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Dear Reader,

This volume of SCIENTIFIC DRILLING focuses on better understanding 
of causal mechanisms of past rapid global climate changes and on 
extreme environmental disturbances. These are key problems in 
paleoclimate and paleoenvironmental research, critical for evaluating 
impacts of ongoing and future trends of our Earth's environment. 
The role of the tropics in initiating, propagating, and responding 
to global changes requires information regarding the geographic 
distribution and timing of abrupt changes, including records that help 
to characterize fluctuations of the Intertropical Convergence Zone. 
The ICDP-supported MexiDrill coring campaign near Mexico City 
obtained records of past temperature and precipitation/evaporation 
variability and the response of terrestrial vegetation as well as 
aquatic flora and fauna (p. 1).
The Toarcian Oceanic Anoxic Event (T-OAE) interval was cored at 
Colle di Sogno and Gajum in the Lombardy Basin (northern Italy), the 
oldest Mesozoic case of global anoxia with widespread deposition of 
organic matter-rich sediments. These drill cores provide a complete 
and relatively expanded pelagic record from the western Tethys 
Ocean. Detailed multidisciplinary investigations are in progress to 
collect multi-proxy records for building a high-resolution dataset for 
modelling the nature and significance of the T-OAE (p. 17).
The Bouse Formation, a Neogene archive of the evolving Colorado 
River, is subject of an intense, controversial debate. Based on 
conflicting evidence from fossils, isotope geochemistry, and 
sedimentology, the Bouse Formation has either formed in marine or 
lacustrine conditions, or in some hybrid scenarios evolving over time. 
A workshop debated whether, where, and how a drilling and coring 
campaign could address (and perhaps resolve) the fundamental 
controversies surrounding the origin of the Bouse Formation, and how 
high-resolution drill-core records will enhance our understanding of 
the regional paleoclimate and paleohydrology evolution (p. 59).
The impact of submarine volcanism on environmental evolution has 
been discussed in three workshops with focus on future oceanic and 
amphibious research drilling, including volcanic rift margins, hot spot 
volcanism and caldera-forming volcanic eruptions. 
The Campi Flegrei caldera, located along the eastern Tyrrhenian 
coastline in southern Italy, is an ideal site to investigate the 
mechanisms of caldera formation and associated post-caldera 
dynamics and to analyse the still poorly understood interplay between 
hydrothermal and magmatic processes. A MagellanPlus workshop held 
in Naples, Italy, explored the potential of the Campi Flegrei caldera as 
a target for an amphibious drilling project (p. 29).
The northeastern Hawaiian North Arch region is one of three potential 
sites for IODP mantle drilling to better constrain architecture, 
formation, and modification of oceanic plates and plate tectonics as 
the key driver of geological processes on Earth. The scientific targets 
for 2 km deep-ocean drilling in the Hawaiian North Arch region have 
been discussed in a workshop (p. 47) in Kanazawa, Japan. Finally, 
the Northeast Atlantic breakup volcanism and its role as a potential 
driver for the Paleocene–Eocene thermal maximum and influence on 
ocean circulation in the earliest phase of the northeast Atlantic Ocean 
formation were debated during a workshop in Kiel, Germany (p. 69). 
The workshop paved the way to new ocean and continental drilling 
proposals that would constrain the timing and rates of volcanism, 
vertical movements of rifted margins, and evolving Atlantic–Arctic 
gateways.

Your Editors
Ulrich Harms, Thomas Wiersberg, Jan Behrmann, 
Tomoaki Morishita, and Will Sager
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Abstract. The primary scientific objective of MexiDrill, the Basin of Mexico Drilling Program, is development
of a continuous, high-resolution ∼ 400 kyr lacustrine record of tropical North American environmental change.
The field location, in the densely populated, water-stressed Mexico City region gives this record particular so-
cietal relevance. A detailed paleoclimate reconstruction from central Mexico will enhance our understanding of
long-term natural climate variability in the North American tropics and its relationship with changes at higher
latitudes. The site lies at the northern margin of the Intertropical Convergence Zone (ITCZ), where modern pre-
cipitation amounts are influenced by sea surface temperatures in the Pacific and Atlantic basins. During the Last
Glacial Maximum (LGM), more winter precipitation at the site is hypothesized to have been a consequence of
a southward displacement of the mid-latitude westerlies. It thus represents a key spatial node for understanding
large-scale hydrological variability of tropical and subtropical North America and is at an altitude (2240 m a.s.l.),
typical of much of western North America. In addition, its sediments contain a rich record of pre-Holocene vol-
canic history; knowledge of the magnitude and frequency relationships of the area’s explosive volcanic eruptions
will improve capacity for risk assessment of future activity. Explosive eruption deposits will also be used to pro-
vide the backbone of a robust chronology necessary for full exploitation of the paleoclimate record. Here we
report initial results from, and outreach activities of, the 2016 coring campaign.

Published by Copernicus Publications on behalf of the IODP and the ICDP.
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Much is being written about climate change and
the impact of rising seas on waterfront populations.
But coasts are not the only places affected. Mexico
City – high in the mountains, in the center of the
country – is a glaring example.

“Mexico City, Parched and Sinking, Faces a Water Crisis”
by Michael Kimmelman, The New York Times, 17 February
2017.

1 Introduction

Understanding causal mechanisms of past rapid global cli-
mate change is a key problem in paleoclimate research, crit-
ical for evaluating impacts of ongoing and future trends. In
particular, the role of the tropics in climate shifts remains
poorly understood; the interplay of extratropical conditions,
including interhemispheric temperature gradients, with trop-
ical climate change remains an area of ongoing research
(Chiang, 2009; Chiang and Friedman, 2012; Abram et al.,
2016). To evaluate the role of low latitudes in initiating
and propagating (or responding to) global changes, we need
information regarding the geographic distribution and tim-
ing of abrupt changes in the tropics, including records that
help characterize Intertropical Convergence Zone (ITCZ)
variability. The MexiDrill program’s objectives include ob-
taining records of temperature and precipitation/evaporation
variability and the response of terrestrial vegetation as well
as aquatic flora and fauna to these changes to examine cli-
mate and ecosystem evolution on millennial to Milankovitch
timescales. The field location is adjacent to Mexico City, one
of the world’s greatest population centers, which is vulner-
able to changing hydrological balance. It is dependent on
groundwater withdrawal for municipal use – this has led to
significant ongoing subsidence – while also suffering from
surface flooding.

The Mexico City region is subject to a range of volcanic
hazards (e.g., Arce et al., 2005, 2013; Siebe et al., 2006,
2017), so the long archive of volcanic eruptions gives this
record particular societal relevance. Explosive eruption de-
posits will be used to provide the backbone of a robust
chronology necessary for full exploitation of the Chalco pa-
leoclimate record. Current knowledge of pre-Holocene vol-
canic activity in the region is poor, and the new chronological
work will also allow determination of the relationships be-
tween magnitude and frequency of explosive volcanic erup-
tions, providing a framework for risk assessment of future
activity. The length of the Chalco sediment record provides a
unique archive of regional volcanism: current knowledge of
explosive eruptions is limited by sparse subaerial exposures
and is non-existent beyond the latest Pleistocene. The new
record will enable us to assess frequency patterns across the
spectrum of regional volcanic hazards by drawing on a much
longer and higher-resolution record of past activity. It will

also enable us to evaluate how the region’s stratovolcanoes,
including Toluca and Popocatepetl, developed through time,
and will provide insights into how the nature and long-term
frequency of mafic eruptions in the Chichinautzin volcanic
field (cf. Arce et al., 2013) have developed through time.

The Chalco sediment record will enable us to examine cli-
mate change, especially in hydrologic balance, on multiple
timescales, including the following.

i. Glacial–interglacial variation in moisture balance.
Prior studies of regional lake records suggest an influ-
ence of westerlies at 19–17 ka, bringing winter precip-
itation and mitigating otherwise extremely dry condi-
tions (Bradbury, 2000; Metcalfe et al., 2007; Correa-
Metrio et al., 2012). Similarly, Vasquez-Selem and
Heine (2011) noted glacial expansion at the Last Glacial
Maximum (LGM), with an associated 6–7◦ tempera-
ture decrease. Vasquez-Selem and Heine (2011) sug-
gest westerlies as the moisture source, which is consis-
tent with findings of a reduced NAM during the LGM
by Bhattacharya et al. (2017). We hypothesize that dur-
ing glacial maxima the Laurentide Ice Sheet influenced
westerlies and associated storm tracks to enhance mois-
ture inputs to central Mexico, likely in combination with
decreased evaporation associated with lower tempera-
tures, analogous to LGM conditions.

ii. Variation of moisture balance among glacial periods.
Preliminary diatom (e.g., presence of Stephanodiscus
niagarae) and sedimentological evidence implies that
during MIS 6, Lake Chalco was colder and fresher than
during MIS 2, consistent with evidence that regional
glaciation at MIS 6 was > 50 % greater in areal ex-
tent than LGM glaciation (Vasquez-Selem and Heine,
2011). The new deep Chalco sediment cores will enable
us to investigate whether earlier glacial periods (e.g.,
MIS 6, 8, and possibly 10) were wetter than the LGM
and how much hydrologic variability there was between
these different glacial periods.

iii. Precessional response. Precession-driven insolation in
subtropical zones typically leads to greater precipita-
tion at times of increased regional insolation. We hy-
pothesize that Lake Chalco’s response to precession
was most pronounced during insolation maxima within
warmer interglacials (e.g., MIS 5e vs. MIS 7c and e).
We can also investigate whether insolation maxima dur-
ing glacial periods were sufficient to draw the ITCZ fur-
ther north, increasing precipitation in the Basin of Mex-
ico (BoM).

iv. Millennial-scale response. The BoM is within a regional
gradient in a millennial-scale climate, at times show-
ing sensitivity to ITCZ migration (analogous to Lago
Petén Itzá and the Cariaco Basin) and at other times
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responding to shifts in locations of westerlies (like the
Santa Barbara Basin, Cave of the Bells, and Fort Stanton
Cave). The MexiDrill core will provide opportunities to
compare MIS 2–4 (hypothesized to be drier glacial peri-
ods) with MIS 6 and 8 (hypothesized to be wetter glacial
periods) to examine the amplitude of millennial-scale
events, how they are reflected in a range of proxies, and
how millennial-scale variability is expressed at each of
the terminations. We hypothesize that millennial-scale
variability during glacial terminations was similar at
Terminations I, II, and III, as suggested by the synthetic
record of the Greenland climate (Barker et al., 2011).

v. Volcanic history. Volcaniclastic deposits in the Chalco
core are likely to be dominated by tephra fall deposits,
based on past research in the area (Ortega-Guerrero
and Newton, 1998). Felsic deposits are likely to be de-
rived predominantly from large explosive eruption de-
posits from the Nevado de Toluca and Popocatépetl stra-
tovolcanoes, with several possible additional regional
sources and mafic deposits from the monogenetic cen-
ters of the nearby Sierra Chichinautzin volcanic field.
These tephra deposits can be used to explore the long-
term development of these contrasting volcanic systems
on 104–105-year timescales. By identifying sources of
deposits throughout the core, we will establish whether
systematic variation in eruption frequency or composi-
tion has characterized the growth of these volcanoes.
Has activity in the Sierra Chichinautzin field been stable
or episodic, and how does Holocene activity fit into this
pattern? Is there cyclicity (or are there major shifts) in
the pattern of explosive eruptions at Popocatépetl and
Nevado de Toluca, and is this linked to currently rec-
ognized periods of edifice growth and destruction (cf.
Siebe et al., 2017)?

