Correlations between marine tephra layers from individual 
holes and sites revealed 168 tie-lines, corresponding to 208 Neogene volcanic events. Of these, 69 were identified 
in several holes/sites (s1 to s69), whereas the other 139 marine tephras are single hole or site-specific tephras 
(uncorrelated volcanic events u1 to u139).

The marine tephra record is continuous until c. 12 Ma, with one additional volcanic event at c. 17.5 Ma (Site 
1124). The most continuous tephra record was identified in Site 1124 between c. 2.8 to 9 Ma, whereas the tephra 
record from Sites U1526, 1123, 1125, 594 and U1371 are fragmentary but complementary, partly filling gaps 
or extending the record. In Site U1520 the tephra record is continuous between c. 5.8 to 6.5 Ma and between c. 
8.8 to 10 Ma but fragmentary outside these intervals. Repose time calculations during the Neogene reveal four 
intervals with one eruption every 310 Kyr between 11.9 Ma and 10.6 Ma, one eruption every 36 Kyr between 
10.5 Ma and 10.0 Ma, one eruption every 5.5 Kyr between 9.9 Ma and 9.7 Ma, and one eruption every 47 Kyr 
between 9.7 Ma and 2.6 Ma.

The preservation of marine tephra layers in different drill sites (proximal or distal) reflects plate motions since the 
Neogene and associated distances between volcanic source and depositional area, but also allows the interpreta-
tion of changes in paleowind directions with time. The preservation of tephras in the sediment record also allows 
for a general interpretation of phases with increased volcanic activity versus phases with decreased volcanic 
activity. These phases will be compared and contrasted with existing knowledge of the volcanic activity of the 
TVZ in a future study by the authors to investigate patterns in eruptive behavior with regard to climatic events.

The marine tephra layers of the Neogene span a compositional range from rhyolitic to basaltic, which has not been 
described before for New Zealand’s Neogene explosive volcanism. In addition, some geochemical parameters, 

Figure 8. Repose times of New Zealand's explosive volcanism during the 
Neogene based on the marine tephra record. Four intervals (yellow, gray, 
orange and blue) with varying repose times over time were identified (e.g., 
between c. 9.6 Ma to 2.6 Ma one eruption occurred every 47 yr). Please find 
the calculations in Table S14 in Supporting Information S2.
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for example contamination specific trace elements and their ratios, show an abrupt geochemical change from c. 
4.5 Ma on, likely related to the transition from the Neogene volcanic system (CVZ) to the Quaternary volcanic 
system (TVZ).

Data Availability Statement
All raw data of geochemical microanalyses are published in the IODP Proceedings of IODP Exp. 372/375 in 
Pank et al. (2023).
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