1.1 Site description

The BoM (19◦30′ N, 99◦W; 9600 km2, 2240 m a.s.l.) is a
hydrologically closed basin in the TransMexican Volcanic
Belt (TMVB, Figs. 1–2). The emergence of the southern
Chichinautzin volcanic field since 1.0 Ma (Arce et al., 2013)
has been linked to closure of the basin and development of
a lake system. Continued subsidence of this intermontane
basin accommodated the accumulation of hundreds of me-
ters of lacustrine sediments (Ortiz Zamora and Ortega Guer-
rero, 2010). Lake Chalco, the location of the MexiDrill site,
was the southernmost of these lakes; its proximity to the vol-
canic peaks that contain the headwaters of streams feeding
the lakes has made it the freshest of the lakes and likely the
location of the most continuous sedimentation. Mexico City
(then called Tenochtitlan) was established by the Aztecs in
the 1300s on an island in the center of Lago de Texcoco
(to the north of Chalco). In more recent times, the hydraulic
regime of the BoM was heavily modified, lowering the water

table to improve flood control, accommodate agricultural ex-
pansion, and provide water for urban development. The plain
of Lake Chalco, located in the southeasternmost sub-basin of
the BoM (Fig. 1), has an area of 120 km2 (Caballero and Or-
tega Guerrero, 1998), though the lake has been reduced to a
shallow marshy remnant (Caballero Miranda, 1997).

An array of climate systems affects central and southern
Mexico. Episodic northward surges of the ITCZ bring sum-
mer rains (Metcalfe et al., 2015). This circulation is distinct
from that of the North American Monsoon (NAM). The BoM
thus contrasts with northern Mexico and areas of the south-
western USA where the NAM delivers summer precipitation
(greater than 60 % of the annual total) driven by land surface
heating and convection on the high topography (Adams and
Comrie, 1997). Modest winter season precipitation in central
and southern Mexico is often associated with the southward
penetration of mid-latitude frontal systems, locally known
as “Nortes” (Reding, 1992; Pérez et al., 2014; Stahle et al.,
2016).

Interannual variability of climate over Mexico is strongly
influenced by ocean–atmosphere interactions, including the
El Niño–Southern Oscillation (ENSO), the Atlantic Multi-
decadal Oscillation (AMO), and the Pacific Decadal Oscilla-
tion (PDO) (Magaña et al., 2003; Metcalfe et al., 2015; Stahle
et al., 2016). Of all of these, ENSO has the strongest im-
pact both in magnitude and stability of the teleconnection be-
tween sea surface temperatures and precipitation, but varies
with both latitude and season. El Niño is associated with wet
winters in the north but with drier summers over southern
Mexico including the BoM (Magaña et al., 2003). The net
result of these interactions is that modern precipitation in the
BoM varies with northern Mexico and the southwestern USA
on annual and interannual timescales, when ENSO and PDO
have significant impacts. However, when a 20-year low-pass
filter removes those influences, BoM precipitation is distinct
from both regions (Fig. 2).

1.2 Prior work

The potential value of the Chalco Basin sediment archive has
been recognized for decades (e.g., Sears and Clisby, 1952;
Bradbury, 1989), and a number of previous studies demon-
strated the sensitivity of the system to climate changes, par-
ticularly to regional hydrological balance. These studies pri-
marily focused on the past 40 kyr, utilizing rock magnetism
and pollen and diatom distributions to reconstruct paleoen-
vironmental conditions (Bradbury, 1989; Lozano García et
al., 1993; Lozano García and Ortega Guerrero, 1994; Urru-
tia Fucugauchi et al., 1994, 1995; Lozano García and Xel-
huantzi López, 1997; Caballero Miranda, 1997; Caballero
and Ortega Guerrero, 1998). Broadly, these studies indicate
that lake level was highest prior to 35 ka, shallowed from 30
to 22.5 ka, and deepened from 22.5 to 10 ka, with maximum
post-LGM freshening between 14 and 10 ka. During the early
Holocene, the lake became shallow and marshy (consistent

www.sci-dril.net/26/1/2019/ Sci. Dril., 26, 1–15, 2019
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Figure 1. Site map of the Basin of Mexico, showing the extent of the paleolake (flat magenta areas), the developed areas of the megalopolis,
and locations of coring sites in Chalco (black box).

Figure 2. Locations of long paleoclimate records from the north-
ern tropics and subtropics of the Americas and correlation among
regional precipitation patterns. 1. Santa Barbara Basin (ODP site
893); 2. Cave of the Bells, AZ; 3. Valles Caldera, NM; 4. Lake
Chalco, Mexico; 5. Lago Petén Itzá, Guatemala; 6. Panama Basin
(ODP 677B); 7. Nicaragua Rise (ODP 999A); 8. Cariaco Basin
(ODP site 1002); 9. Terciopelo Cave, Costa Rica. Red and blue
shading depicts the correlation (r) between annual precipitation at
Chalco and all the other locations (1901–2013 CE; 10-year low-pass
filter; 0.5◦ spatial resolution). The precipitation data are the mean
of three gridded products: University of Delaware v5.01 (Will-
mott and Matsuura, 2001); Global Precipitation Climatology Cen-
ter V7 (Schneider et al., 2016); and University of East Anglia CRU
TS v. 4.03 (Harris et al., 2014).

with the general drying trend of central Mexico; Metcalfe et
al., 2000). More recently, Lozano-García et al. (2015) iden-
tified millennial-scale rainfall variability in the Chalco Basin
during MIS 3, observing that regional runoff was lower dur-
ing the LGM than during deglaciation, which contrasts with
some other regional records such as Lago Petén Itzá (Hodell
et al., 2008). Torres-Rodríguez et al. (2015) developed an
85 kyr record of drought and related fire history recorded
in Chalco sediments showing increased fire frequency dur-
ing MIS 3 in association with higher spring insolation. Fi-
nally, Correa-Metrio et al. (2013) demonstrate that Chalco
and Petén Itzá both have similar post-LGM rapid warming
histories and that the velocity of climate change at that time
was one-fourth that of the last 50 years.

2 Site surveys

2.1 Deep borehole surveys

Earlier characterization of deep BoM sediments was moti-
vated by a need to understand the basin’s structure for eval-
uation of seismic hazards and of groundwater resource sus-
tainability. After the 1985 Mexico City earthquake, five deep
(∼ 2 km) boreholes were drilled to characterize sediments
and underlying volcanic sequences in the BoM, and to eval-
uate the Cretaceous carbonate basement. Analyses of well
cuttings showed that the uppermost section, a lacustrine se-
quence of volcanic ash and sand intercalated with clays, is
present across the BoM with a variable thickness up to 300 m.
These surveys also indicated the presence of a deeper lacus-

Sci. Dril., 26, 1–15, 2019 www.sci-dril.net/26/1/2019/
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trine sequence, 100–200 m in thickness, composed of grav-
els, clayey sands, and marls as well as granular volcanic
material below an intervening volcanic unit (composed of
Pliocene and Quaternary tuffs, lavas, and conglomerates).
This lower sequence forms the Chalco Aquifer (Krivochieva
and Chouteau, 2003). The survey found the thickest sedimen-
tary pile at the Tulyehualco-1 borehole, located at the west-
ern end of the Chalco Basin, leading subsequent researchers
to target that locale for further study.

2.2 Geophysical surveys for drill site selection

Seismic reflection surveys are a commonly used approach for
selecting a drill site location with a long undisturbed record
of continuous deposition. In lacustrine or marine conditions,
acquisition of suitable seismic reflection data is a relatively
straightforward exercise. Depending upon the depth of the
target, suitable images of the sedimentary section can be eas-
ily achieved using either single-channel or multi-channel ma-
rine seismic surveying techniques. Collecting multi-channel
seismic reflection data on land is far more challenging. Un-
like the marine environment where the source and receivers
are deployed in a relatively homogenous medium (the wa-
ter column), on land the near-surface material is typically
heterogeneous, often significantly negatively impacting the
propagation of seismic energy.

In the Chalco sub-basin, the near-surface conditions have
been severely impacted by the intensive agricultural develop-
ment of the area. This resulted in significant reworking and
amendment of unconsolidated near-surface soils and sedi-
ment. As a consequence it is difficult for surface-deployed
seismic sources to couple sufficient energy into the under-
lying sediments to collect any meaningful seismic reflection
data. Under such conditions, collection of high-quality seis-
mic reflection data would require that the source (and pos-
sibly the geophones) be buried below the disturbed near-
surface. Alternatively, Vibroseis vibrator trucks could inject
energy into the underlying basin to produce meaningful re-
flections. Collecting the survey using either of these ap-
proaches would not have been feasible, as they would have
entailed a field cost comparable to that of the actual drilling
program.

We undertook a seismic reflection survey in 2011, with a
strategy of using a Mini-Sosie source composed of an array
of earth compactors to generate a randomly swept signal that
could be processed in a similar fashion to Vibroseis surveys.
However, once this survey was initiated it became apparent
that the source was not capable of generating sufficient en-
ergy to pass through the unconsolidated and disturbed upper
sections of Chalco sediments and produce meaningful reflec-
tions. Ultimately, the survey was acquired using a PEG-40
source, which generates seismic energy by striking a metal
plate with an accelerated mass. The shot records produced
by this source were significantly better than those generated

by the Mini-Sosie, but still yielded few reflections and did not
produce satisfactory survey results.

2.3 Other geophysical techniques

The inherent difficulty in utilizing standard seismic reflection
techniques in this setting led us to employ a suite of non-
traditional geophysical techniques to build a consistent pic-
ture of sediment thicknesses across the Chalco Basin. These
techniques – subsidence mapping, gravity surveys, and pas-
sive seismic surveys – do not provide information on con-
tinuity of sedimentation or the presence of faults offsetting
the sediments, but provided a consistent body of evidence
that indicated a maximum sediment thickness of ∼ 300 m at
the identified drilling location. In addition, transient electro-
magnetic (TEM) and magnetotelluric (MT) soundings under-
taken at the time of the 2016 drilling campaign (Bücker et al.,
2017) provide similar conclusions.

– Subsidence mapping. Since the 1950s several areas of
Mexico City, including the Chalco sub-basin, have ex-
perienced notable surface subsidence resulting from
groundwater withdrawal for municipal needs that has
caused the water table to drop. Subsidence rates are
broadly correlative with the thickness of lacustrine sed-
iment sequences and may thus be used to evaluate rel-
ative depth to basement across the basin. Combined in-
terferometric synthetic aperture radar (InSAR) and GPS
data reveal that parts of Mexico City have experienced
subsidence rates that exceed 350 mm yr−1 (Cabral Cano
et al., 2008, 2010). In the Chalco sub-basin these rates
exceed 200 mm yr−1 and indicate maximal sediment
thickness near the center of the basin (Fig. 3).

– Gravity surveys. Bouguer gravity anomaly maps pro-
duced by Enrique Cabral Cano (personal communica-
tion, 2014) as part of a recent reinterpretation of 1950s
vintage regional gravity data from the Valley of Mexico
(Hernández-Moedano and Grauel, 1954) suggest that
the study area is underlain by more than 300 m of sedi-
ment that fill an E–W trough. This has been interpreted
as a graben bounded on the north by the Sierra Santa
Catarina and Cerro de la Estrella and to the south by a
horst-shaped block composed of the Teuhtli and Xitle
volcanoes (Campos-Enriquez et al., 1997).

– Passive seismic H/V spectral ratios. In conjunction
with our 2011 seismic reflection survey, we undertook
a passive seismic H/V spectral ratio survey (Nogoshi
and Igarashi, 1971; Nakamura, 1989) across the Chalco
Basin. Three-component recordings of the ambient seis-
mic wavefield were made at locations in the field area.
The seismic response of the sediment pile illuminated
by the seismic energy is not uniform; it resonates at spe-
cific frequencies that are tied to the seismic properties
of the sediments and the thickness of the sediment pile.

www.sci-dril.net/26/1/2019/ Sci. Dril., 26, 1–15, 2019



6 E. T. Brown et al.: Scientific drilling of Lake Chalco, Basin of Mexico

Figure 3. Thickness of the lacustrine sedimentary package below the Chalco sub-basin calculated from resonance frequencies determined
from H/V spectral ratios. Red and orange lines represent contacts between the lacustrine and transitional geotechnical zones and between
the transitional and the hillslope geotechnical zones, respectively (Gobierno del Distrito Federal, 2004). Water wells with known sediment
thicknesses (Ortiz Zamora and Ortega Guerrero, 2010; green dots) were used as calibration points for individual passive seismic measure-
ments (white dots). The color scale (blue–white–red) represents thicknesses of 0 (blue) to more than 300 (red) meters. The contour interval
is 10 m. The selected drill site (yellow star) was where this survey indicated the thickest sediment pile, just to the south of the existing lake.
© 2012 GeoEye and © Google Earth.

The ratio between the Fourier amplitude spectra of the
horizontal (H ) to vertical (V ) components of the ambi-
ent noise vibrations recorded at a common location can
be used to identify the resonance frequency of the sed-
iment package below the observation point (SESAME,
2005). We developed a calibration function by recording
resonance frequencies at a series of water wells where
the depth to the base of the lacustrine sediment pack-
age was known. We then measured resonance at grid
points across the basin to construct a map of sediment
thickness (Fig. 3), which shows maximal thicknesses in
the areas indicated by subsidence mapping and gravity
anomalies.

3 Drilling, logging, and onsite operations

3.1 Drilling and onsite operations

During the 2016 ICDP Mexidrill drilling campaign, three
long drill cores (1A, 1B, 1C; see Table 1) were retrieved
in the Chalco Basin, recovering the entire lacustrine se-
quence (upper 300 m) and continuing into the volcanic base-
ment, down to 522 m total depth (Fig. 7). A suitable drilling
site was identified in the agricultural fields in the Tulye-
hualco district, near the depocenter of the lake basin. Drilling
was performed by Major Drilling de Mexico S.A., using a
truck-mounted Boart Longyear LF90 rig with standard Boart
Longyear HQ3 wireline diamond coring tools (Fig. 4); 1.5 m
long core sections of 61 mm diameter were collected in poly-
carbonate liners. HWT casing was advanced as needed to sta-
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Figure 4. Field images mosaic. Panels (a) and (b) are southeastward views from the field area showing the prominent stratovolcanoes
Iztaccihuatl and Popcatépetl, which are, respectively, to the left and the right in these images. Panel (c) is a west-southwest view from the
drill site looking toward Teuhtli volcano, one of the cones within the Sierra Chichinautzin volcanic field. Panel (d) is a northeasterly view of
the Chalco Basin with the drill rig.

bilize the formation during continued drilling, and later re-
trieved, and drill fluid returns were processed in a centrifuge
to separate solids and allow recirculation. All drilling used
municipal water delivered to the site, with a tracer added
to allow post-drilling assessment of fluid contamination in
the core samples (Friese et al., 2017). Drilling operations be-
gan on 23 February 2016 and concluded on 30 March 2016,
in two daily shifts of 12 h each. To improve recovery in the
uppermost soft sediments, an additional shallow fourth hole
(1D) was cored by hand on 1–2 April 2016 with a Usinger-
type percussion corer (Mingram et al., 2007), with cores ex-
truded into secondary liners.

On retrieval, cores were extracted from the drilling tool,
capped, sealed with tape, and labeled according to standard
LacCore/CSDCO protocols. Drilling metadata were captured
throughout operations and transferred to ICDP and to the
LacCore Facility for integration with all project datasets.

Cores were passed through a Geotek MSCL-S with a mag-
netic susceptibility loop sensor after drilling, for high-speed,
low-resolution assessment of stratigraphic completeness. At
the conclusion of drilling, cores were crated and shipped via
air freight to the LacCore Facility at the University of Min-
nesota for processing, description, scanning, subsampling,
and permanent curation in the LacCore repository in refrig-
erated conditions (4 ◦C).

3.2 Downhole logging

The Leibniz Institute for Applied Geophysics (LIAG) con-
ducted geophysical downhole logging in the 1A borehole.
Initially, the upper section (0–195 m) was logged, and af-
ter drilling of the second part down to 420 m, the logging
was completed to total depth. The following tools (measure-
ments) were run: spectral gamma ray (SGR: total gamma ray;
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Table 1. Summary data for drilling sites and cores.

Borehole ID Borehole Latitude Longitude Elevation Total depth Cored length Recovery Recovery
IGSN (m) (m) (m) (m) (%)

MEXI-CHA16-1A CDR0004DR 19.25718 −98.97549 2227 423 423 373 88 %
MEXI-CHA16-1B CDR0004DS 19.25718 −98.97554 2227 313 313 286 91 %
MEXI-CHA16-1C CDR0004DT 19.25733 −98.97560 2227 522 425 392 92 %
MEXI-CHA16-1D CDR0004DU 19.25707 −98.97541 2227 19 19 17 91 %

Total 1277 1180 1068 91 %

Figure 5. Downhole logging data of the 1A borehole: Cal1 and Cal2 – caliper (in millimeters); GR – gamma ray; MSusz – microsuscepti-
bility; Fel – focussed electric resistivity; vp – compressional velocity; lithology from core. Lithology legend in Fig. 8.

potassium, uranium, thorium), magnetic susceptibility (Susz:
susceptibility with standard and micro resolution), focused
electric resistivity (Fel), dipmeter (caliper and resistivity),
acoustic borehole televiewer (borehole image), sonic (veloc-
ity vp), as well as salinity and temperature. All the instru-
ments – except the SGR – require an open hole. Therefore,
after measuring the SGR through the pipe over the complete
depth, the drill string was pulled successively to guarantee

the stability of the borehole, and the remaining tools were
run. The first data processing step is to splice the data to pro-
duce a continuous log over full depth. Figure 5 shows some
of the geophysical properties over the complete length (0–
420 m) of the 1A borehole. Gaps within the logs were caused
mostly by challenging borehole conditions. Gamma ray data
show quasi-cyclic variations in different period ranges, pos-
sibly representing glacial–interglacial to sub-orbital climate
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Figure 6. Wavelet analysis (Gouhier et al., 2018; b) of (total) gamma ray data (a) from the upper 300 m of Lake Chalco sediments. Red
colors indicate strong cyclic behavior and black markings indicate the results of a significance test. White coloring indicates the cone of
influence.

Figure 7. Core recovery from holes 1A, 1B, 1C, and 1D.

variations (cycles). This is also depicted in a wavelet analy-
sis plot (Fig. 6), showing that variability in the range below
∼ 10 m is quite consistent throughout the upper 300 m. In
contrast, longer cycles are dominantly present in the lower
interval from ∼ 150 to 300 m depth. The magnetic suscep-
tibility responds primarily to volcanic material in this loca-
tion. As a result, it is generally low above ∼ 250 m, with few

spikes reflecting volcanic events (tephra layers or aquatic in-
flux of volcanic material). The increase in resistivity and ve-
locity reflects the higher degree of compaction with increas-
ing depth.

4 Outreach and education

Outreach and education efforts in conjunction with the Mex-
iDrill program succeeded in making the project known to
members of the general public and providing coring-related
educational activities to primary and secondary school chil-
dren. We developed a logo by providing input to an online
design firm (https://thelogocompany.net/, last access: 20 Jan-
uary 2016); we use this logo consistently across presenta-
tions and social media and have made stickers to distribute in
Mexico, the US, Spain, and Germany to participating insti-
tutions, outreach events, and scientific meetings. The project
Facebook page has over 600 followers, two-thirds of whom
are from Mexico. We also developed a custom field trip in
both English and Spanish for the NSF-funded Flyover Coun-
try mobile app for geoscience (https://flyovercountry.io/, last
access: 5 June 2019) that includes the drilling site, informa-
tion about the goals and successes of the project, and numer-
ous local geological attractions in the Chalco area. The sites
on this field trip are discoverable by anyone using Flyover
Country to investigate the Mexico City region; the app has
over 200 000 downloads. In collaboration with a UNAM fac-
ulty member, Ane María Soler, we developed an engaging
activity (“coring” layers of red polymer or gelatin) for local
primary school students, along with a Spanish language pre-
sentation about the MexiDrill project; the activity and pre-
sentation have been used with hundreds of additional stu-
dents in the time since the drilling took place. Finally, the
project benefited tremendously by building on many years of
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Figure 8. Selected results from the initial core description of MEXI-CHA16-1A, including lithology, color, density, and magnetic suscepti-
bility. The broad shifts from diatomaceous to carbonaceous sediments are possibly associated with glacial–interglacial cycles, with relatively
wetter times associated with Northern Hemisphere glaciation.

discussions between the UNAM faculty (Caballero, Lozano,
Ortega, and others) and community leaders of the ejidos,
communal agricultural land that surrounded the drilling site.

5 Initial core description results

Initial core description (ICD) was undertaken in the sum-
mer and fall of 2016. After whole-core multisensor log-
ging (Geotek Multisensor Core Logger) for gamma den-

sity, acoustic wave velocity, electrical resistivity, loop-sensor
magnetic susceptibility, and natural gamma cores were split
lengthwise into work and archive halves. The core faces were
cleaned for optical imaging, split-core multisensor logging
with high-resolution point sensor magnetic susceptibility and
color reflectance spectrophotometry, lithologic description of
the archive half, and subsampling of the work half. Litho-
logic description included both visual core description (tex-
ture, bedding, color, structure, and other features) and petro-
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Figure 9. Representative lithologies. These include organic-rich sediments (O; MEXI-CHA16-1A-76Y-1 32–42 cm) including organic-
rich silty clays, sapropelic silty clays, and peat; diatomaceous silty clays, which may be laminated (Dl; MEXI-CHA16-1C-140Y-1 99–
109 cm), banded (Db; MEXI-CHA16-1A-169Y-1 83–93 cm), and mottled (Dm; MEXI-CHA16-1D-10C-2 30–40 cm); calcareous silty clays,
which may be banded (Cb; MEXI-CHA16-1D-11C-13 90–100 cm), mottled (Cm; MEXI-CHA16-1B-14Y-1-A 143–153 cm), or massive
(Co; MEXI-CHA16-1C-174Y-1 132–142 cm); gastropod-dominated coquina (C; MEXI-CHA16-1C-174Y-1 132–142 cm); clastic sediments
including silty clays (Sc; MEXI-CHA16- 1A-27Y-1-A 56–66 cm), sand (S; MEXI-CHA16-1C-178Y-1 49–59 cm), and gravel (G; MEXI-
CHA16-1C-182Y-1 13–23 cm); basalt (B; MEXI-CHA16-1C-231Y-1 50–60 cm); volcaniclastic deposits including pyroclastic flows, lahars,
and reworked volcanics (V; MEXI-CHA16-1B-181Y-1 70–80 cm and MEXI-CHA16-1B-177Y-1 50–60 cm); and igneous rock composed of
massive cemented volcanic rocks (I; MEXI-CHA16-1A-269Y-1-A 93–103 cm and MEXI-CHA16-1A-271Y-1-A 105–115 cm).
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graphic smear slide and coarse fraction analysis for mineral-
ogy and other microscopic constituents.

A splice (composite core) was developed from the four
2016 cores and portions of drill cores recovered through
earlier shallow drilling campaigns in 2008 and 2011 at a
site ∼ 450 m south-southwest of the 2016 drill site (Torres-
Rodríguez et al., 2015; Herrera-Hernández, 2011). Metadata
for the splice follow standard IODP protocols using splice
and affine tables. An initial core stratigraphy was developed,
and is summarized, along with logging data in Fig. 8.

Lithotypes were defined based on lithologies and tex-
tures determined by macroscopic examination and micro-
scope smear slide observations. The broad range of depo-
sitional environments is reflected in the variety of lithotypes
present in the core (Fig. 9).

6 Conclusions

The cores recovered by the MexiDrill project will pro-
vide information on the history of climate, environmental
change, and volcanism over the past ∼ 400 kyr. In particu-
lar, the Chalco Basin is sensitive to changes in evaporation–
precipitation balance that will provide key perspectives for
evaluation of the impact of ongoing climate change on water
resource availability in the Mexico City region.

Changes in hydrological balance are being evaluated using
a combination of proxies based on sedimentology and sedi-
ment composition (e.g., carbonate preservation), pollen and
diatom records, and the stable isotope composition of bulk
OM, carbonates, diatom silica, and leaf waxes. XRF core
scanning provides insights into carbonate deposition (Ca), di-
atom abundance (Si : Ti), and weathering intensity/sediment
provenance (K : Ti). Variations in temperature will be exam-
ined through terrestrial and aquatic biomarkers in conjunc-
tion with pollen and microfossil records.

We will test the hypothesis that climate change drove the
observed variations in glaciation by assessing the relative
contribution of temperature (as measured by biomarkers) and
precipitation (stable isotopes) to the change in glacial ex-
tent. An alternative hypothesis is that lake levels at Chalco
responded to changes in basin morphology caused by vol-
canic activity (Siebe et al., 2017). For example, it is possi-
ble that MIS 2 appears less humid than MIS 6 and 8 in the
Chalco record because topographic changes, associated with
volcanism just north of Chalco (Sierra de Santa Caterina), de-
creased water flow from Chalco to the rest of the BoM lake
system to the north and effectively made Chalco a closed-
basin lake. We will evaluate this alternative by analyzing H
isotopes in aquatic biomarkers to investigate potential shifts
from open- to closed-basin hydrology (perhaps as a conse-
quence of volcanic activity) and compare these results with
broad-scale changes in precipitation inferred using H isotope
analysis of terrestrial biomarkers, as well as through evidence
from the volcanic deposits present in the core.

Extrapolation of radiocarbon-based sedimentation rates
(Lozano-García et al., 2015) suggests that the Chalco record
extends to MIS 9, which allows comparison of the re-
gional response to precessional forcing during a warm inter-
glacial (MIS 5e) with the response during cooler interglacials
(MIS 7c and 7e). We will address this hypothesis using time
series analysis of lake-level reconstruction and other proxies,
including isotopes (biomarker δD, diatom δ18O, carbonate
δ18O) and vegetation response (biomarker distributions and
pollen abundance). If lake level/precipitation does not vary
on precessional scales, it is difficult to argue that this pattern
of greater precipitation during increased regional insolation
would operate on a millennial scale. We will evaluate the rel-
ative influences of Northern Hemisphere ice sheets, insola-
tion, and CO2 on precipitation in central Mexico using band
pass filtering and spectral analysis of these proxy records.

Data availability. Preliminary data outlined in this report are not
publicly available as they are still being evaluated by the MexiDrill
project team. Fully vetted datasets from the MexiDrill cores will
be made available through LacCore, the National Lacustrine Core
Repository, consistent with NSF and ICDP data sharing policies.

Sample availability. The archive and working halves of the Mex-
iDrill (CHA16) cores are stored at LacCore (http://lrc.geo.umn.edu/
laccore/repository.html; Noren, 2019).
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Abstract. The Toarcian Oceanic Anoxic Event (T-OAE) interval was cored at Colle di Sogno and Gajum in the
Lombardy Basin (Southern Alps, northern Italy). The Sogno and Gajum cores recovered 26.83 and 31.18 strati-
graphic metres, respectively, of pelagic sediments consisting of marly limestones, marlstone, marly claystone,
and black shale. Drilling at both sites resulted in 100 % recovery of unweathered material. The pelagic succession
comprises a relatively expanded black shale interval of 4.98 m in the Sogno core and 15.35 m in the Gajum core,
with lower and upper boundaries without evidence of hiatuses. The Sogno and Gajum cores can be considered
reference sections for the pelagic lower Toarcian interval of the western Tethys and will provide high-resolution
micropaleontological, inorganic and organic geochemical, isotopic multiproxy data. Integrated stratigraphy and
cyclostratigraphy are predicted to result in estimates of durations and rates to model the ecosystem resilience
to the extreme perturbations of the T-OAE and gain a better understanding of current global changes and help
provide better projections of future scenarios.

1 Introduction

The emergence of climate change as a crucial issue for so-
ciety has urged the understanding of the future state of the
planet within the context of increasing carbon dioxide con-
centrations. The ocean is the oldest ecosystem and the largest
on Earth by volume and best records global changes in cli-
mate and atmospheric composition. Marine ecosystems are
inextricably involved in the physical, chemical, biological
processes of global change. In the near future, the ocean’s
uptake of CO2 is expected to rapidly decline because of sur-
face water warming, decreasing pH (acidification), increased
vertical stratification, and slowed thermohaline circulation
(Solomon et al., 2009). Consequently, a very rapid “in and
out” from icehouse to greenhouse state – and vice versa –
urges comprehension of positive and negative feedbacks on
the biosphere.

Understanding of the Earth system at timescales longer
than human observations has became imperative, because an-
thropogenic activities are likely to increase by orders of mag-

nitude the rates of climatic change that usually result from
natural processes. The Earth’s ecosystems, thus, should be
scrutinized on the medium- and long-term scales using ge-
ological records of past extreme environmental disturbances
that exemplify varied tempos and modes of resilience, oc-
casionally reaching tipping points that triggered permanent
modifications.

The Toarcian Oceanic Anoxic Event (T-OAE) is the old-
est Mesozoic case of global anoxia with widespread depo-
sition of organic matter-rich sediments in a variety of de-
positional settings from continental to shallow- and deep-
marine (Jenkyns, 1985, 1988, 2010). Available evidence sug-
gests that at ∼ 183 Ma the atmosphere and oceans experi-
enced high CO2, possibly due to the degassing of lava fields
in the Karoo–Ferrar large igneous province and/or from dis-
sociation and oxidation of methane hydrates in continental-
margin sediments (Jenkyns, 2010) and/or terrestrial environ-
ments (Them et al., 2017). High atmospheric carbon diox-
ide possibly initiated greenhouse conditions that accelerated
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weathering and the hydrological cycle, increasing nutrient re-
cycling into the oceans.

Although the original definition of the T-OAE was based
on the presence of a lithostratigraphic marker (Jenkyns,
1985), the development of chemostratigraphy demonstrated
that the T-OAE is associated with a negative C isotopic
anomaly documented in marine carbonates and organic mat-
ter as well as in terrestrial organic matter including fossil
wood and specific organic compounds (Jenkyns and Clay-
ton, 1986; Hesselbo et al., 2000, 2007; Schouten et al., 2000;
Jenkyns et al., 2002; Emmanuel et al., 2006; Van Breugel
et al., 2006; Al-Suwaidi et al., 2010; Caruthers et al., 2011;
Izumi et al., 2012; Kafousia et al., 2014; Reolid, 2014; Xu et
al., 2017; Them et al., 2017; Fantasia et al., 2018). As shown
by Fantasia et al. (2018), such a negative C isotopic anomaly
might have resulted from volcanogenic CO2, thermogenic
methane associated with metamorphism, and dissociation of
marine or terrestrial clathrates.

The T-OAE is further marked by an Os anomaly (Cohen
et al., 2004; Percival et al., 2016; Them et al., 2017), biocal-
cification crisis (Erba, 2004; Mattioli et al., 2004; Casellato
and Erba, 2015; Erba et al., 2019), increased primary produc-
tivity (Jenkyns, 2010; Erba, 2004), and ocean acidification
(Erba, 2004; Trecalli et al., 2012; Casellato and Erba, 2015;
Posenato et al., 2018), which occurred during an exceptional
warming phase (Dera et al., 2011; Korte and Hesselbo, 2011;
Gómez et al., 2016) and a major transgression (e.g. Haq et
al., 1987; Hardenbol et al., 1998).

Jurassic pelagic successions in the Southern Alps have
been extensively investigated for stratigraphy, sedimentol-
ogy, paleontology, and geochemistry (Bernoulli and Jenkyns,
2009; Erba et al., 2019). In particular, multi- and interdisci-
plinary studies have demonstrated that the Jurassic pelagic
successions of the Lombardy Basin represent “type-sections”
of the Tethyan southern margin (Gaetani, 2010). Indeed, the
Lombardy Basin is part of the relatively undeformed por-
tion of Adria interpreted as an African “promontory” or as
a microplate (Fig. 1). In the latest Triassic–earliest Jurassic a
rifting phase caused the breakup of carbonate platforms into
a series of “horst and graben” that exerted a physiographic
control on sediment type and distribution for most of the
Jurassic (Bernoulli and Jenkyns, 1974, 2009; Bosence et al.,
2009; Santantonio and Carminati, 2011). As a consequence,
sedimentation was differentiated with the deposition of thick
complete pelagic successions in the deeper zones, while sed-
imentation was typically condensed and incomplete on the
structural highs.

During the Jurassic the Lombardy Basin was globally
a deep area between the Lugano High to the west and
the Trento Plateau to the east (Fig. 1). However, the latest
Triassic–earliest Jurassic rifting disentangled a number of
troughs and paleohighs that are as follows, from west to east:
Monte Nudo Trough, Lugano High, Generoso Trough, Corni
di Canzo High, Albenza Plateau, Monte Cavallo High, Se-
bino Trough, Botticino High (Gaetani, 1975, 2010). In the

troughs, partially resedimented Lower Jurassic marlstone–
limestone sequences may reach a non-decompacted thick-
ness of 3000 m (e.g. in the Generoso Trough), but conden-
sation and hiatuses characterize the paleohigh sections with
reddish nodular facies. Along slopes connecting structural
highs to the troughs, sedimentation was marked by slumps,
resedimented bodies, and, locally, megabreccias within con-
densed and occasionally incomplete facies (Gaetani and
Erba, 1990; Gaetani, 2010) (Fig. 1). In addition to regional
tectonics, the Lombardy Basin successions record global
climatic and oceanographic changes, including the T-OAE
(Erba et al., 2019). In fact, lower Toarcian black shales have
been documented in various sections, offering the opportu-
nity to investigate the consequences of the T-OAE global
changes on marine biota in the Tethys Ocean (Erba et al.,
2019).

After close investigations of section outcropping in the
Lombardy Basin, the Colle di Sogno and Gajum sites were
selected as the most promising locations for continuous cor-
ing of pelagic records (Gaetani and Erba, 1990; Casellato
and Erba, 2015) for continuous coring. In this paper, we doc-
ument coring operations and lithostratigraphic characteriza-
tion of both the Sogno and Gajum cores and outline ongoing
multidisciplinary research.

2 Coring through the sedimentary record of the
early Toarcian Oceanic Anoxic Event

The T-OAE is considered a natural Earth system exper-
iment, which allows us to (a) detect and quantify pro-
cesses associated with emissions of greenhouse gases and
natural atmospheric pollutants; (b) understand the role of
greenhouse gases on climate dynamics and its influence on
the hydrological cycle; (c) characterize changes in ocean
and atmospheric chemistry and their interactions; (d) assess
changes in biodiversity and dynamics of ecosystems and un-
derstand the functioning of biotic sinks; and (e) quantify
biosphere–geosphere–atmosphere interactions and their tim-
ings or rates.

Analysis of past global change requires the collection of
high-resolution data from continuous and ideally unweath-
ered sequences. In surface outcrops, sedimentary rocks and
particularly black shales are commonly badly degraded and,
consequently, drilling is crucial to ensure the recovery of
high-quality fresh cored material. In this paper we identify
the T-OAE adopting the original definition by Jenkyns (1985)
based on lithostratigraphy. Therefore, the T-OAE in the Lom-
bardy Basin corresponds to the Livello a Pesci (Tintori, 1977;
Gaetani and Poliani, 1978; Erba and Casellato, 2010; Erba
et al., 2019). This interval has an average thickness of 0.5
to 5 m, but reaches a few tens of metres in the most ex-
panded sections. Black shales are rarely recorded on paleo-
highs, whereas they are ubiquitous in deeper basins. As the T-
OAE occurred at a global scale, the local lack of black shales
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Figure 1. Location of the Sogno and Gajum drilling sites relative to (a) paleogeography and (b) current geography. The drilling area was part
of the Lombardy Basin (Southern Alps). (c) The Gajum core is sited in an inner basin along the western slope of the Corni di Canzo High
while (d) the Sogno core was drilled on the Albenza Plateau as detailed in the geological sections in the lower part of the figure (modified
after Gaetani and Poliani, 1978 and Gaetani and Erba, 1990).

in the Lombardy Basin is usually the result of condensation
and/or stratigraphic gaps.

Location of the drill sites and justification for coring

Two Lower Jurassic sections at Colle di Sogno and Gajum,
respectively, were selected for continuous coring through the
Toarcian organic-rich black shale interval (Fig. 1). Within
the Lombardy Basin, these sections represent significantly
different geological settings on a pelagic structural high,
namely the Albenza Plateau (Colle di Sogno) and in an in-
ner basin along the slope of the Mt Corni di Canzo struc-
tural high (Gajum) (Gaetani and Erba, 1990; Gaetani, 2010).
Both successions are relatively expanded and lack the diage-
netic manganese–carbonate horizons (present in the Toarcian
black shales of the Belluno Basin, Southern Alps, for exam-
ple) that would compromise primary geochemical signatures

(Farrimond et al., 1988; Jenkyns, 1988; Jenkyns et al., 1991;
Bellanca et al., 1999).

The Colle di Sogno site (Fig. 1) was selected because the
Jurassic sequence exposed is pelagic, stratigraphically con-
tinuous and relatively expanded (Gaetani and Erba, 1990;
Muttoni et al., 2005; Channell et al., 2010; Casellato and
Erba, 2015). It consists of limestone and marlstone, with
chert and marly claystone as minor lithologies. The T-OAE
is here represented by ∼ 5 m of dark grey to black marly
claystones of the Livello a Pesci. At Colle di Sogno, the
type-section of the Sogno Formation (Gaetani and Poliani,
1978), located along the road SP 179 on the northern slope of
Mt Brughetto, was proved to be suitable for high-resolution
multidisciplinary studies of litho-, bio-, chemo-, magneto-,
and cyclo-stratigraphy (Gaetani and Poliani, 1978; Jenkyns
and Clayton, 1986; Gaetani and Erba, 1990; Hinnov et al.,
2000; Channell et al., 2010; Casellato and Erba, 2015).
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The Gajum succession crops out in a small lateral cut
of the Ravella valley (Fig. 1), where the basal lithofacies
of the Moltrasio Limestone Formation suggests sedimenta-
tion in shallower water than on the Albenza Plateau (Gae-
tani and Poliani, 1978; Gaetani and Erba, 1990; Pasquini and
Vercesi, 2002). In particular, slumps and resedimented bod-
ies with an eastward-sliding direction document a constant
instability of the ramp, indicating that the succession devel-
oped in a small inner basin separated by a sill from a deeper
basin to the west (Pasquini and Vercesi, 2002). A sharp litho-
logical change marks the boundary between the carbonate-
rich lithologies of the Domaro Limestone Formation and the
overlying clay-rich lithologies of the lower Sogno Formation
consisting of marlstones and marly limestones followed by
reddish nodular limestones of the Rosso Ammonitico Lom-
bardo. At Gajum the expanded nature of the black shale in-
terval (∼ 15 m) offers the opportunity for studying the incep-
tion, evolution, and termination of the T-OAE in great detail.

3 Drilling operations and lab core preparation

The Sogno drilling campaign took place in June 2013, while
the Gajum core was drilled in February 2016 (Fig. 2). At both
Sogno and Gajum sites, drilling operations were performed
with the DELTABASE 520 Modular Hydraulic Rotary Drill.
The Sogno coring was accomplished with a T2 double corer,
using narrow-kerf, sawtoothed drill bits that cut a 101 mm di-
ameter borehole and 84 mm diameter cores. The Gajum core
was obtained using a modified T6 triplex corer, including a
plastic liner for the best recovery, using narrow-kerf, saw-
toothed drill bits that cut a 131 mm diameter borehole and
101 mm diameter cores. At Gajum, after coring, the borehole
was logged using a QL40-OBI optical televiewer to obtain
high-resolution images of the borehole wall, together with a
total gamma radiation tool (Fig. 3).

All cores were initially described on site and a preliminary
log was produced. Then, cores were packed, labelled, and
put in PVC plastic boxes to prevent contamination and trans-
ported to the Department of Earth Sciences in Milan where
they are archived. Here, during lab preparation, all cores were
longitudinally split along the dip and divided into an archive
half and a sampling half, both marked at centimetre scale.
The archive half was photographed in high resolution and
composite photologs were produced for each site.

4 Preliminary results

4.1 Lithostratigraphy of the Sogno core

Four distinct boreholes (S1, S2, S3, and S4) were drilled
at Colle di Sogno along the SP 179 road (45◦47′20.5′′ N,
9◦28′30.0′′ E). The outcropping beds show a strike of 150◦

and a dip of 68◦ to the southwest (240◦).
Initially, a single borehole was planned to penetrate the

lower Toarcian–uppermost Pliensbachian interval and reach

the base of the Sogno Formation at∼ 35 m penetration depth.
However, at ∼ 25 m penetration depth (core S1-27) a sharp
dip increase to 88◦ revealed the occurrence of a fold, partially
faulted and reversed, persisting for ∼ 4 m (cores S1-27, S1-
28, and S1-29). Indeed, core S1-30 perfectly correlates with
the lower part of core S1-26 and two black shales were used
as lithostratigraphic markers. Coring was extended for∼ 2 m
(cores S1-31 and S1-32) penetrating the top of the black shale
interval and then operations were interrupted to shift drilling
to borehole S2 (Fig. 4). Due to the steep dip, it was decided
to perform a 10◦ inclined coring to decrease the total pen-
etration depth down into the Domaro Limestone Formation.
Borehole S2 started just above the top of the black shale in-
terval of the Livello a Pesci, perfectly duplicating core S1-32.
However, technical problems prevented coring below a few
metres and operations stopped after recovery of core S2-3.
The third borehole (S3) was moved 0.5 m relative to S2 and
was cored vertically. Again, the recovered succession started
from just above the top of the black shale interval with core
S3-1 triplicating cores S1-32 and S2-1. Coring was extended
to 40 m penetration depth, reaching the uppermost part of
the Domaro Limestone Formation (Fig. 4). A fourth bore-
hole (S4) was performed to duplicate the middle and lower
portion of the black shale interval to ensure material for mul-
tidisciplinary investigations. The recovery percentage for the
four boreholes is 99.9 %.

Lithostratigraphic units were defined on the basis of litho-
logical features (i.e. lithology and colours determined with
the Munsell Rock Color Chart) and sedimentary structures
(i.e. presence or lack of bioturbation and/or lamination). For
each core at least four dip measurements were taken dur-
ing lab preparation to calculate the stratigraphic thickness
of the drilled section as 25.33 m under 1.5 m of rubble at
the top. A complete composite section, representing the up-
per Pliensbachian–lower Toarcian interval, was created by
combining the data obtained from the S1 and S3 boreholes
(Fig. 5). The following key observations were derived:

1. The first 1.5 m of the S1 borehole are represented by soil
cover and rubble.

2. The S1 core, despite the occurrence of a faulted fold
disturbing the succession, recovered a complete section
above the Livello a Pesci. The bottommost part of the
well reached the uppermost part of the black shale in-
terval. This correlates with the top black shale interval
recovered in the upper part of the S3 core.

3. The upper limit of the black shale interval was cored
both at S1 and S3 sites.

4. The S3 core recovered a few metres of succession above
the black shale interval, the entire Livello a Pesci, and
the lower portion of the Sogno Formation, in addition to
the topmost part of the Domaro Limestone. In particu-
lar, at 25.47 m, the lithostratigraphic boundary between
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Figure 2. Coring operations and results at Sogno and Gajum sites. (a) Coring Sogno Site 4. (b) Livello a Pesci in the Sogno core compared
to the equivalent outcropping lithostratigraphic interval. (c) Coring at Gajum. (d) Black shale interval recovered in core 10 of the Gajum
core.

the Sogno Formation and Domaro Limestone Formation
was recovered.

Combining the above information and considering the dip
measured in individual cores (variable in the range of 60 to
87◦), the “stratigraphic thickness” of each lithostratigraphic
unit was calculated. The overlapping intervals (i.e. U1-5 and
U3-1) were matched and duplications were eliminated. The
lithologic log of the composite S1–S3 Sogno core, in strati-
graphic depths (from 1.5 to 26.83 m), is illustrated in Fig. 5.
The composite S1–S3 Sogno core section recovered a com-
plete upper Pliensbachian–lower Toarcian interval, with the
S1 core representing its upper portion, and the S3 core the
lower part.

The following lithostratigraphic units (U1-1 to U1-5, and
U3-2 to U3-11, of the S1 and S3 cores, respectively) are de-
scribed, from the topmost to the bottommost:

– Unit 1 (1.50 to 4.82 m): marly limestones, olive-grey in
colour. In the upper and lowermost parts of the unit,
high concentrations of reddish mottles and sporadic bio-
turbation are documented.

– Unit 2 (4.82 to 9.54 m): marly limestones, olive-grey in
colour, characterized by intense bioturbation. In partic-

ular, the uppermost part of the unit documents the pres-
ence of frequent Planolites.

– Unit 3 (9.54 to 10.52 m): marly limestones, grey in
colour, characterized by intense bioturbation. Locally,
faintly laminated intervals are observed.

– Unit 4 (10.52 to 11.87 m): marly limestones with evident
and widespread bioturbation. Locally, 1 to 6 cm thick
black shales and laminated intervals are present.

– Unit 5 (11.87 to 14.55 m): black shales characterized by
well-developed lamination, especially in the uppermost
part, in addition to pyrite nodules. In the lower portion,
very little bioturbation is documented.

– Unit 6 (14.55 to 15.93 m): marly limestones, grey to very
dark-grey in colour, with reddish to greyish spots. Bio-
turbation (burrow) dimensions increase within this unit
and thin emerald-green laminae are documented.

– Unit 7 (15.93 to 16.86 m): marly limestones, with vari-
ations in colour from grey, to very dark-grey and dark-
red. In the lowermost portion, bioturbation and lamina-
tion are observed.
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Figure 3. Example of Gajum borehole wall image recorded with a QL40-OBI optical televiewer. From left to right: borehole depth, 360◦

continuous upwrapped digital image of the borehole wall, total natural gamma ray, 3-D log visualization reproducing a virtual core of the
borehole.

– Unit 8 (16.86 to 19.10 m): marly limestones, dark-red in
colour, with sporadic greyish spots.

– Unit 9 (19.10 to 19.45 m): marly limestones, grey in
colour.

– Unit 10 (19.45 to 21.35 m): marly limestones, grey-
brown in colour. This is a disturbed interval compris-
ing a level of pebbly marlstones (between 19.45 and
20.03 m), with minor slump structures. Sporadic stylo-
lites are present.

– Unit 11 (21.35 to 22.92 m): marly limestones, grey in
colour, characterized by frequent stylolite structures.
In addition, 2 cm thick black shale intervals are docu-
mented at ∼ 21.8 and 22 m, respectively.

– Unit 12 (22.92 to 24.35 m): marly limestones, alternat-
ing in colour from reddish to olive-grey. Sporadic bio-
turbation and lamination can be observed.

– Unit 13 (24.35 to 24.99 m): marly limestones, reddish-
greyish in colour.

Unit 14 (24.99 to 25.47 m): marly limestones, light-
brown to grey-brown in colour. Small and large (1 cm
thick) burrows are documented. The base of this unit
corresponds to the base of the Sogno Formation.

– Unit 15 (25.47 to 26.83 m): marly limestones, olive-grey
to dark-grey in colour. Small bioturbations and frequent
stylolite structures are observed. This unit corresponds
to the uppermost part of the Domaro Limestone Forma-
tion.

4.2 Lithostratigraphy of the Gajum core

The Gajum core (45◦51′03.2′′ N, 09◦17′19.5′′ E, at 555 m
above sea level) was drilled close to “Fonte Gajum” – Canzo
(CO), in the Ravella valley next to the trail named Via delle
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Figure 4. Section and plan view of the relative positions of the four boreholes drilled at Colle di Sogno. A pronounced fold was encountered
at ∼ 25 m penetration depth in Sogno borehole 1 that was abandoned after reaching the topmost part of the black shale interval. Three
additional boreholes were cored as explained in the text.

Alpi (Fig. 1). The outcropping beds show a strike of 245◦ and
a dip of 46◦ to the northwest (335◦).

A single borehole was drilled at Gajum to a total pene-
tration depth of 42.37 m, with 100 % recovery of excellent-
quality material throughout drilling operation. For each core
a set of dip measurements was taken during lab preparation,
with four measurements on average, and used to calculate
the corrected thickness of the drilled section as 28.18 m af-
ter removal of 3 m of rubble at the top. As for the Sogno
core, lithostratigraphic units were defined based on litholog-
ical features and sedimentary structures. The dip measured
in individual cores (variable in the range of 40 to 50◦) was
used to calculate the “stratigraphic thickness” of each lithos-
tratigraphic unit described below, from the topmost to the
bottommost:

– Unit 1 (3.00 to 4.35 m): dark brown to dusky red nodu-
lar limestone. nodules are 3–5 cm in size and light grey
in colour. A resedimented level, consisting of a mi-
crobreccia, is detected at 3.92–3.96 m. This unit corre-
sponds to the lower part of the Rosso Ammonitico Lom-
bardo.

– Unit 2 (4.35 to 7.60 m): marly limestone, grey to olive
grey in colour, with dark grey laminated intervals. Three

black shale intervals occur at 5.24–5.35, 6.26–6.43, and
6.70–6.81 m.

– Unit 3 (7.60 to 10.60 m): grey to dark grey marly lime-
stone, with heavily bioturbated levels alternating with
intervals characterized by faint lamination. Some pyrite
nodules are observed in the lowermost part of the unit.

– Unit 4 (10.60 to 21.39 m): dark to very dark grey to
black marly claystones. This “black shale” interval is
characterized by well-developed lamination and fre-
quent pyrite nodules. In the upper and middle portion,
discrete intervals with faint bioturbation are observed.

– Unit 5 (21.39 to 25.42 m): dark to very dark grey to
black marly claystones characterized by well-developed
lamination and a few pyrite nodules. Three intervals
of dusky red limy cherts are identified at 21.39–21.87,
23.52–23.81, and 24.30–25.52 m. The highest and low-
est cherty reddish levels delimit the top and bottom of
this unit, respectively.

– Unit 6 (25.42 to 26.95 m): dark grey to very dark grey
to black marly claystones, with evident laminations and
sporadic faint bioturbations. The base is undulated.
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Figure 5. Lithostratigraphy and calcium carbonate content of the Sogno (a) and Gajum (b) cores. The grey pattern highlights the Livello a
Pesci black shale interval that is the lithostratigraphic record of the T-OAE in the Lombardy Basin. The CaCO3 content was detected using
the Dietrich-Frühling gas volumetric method by measuring evolved CO2 after acidification of the bulk sample with HCl.
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– Unit 7 (26.95 to 31.18 m): grey to reddish grey marly
limestones, with fractures filled by diagenetic calcite.

In Fig. 5 the Sogno and Gajum cores are correlated: the T-
OAE black shale interval is represented in both sections, but
with significantly different thicknesses, namely 4.98 m in the
Sogno core and 15.35 m in the Gajum core. The lithostrati-
graphic onset and termination of the Livello a Pesci black
shale interval, based on the lowest and highest black marly
claystones, are nicely preserved in both cores, without litho-
logic evidence of hiatus or disturbance. In the Gajum core
the beginning of the anoxic interval is quite abrupt and rep-
resented by the change from a few centimetres thick, grey,
pseudonodular, and heavily bioturbated marly limestone to
black shales with an irregular base mimicking nodularity of
the underlying interval: this lithostratigraphic boundary is
very similar to the onset of the early Aptian OAE1a in the
Cismon core (Erba et al., 2010; Fig. 2). The upper boundary
is, conversely, relatively transitional from laminated black
shales to dark grey marly limestones. In the Sogno core, in-
stead, both the base and top of the black shale interval are
sharp.

The Livello a Pesci is not homogeneous in the Sogno and
Gajum cores: in both records, the lower part is characterized
by the occurrence of a few reddish levels. These are cherty
in the Gajum core (Unit 5) and clayey in the Sogno core
(Unit 7). Also, black shales are dominant in the upper part
of the Livello a Pesci in both cores (Unit 4 of the Gajum core
and Unit 5 of the Sogno core).

As far as the calcium carbonate content is concerned
(Fig. 5) in the Sogno and Gajum cores, the interval below the
Livello a Pesci is characterized by values of around 60 % and
60 %–80 % CaCO3, respectively. A drop in calcium carbon-
ate content to an average of 20 % is recorded within the black
shale interval in both cores, with lowermost values of 5 %
(Gajum core) to 10 % (Sogno core) in the lowermost part.
Above the Livello a Pesci, the calcium carbonate content re-
verts to 40 %–60 %, with frequent fluctuations.

5 Future objectives

The fresh material recovered with the Sogno and Gajum
cores provide complete and relatively expanded pelagic
records from the western Tethys Ocean. Detailed multidisci-
plinary investigations are in progress to collect multi-proxy
records for building a high-resolution dataset prodromic for
modelling the nature and significance of the T-OAE. The spe-
cific objectives are as follows:

1. High-resolution integrated stratigraphy. This is based
on nannofossil biostratigraphy, magnetostratigraphy,
chemostratigraphy, and cyclostratigraphy. Milankovitch
cycles will be used to estimate durations of the T-OAE.

2. Detailed studies of critical paleoceanographic parame-
ters. This includes total organic carbon; isotopic anoma-

lies; and major, minor and trace elements that will be
used to assess changes in surface and bottom water mass
characteristics.

3. Identification and quantification of the response of the
biosphere. This is based on quantitative and high-
resolution investigation of calcareous phytoplankton as-
semblages. In particular, we will focus on the relative
timing and possible phase-lag of the response to the
overwhelming forcing function/s. These relationships
will be used to model the resilience of the oceanic bio-
sphere.

4. Characterization of the Early Jurassic climate, ocean
dynamics, and their response to orbital cyclicity.. In
particular, we plan to decipher local from regional and
global changes across the paleoenvironmental perturba-
tion. Also, the cyclostratigraphy will allow for the as-
sessment of the influence of eccentricity, obliquity, and
precession cycles before, during, and after the T-OAE.
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Abstract. Large calderas are among the Earth’s major volcanic features. They are associated with large magma
reservoirs and elevated geothermal gradients. Caldera-forming eruptions result from the withdrawal and collapse
of the magma chambers and produce large-volume pyroclastic deposits and later-stage deformation related to
post-caldera resurgence and volcanism. Unrest episodes are not always followed by an eruption; however, every
eruption is preceded by unrest.

The Campi Flegrei caldera (CFc), located along the eastern Tyrrhenian coastline in southern Italy, is close
to the densely populated area of Naples. It is one of the most dangerous volcanoes on Earth and represents a
key example of an active, resurgent caldera. It has been traditionally interpreted as a nested caldera formed by
collapses during the 100–200 km3 Campanian Ignimbrite (CI) eruption at ∼ 39 ka and the 40 km3 eruption of
the Neapolitan Yellow Tuff (NYT) at ∼ 15 ka. Recent studies have suggested that the CI may instead have been
fed by a fissure eruption from the Campanian Plain, north of Campi Flegrei.
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A MagellanPlus workshop was held in Naples, Italy, on 25–28 February 2017 to explore the potential of the
CFc as target for an amphibious drilling project within the International Ocean Discovery Program (IODP) and
the International Continental Drilling Program (ICDP). It was agreed that Campi Flegrei is an ideal site to inves-
tigate the mechanisms of caldera formation and associated post-caldera dynamics and to analyze the still poorly
understood interplay between hydrothermal and magmatic processes. A coordinated onshore–offshore drilling
strategy has been developed to reconstruct the structure and evolution of Campi Flegrei and to investigate vol-
canic precursors by examining (a) the succession of volcanic and hydrothermal products and related processes,
(b) the inner structure of the caldera resurgence, (c) the physical, chemical, and biological characteristics of
the hydrothermal system and offshore sediments, and (d) the geological expression of the phreatic and hydro-
magmatic eruptions, hydrothermal degassing, sedimentary structures, and other records of these phenomena.
The deployment of a multiparametric in situ monitoring system at depth will enable near-real-time tracking of
changes in the magma reservoir and hydrothermal system.

1 Introduction

Large collapse calderas are associated with climactic explo-
sive volcanic eruptions capable of producing a global catas-
trophe second only to that from a meteorite impact. On the
other hand, many calderas are characterized by hydrother-
mal systems that represent a source of “clean”, geothermal
energy production (e.g., Lipman, 2000). Despite numerous
scientific and applied studies, the inner structure and the dy-
namics of caldera systems are still poorly known. In many
cases, large calderas also host densely populated urban and
agricultural districts. As a consequence, understanding the
caldera structure and dynamics has an immediate effect on
the assessment of volcanic hazards and associated risk at a
local and global scale.

Large calderas are found on all continents and in differ-
ent geological settings. For example, recent restless exam-
ples can be found in New Zealand (Taupo), North America
(Crater Lake, Long Valley, Valles, Newberry, and Yellow-
stone), South America (Laguna de Maule and Cerro Blanco),
Asia and Oceania (Toba, Tambora, Krakatau, Rabaul, Toya,
Shikotsu, and Kuttara), and Europe (Santorini and Campi
Flegrei). Some of these are located close to coastlines and
continental shelves, where hydrothermal and groundwater
dynamics may partly control the expression of volcanism
and the distribution of eruptive products. Deposition of these
products occurs in a changing depositional regime with a
high average sedimentary supply. Coastal and partly sub-
merged calderas on continental shelves thus contain unique
stratigraphic archives of interbedded volcaniclastic and ma-
rine deposits with a high potential for preservation.

The Campi Flegrei caldera (CFc), next to Naples in south-
ern Italy, has been the world’s most restless, non-erupting
caldera for the last 69 years, characterized by episodes of sig-
nificant ground uplift, enhanced hydrothermal activity, and
seismicity. In addition to these short-term episodes (e.g.,
1950–1952, 1969–1972, and 1982–1984; De Natale et al.,
2006; Del Gaudio et al., 2010; Troiano et al., 2011; Chiodini
et al., 2015, 2017; Kilburn et al., 2017; Moretti et al., 2017,

2018), ground subsidence and uplift of several meters has
been documented since at least Roman times (e.g., Bellucci
et al., 2006; Di Vito et al., 2016). Moreover, as a result of
resurgence over the last ca. 12 000 years, the central part of
the CFc has undergone a long-term, antiformal uplift of ca.
100 m that is partly recorded by La Starza marine terrace’s
present-day elevation (ca. 40 m above sea level) that emerged
ca. 5000 years ago (Di Vito et al., 1999; Sacchi et al., 2014).

The cause of ground uplift episodes and phases occurring
at the CFc (magmatic vs. hydrothermal) is still debated and
likely consists of periods of shallow magmatic intrusions ac-
companied by injections of deep fluids into shallow aquifers
(e.g., De Vivo and Lima, 2006; De Natale et al., 2006; Lima
et al., 2009; Moretti et al., 2018; Troise et al., 2019). Sig-
nificant hydrothermal activity is shown on land and in the
submerged portion of the caldera by the discharge of hot
gases and liquids (Sacchi et al., 2014; Passaro et al., 2016;
Chiodini et al., 2017; Steinmann et al., 2018). Since offshore
emissions cover an area 4 times larger than the main onshore
hydrothermal site around the Solfatara crater (Passaro et al.,
2014; Somma et al., 2016; Steinmann et al., 2018), the ma-
rine portion of the CFc may play a substantial role in the re-
cent dynamics of the caldera, representing an underestimated
source of degassing and heat flux. The lack of adequate data
on offshore fluid emissions prevents a correct estimate of the
fluid release and gas and heat flow budget at Campi Flegrei.
In addition, while the uppermost 100 m of the submerged part
of the CFc have been intensively studied (D’Argenio et al.,
2004; Milia and Torrente, 2007; Sacchi et al., 2009, 2014;
Passaro et al., 2016; Steinmann et al., 2016, 2018), the deeper
portion remains largely unknown.

Understanding the mechanisms for unrest and eruptions
is of primary importance for confident hazard assessment.
Data on the deeper, submerged portion of Campi Flegrei
are required to constrain forecasts of the type, intensity, and
frequency of future magmatic, phreatomagmatic, and hy-
drothermal eruptions. More than 600 000 people are poten-
tially exposed to pyroclastic flows, rising to about 2 mil-
lion considering the ash fall, also emitted from submerged

Sci. Dril., 26, 29–46, 2019 www.sci-dril.net/26/29/2019/



M. Sacchi et al.: A roadmap for amphibious drilling at the Campi Flegrei caldera 31

vents (Rossano et al., 2004; Mastrolorenzo et al., 2006, 2008;
Tonini et al., 2015; Sandri et al., 2016, 2018). Tradition-
ally, calderas have been analyzed through field studies, mon-
itoring observations, analogue models, and numerical sim-
ulations (e.g., Druitt and Sparks, 1984; De Natale et al.,
1991, 2001, 2006; Martí et al., 1994, 2008; Gudmundsson et
al., 1997; Gudmundsson, 1998; Burov and Guillou-Frottier,
1999; Acocella et al., 2000, 2001, 2004; Martí and Gud-
mundsson, 2000; Roche et al., 2000; Roche and Druitt, 2001;
Folch and Martí, 2004; Lavallée et al., 2004; Geyer et al.,
2006; Gregg et al., 2012, 2013). More recently, offshore re-
flection seismic imaging has emerged as a tool to under-
stand the stratigraphic architecture and shallow structure of
collapse-resurgent calderas in continental margins (e.g., Sac-
chi et al., 2009, 2014; Passaro et al., 2016; Steinmann et al.,
2016, 2018). However, only deep drilling can provide con-
clusive information on the causes and mechanics of unrest
and on the state and evolution of the magmatic–hydrothermal
system. These data represent a fundamental prerequisite for
evaluating the caldera-related hazards (Lowenstern et al.,
2017).

2 Campi Flegrei caldera

Campi Flegrei is an active caldera belonging to the Neapoli-
tan Volcanic District, which includes the active volcanoes of
Vesuvius and Ischia Island. The caldera contains the west-
ernmost districts of Naples as well as the towns of Pozzuoli,
Bacoli, Baia, and Quarto and several smaller villages. Half of
the CFc is submerged and forms Pozzuoli Bay (also known
as the Gulf of Pozzuoli). This area has represented an active
segment of the eastern Tyrrhenian margin since the Late Qua-
ternary (Oldow et al., 1993; Ferranti et al., 1996) and may be
considered a natural laboratory for studying the interplay be-
tween tectonics and explosive volcanism in the rifted back-
arc margin of the Tyrrhenian Sea and the Adriatic subduction
system below the Apennine fold-and-thrust belt (Fig. 1) (e.g.,
Milia and Torrente, 1999; Acocella et al., 1999).

The CFc describes a quasi-circular depression approxi-
mately 13 km across. The present-day shape of the caldera
has been conventionally interpreted as the result of two large
collapses related to the eruptions of the Campanian Ign-
imbrite (CI, ∼ 39 ka; Giaccio et al., 2017) and the Neapolitan
Yellow Tuff (NYT, ∼ 15 ka; Deino et al., 2004) (Fig. 2) with
respective volumes of 200 km3 DRE (dense-rock equivalent)
(Rolandi et al., 2003) and 40 km3 DRE (Scarpati et al., 1993).
Evidence of older ignimbrites has been reported in the Cam-
panian Plain (De Vivo et al., 2001) and in the distal marine
archives (e.g., Insinga et al., 2014). The locations of these
eruptions remain poorly constrained around Campi Flegrei.
As described below, an alternative view now emerging is that
the CI was erupted outside Campi Flegrei so that the caldera
was formed only by the NYT eruption.

The CI eruption is Europe’s largest explosive volcanic
event recorded in the last 200 000 years. It has been consid-
ered a possible cause for the decline of the Neanderthals, thus
implying a potential influence on human evolution (Fitzsim-
mons et al., 2013). The CI deposits are widespread in the
Mediterranean, and its ash has been found in the Russian
Plain, more than 2500 km away from the source (Pyle et al.,
2006; Giaccio et al., 2008). The CI eruption was followed
by the NYT eruption at 15 ka and at least 60 post-caldera
eruptions (Di Vito et al., 1999). The most recent eruption oc-
curred in 1538 after a repose of ca. 3000 years. It produced
Monte Nuovo and was preceded by a century of uplift (Bel-
lucci et al., 2006; Di Vito et al., 2016). Most recently, non-
eruptive unrest episodes occurred during 1950–1952, 1969–
1972, and 1982–1984 (Del Gaudio et al., 2010). They have
been characterized by ground deformation (with rates up
to 100 cm yr−1), shallow, low magnitude earthquakes (about
16 000 events with a magnitude up to 4.0 in 1983–1984), and
marked geochemical variations in the emitted gases (Berrino
et al., 1984; De Natale and Zollo, 1986; Dvorak and Berrino,
1991; De Natale et al., 1991, 1995, 2001; Battaglia et al.,
2006; Chiodini et al., 2015; Di Luccio et al., 2015; Moretti et
al., 2017, 2018). In fact, the recorded history of non-eruptive
ground movements goes back to Roman times as revealed by
marine incrustations and mollusks on Roman and medieval
buildings (e.g., Bellucci et al., 2006; Troise et al., 2019).
Campi Flegrei thus represents the caldera with the longest
record of ground movements not immediately followed by
eruptions. Uplift began again in 2005 after 20 years of sub-
sidence. It has been characterized by a slow movement of
ca. 3 cm yr−1 and less seismicity but a longer duration than
previous uplifts (Troise et al., 2007; Chiodini et al., 2017;
Moretti et al., 2018). The long duration of the ongoing unrest
has led the Civil Protection Department to declare the first
level on its alert scale (yellow), which implies an increase in
monitoring activities.

Although the CI eruption has been previously considered
as the main caldera-forming event (Rosi and Sbrana, 1987;
Orsi et al., 1996), De Vivo et al. (2001) and Rolandi et
al. (2003) presented evidence in favor of a fissure eruption
to the north of the CFc. Recently, new evidence of buried CI
products inside the caldera area at a depth of ca. 400 m be-
neath the surface has been found in the pilot borehole of the
ICDP (International Continental Drilling Program) Campi
Flegrei Deep Drilling Project (CFDDP) (De Natale et al.,
2016). The shallow depth and modest thickness of the deposit
(less than 200 m) raised further questions about a caldera col-
lapse associated with the CI eruption. These and other stud-
ies highlight the complexity of the caldera system and, hence,
the need for additional in situ information to fully understand
the whole framework and evolution of volcanism in Campa-
nia. Due to its partly submerged setting, Campi Flegrei rep-
resents an ideal site to test the potential of IODP (Interna-
tional Ocean Discovery Program) shallow-water drilling on a
volcanic continental margin by a multiplatform drilling pro-

www.sci-dril.net/26/29/2019/ Sci. Dril., 26, 29–46, 2019



32 M. Sacchi et al.: A roadmap for amphibious drilling at the Campi Flegrei caldera

Figure 1. Tectonic sketch map of the Campanian continental margin in SW Italy with the location of the Campanian volcanic zone. Frame
of Fig. 2 is also indicated.

gram including a land–sea transect, in the frame of a fully in-
tegrated IODP–ICDP Amphibious Drilling Proposal (ADP).
The research outcomes derived from Campi Flegrei may also
be transferred to similar partly submerged volcanic systems,
including the Aira, Kikai, Krakatoa, Maug, Santorini, and
Tavui calderas.

3 The MagellanPlus workshop

During the MagellanPlus workshop held in Naples on 25–
28 February 2017, 35 participants from four European coun-
tries (Italy, Germany, Spain, and the UK), the USA, and
Japan, gathered to discuss the key scientific issues for a co-
ordinated IODP–ICDP proposal dedicated to drilling in the
CFc. The workshop built upon previous research and net-
working activities, including (1) a coordinated ICDP and
ESF (European Science Foundation) Magellan workshop
held on 13–15 November 2006 in Naples; (2) an approved
ICDP full proposal (Campi Flegrei Deep Drilling Project –
CFDDP) in 2006–2008; (3) a submitted IODP pre-proposal
(#671) in 2006–2007 with an indication of resubmission on
the basis of an implemented site-survey package; (4) the real-
ization of two pilot holes, a few meters apart, 500 and 200 m
deep, as a preliminary phase to the ICDP deep drilling (the
200 m hole has been continuously cored by wireline drilling
and used to install a borehole seismometer); and (5) the ac-
quisition of new offshore site-survey data (3-D multiscale
multichannel and single-channel reflection seismics, multi-

beam bathymetry, and gravity core data) between 2008 and
2016 (Fig. 3).

Participants at the MagellanPlus workshop represented a
wide range of disciplines, including volcanology, geology,
geophysics, geomorphology, petrology, geochemistry, and
geochronology, as well as numerical and analogue modeling.
The initiative was intended to bring together experts, early-
career researchers, and other representatives from academia
and industry involved in marine and continental research
drilling. The aims were to (1) provide a global perspective
on the potential and challenges of scientific drilling at active
calderas, (2) discuss drilling issues on volcanic continental
margin settings, (3) illustrate the new site-survey data, and
(4) define drilling objectives for reconstructing stratigraphic
events associated with the caldera’s evolution and the in-
teraction between magmatism and hydrothermal activity in
coastal marine settings.

Participants were asked to contribute to scientific debates
on volcanism and associated hazards over coastal areas and
identify problems that can be addressed by coordinated ma-
rine and continental drillings, with reference to the CFc as a
representative case study. The workshop program addressed
data integration, the building of a scientific rationale for
drilling strategies, and scientific partnering through a mul-
tidisciplinary approach, by linking geology, geophysics, vol-
canology, petrology, microbiology, and geotechnology. The
event is among the first efforts to assess scientific themes di-
rectly related to volcanic hazards in highly populated coastal
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Figure 2. Digital Terrain Model (DTM) of the Campi Flegrei caldera (CFc) showing the structural border(s) and the offshore ring-fault–
resurgent-dome system associated with the eruption of the Neapolitan Yellow Tuff (NYT) (∼ 15 ka), along with the most prominent subaerial
and submerged volcanic morphologies of Napoli Bay. Location of seismic reflection profiles illustrated in Figs. 10 and 11 is also indicated.

areas within the context of fully integrated IODP–ICDP
drilling research.

Fundamental questions were discussed on a wide range of
topics, such as the mechanisms and timing of caldera for-
mation and resurgence, ignimbrite deposition environments,
magma transfer processes, and explosive volcanic activity in
submarine and coastal settings, volcano-tectonic coupling,
the dynamics and energy budget of onshore and offshore
hydrothermal (geothermal) systems, subaerial vs. submarine
volcanic unrest, and monitoring. Participants identified the
following key questions and objectives that, which shall be
addressed by the Amphibious Drilling Proposal:

– Interaction between magmatic and hydrothermal pro-
cesses. This will be investigated regarding shallow
crustal levels, the mechanism of submarine degassing
and hot fluid discharge and their contribution to defor-
mation, and recent unrest. What are the source, dynam-
ics, and consequences of the hydrothermal activity in
the marine portion of Campi Flegrei, and how are they
related to unrest? Does the structural framework of the

CFc exert control on the ascent of fluids and magma?
Can microbial communities help in tracing hydrother-
mal fluid paths and defining thermodynamic environ-
ments and facies at depth?

– Stratigraphy and structures of the CFc. This will be in-
vestigated within the half-graben system of the Bay of
Naples. This investigation includes recovering a repre-
sentative stratigraphic record of the caldera fill and bor-
ders, down to the upper structural levels of the caldera
floor and reconstructing the distribution of the CI (and
older ignimbritic) deposits across the Bay.

– Kinematic reconstruction of caldera collapse structure
and resurgence. This investigation includes reconstruct-
ing the pattern, timing, and rates of deformation involv-
ing the various structural components of the CFc sys-
tem.

– Eruptive history of the CFc. When was the onset of
volcanic activity, and what was the driving mechanism,
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Figure 3. Offshore site-survey seismic data package (high-resolution multichannel and single-channel reflection seismic profiles) supporting
the IODP component of the Campi Flegrei Amphibious Drilling Proposal. Locations of the proposed IODP drill sites and the ICDP site and
pilot hole drilled in 2012 are also indicated.

e.g., volcano–earthquake interaction? In what way did
the magmatic system change over time? Are there any
major pre-CI ignimbrites originating from the Campa-
nian Plain? What is the type of post-collapse, submarine
volcanic activity? How have large eruptions changed
the submarine morphology, and which are the syn- and
post-eruptive deposition mechanisms?

– Difference between terrestrial and shallow marine vol-
canism. Why have post-collapse eruptions occurred
preferentially in the onshore part of the caldera? Is the
hydrothermal activity in the marine setting driving over-
pressure and fluid-saturated subvolcanic intrusions that
are substantially different from on-land subvolcanic or
volcanic processes?

– Environmental and climatic impact. This investigation
refers to large-scale ignimbrite eruptions such as the CI
and NYT events. Did these eruptions influence climate
events? Did the CI eruption influence the decline of the
Neanderthals? Do we recognize significant changes in
the abundance and diversity of faunal and floral species
after exceptionally large eruptions?

– Establishment of an in situ monitoring systems. This in-
vestigation regards the providing of optimal conditions
for the quasi-real-time evaluation of critical parameters
to be used as proxies to define the caldera dynamics.

4 Rationale of the Campi Flegrei drilling proposal

The outcomes of the workshop provided a conceptual frame-
work for a full proposal for the drilling of the CFc to be
submitted to the IODP and ICDP (Fig. 4) as an Amphibi-
ous Drilling Proposal. The Campi Flegrei ADP will com-
bine complementary research topics into a general view on
collapse-resurgent calderas located along continental mar-
gins. The partly submerged setting of the CFc provides a
unique marine stratigraphic archive for a detailed reconstruc-
tion of the timing and kinematics of individual structures
and components of the volcanic system, under different forc-
ing factors (internal vs. external) during the past 106 years
(Fig. 5).

The drilling is important to reconstruct the subsurface 3-
D stratigraphic architecture, identify faults and volcanic or
volcano-tectonic features, and obtain information on the hy-
drothermal discharge areas and thermal structure. It also pro-
vides valuable information concerning the eruptive history of
volcanoes and the dynamics of eruptions with different inten-
sity. Previous research in active volcanic areas has shown that
drilling can be fundamental in clarifying and constraining
structural interpretations based on geophysical data alone.
For instance, drilling at the Kakkonda geothermal field in
Japan revealed the steep permeability and lithological gra-
dients where magmatic and hydrothermal regimes interact
(Saito et al., 1997; Nakada, 2013). The IDDP-1 (Iceland
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Figure 4. Flow chart illustrating the history of site-surveying ac-
tivity and nurturing of the continental (ICDP) and marine (IODP)
components of the Campi Flegrei Amphibious Drilling Proposal.

Figure 5. Timescales and forcing involved in the Campi Flegrei
Amphibious Drilling Proposal (ADP).

Deep Drilling Project) well at Krafla in Iceland intercepted
rhyolite melt in the region where geophysics had implied it
would be absent (Elders et al., 2011). In the Long Valley
Exploratory Well, a maximum temperature of ∼ 100 ◦C was
measured where the presence of shallow magma or at least
very hot rock was assumed prior to drilling. Moreover, the
use of selected drill holes as observatories provides an addi-
tional advantage for the in situ monitoring of volcanic and/or
hydrothermal activity.

Drilling into active volcanic areas is not completely with-
out risk, even though previous experiments in Japan and Ice-
land (Saito et al., 1997; Nakada, 2013; Elders et al., 2011)
suggest that the chance of triggering a volcanic eruption is
extremely small. The main risks are the hazards of possi-
ble underground pressure blowouts, meeting zones of fluid
loss and material failure, and, more rarely, surface emission

of liquefied sediments and steam (e.g., Sawolo et al., 2009).
Documented experience indicates, however, that these risks
can be significantly reduced or prevented by applying the ap-
propriate mitigation techniques (e.g., blowout preventer sys-
tems) (e.g., Homuth et al., 2010).

4.1 Drilling at Campi Flegrei

The workshop was successful in identifying a number of rel-
evant topics and questions, whose response may solve fun-
damental problems related to the caldera volcanism.

a. The Campi Flegrei caldera represents an ideal exam-
ple of an active caldera located in a shallow-water set-
ting (< 200 m water depth). Other ODP Legs (Ocean
Drilling Program) (e.g., ODP Leg 157: Gran Canaria
and Madeira Abyssal Plain) and IODP Expeditions
(e.g., IODP Expedition 340: Lesser Antilles Volcanism
and Landslides) have focused on volcanic islands in
deep oceanic settings. Campi Flegrei provides a unique
opportunity to obtain a high-resolution stratigraphic
archive of explosive, effusive, and extrusive volcanism,
volcano-tectonic dynamics, and unrest. Moreover, the
proximal marine setting of the CFc documents the pri-
mary deposition and reworking of pyroclastic currents
and fall deposits as components of the continental shelf
slope system.

b. Campi Flegrei is a primary site to unravel the timing,
structure, and evolution of caldera resurgence and un-
rest based on the geological record of marine strata.
The mixed marine siliciclastic–volcaniclastic deposi-
tional architecture of the caldera fill provides a unique
opportunity to document the pattern, timing, and rates of
deformation related to resurgence since the Late Pleis-
tocene. The last two millennia of documented unrest
also provide further constraints in reconstructing time
series of deformation onshore and offshore.

c. The Campi Flegrei caldera generated the largest explo-
sive eruptions in Europe during the Late Quaternary.
The results of drilling and well logging will have a high
potential impact on paleoenvironmental–paleoclimatic
reconstruction. The coupling of proximal drill sites off
Pozzuoli Bay with the results from the drilling of the
distal stratigraphic record will also help in reconstruct-
ing the dispersal and erosive patterns of co-ignimbritic
tephras. Also, this record could provide some insights
into the puzzling issue of the apparent causal relation-
ships between the environmental effects of the CI erup-
tion and the final decline of Neanderthals.

d. Drilling off the shore of the Campi Flegrei caldera
will help investigate the interaction between the mag-
matic and hydrothermal systems and the occurrence of
a wide range of subaerial-to-submarine features from
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monogenic volcanoes to hydrothermal vents. The appar-
ent difference between the onshore and offshore evo-
lution may be related to changing magma–water inter-
actions under saturated conditions within the mixing
zone between the phreatic and marine pore waters, and
this can only be investigated in detail by an onshore–
offshore drilling transect. Long-term borehole monitor-
ing of physical, chemical, and microbiological param-
eters may additionally provide a chance to identify the
potential precursors to eruptions for the purpose of risk
mitigation.

4.2 Amphibious drilling

The half-submerged setting of the CFc provides an op-
portunity to integrate results from offshore and onshore
drillings and available marine geology and volcanological
data. A deep, onshore borehole (∼ 3 km) will allow the pro-
cesses responsible for the recent unrest to be investigated
at depth through the determination of rock physical prop-
erties, magma–water interaction, and water fluid chemical
and physical exchanges. For instance, (1) extrapolated tem-
perature measurements can be used to detect the depth of
magmatic intrusions and the hydrothermal system; (2) the in
situ chemical composition of fluids will provide information
on rapid changes in the magmatic–hydrothermal system; and
(3) deep monitoring systems will be deployed and incorpo-
rated in the existing network of the INGV-Napoli (Istituto
Nazionale di Geofisica e Vulcanologia) (Osservatorio Vesu-
viano) to enable real-time tracking of such changes.

At the same time, a robust site-survey database, consist-
ing of several multi-frequency (even 3-D) reflection seismic
datasets (both single-channel and multichannel) has been ac-
quired since 2008, yielding high-resolution images of the
uppermost 100 m of the crust as well as new images to a
depth of 1–2 km. Such a comprehensive database will enable
a precise selection of offshore drill sites and guidance regard-
ing deviated onshore drilling. The recent discovery of previ-
ously unknown volcanic structures and hydrothermal vents
offshore offers a high potential for an integrated stratigraphic
reconstruction (e.g., Sacchi et al., 2009, 2014; Passaro et al.,
2016; Steinmann et al., 2016, 2018). The combined observa-
tions and data call for a joint offshore and onshore drilling
program in order to (a) obtain an improved chronostrati-
graphic correlation between intra-caldera and extra-caldera
products and (b) understand the origin of caldera collapse
and the mechanisms of resurgence. An ideal drilling strat-
egy at Campi Flegrei would therefore include the following
onshore and offshore coordinated components:

a. Onshore drilling and well logging down to a depth in the
order of 3000 m to investigate the caldera deep structure
and associated deep magmatic–hydrothermal system.
The drilling will provide the opportunity to investigate
the processes responsible for the recent unrest episodes

at depth, thereby allowing for a reliable evaluation of
the hazard. This component includes (1) the acquisition
of physical–chemical parameters of the geothermal sys-
tem over the entire depth; (2) stress measurements (size
and direction) at depth; (3) the permeability measure-
ments at depth; (4) the extrapolation of temperatures in
the supercritical layer to detect the depth of the mag-
matic temperature and locate magmatic intrusions; and
(5) the determination of the physical, mechanical, and
rheological parameters of deep rocks.

b. Offshore drilling down to a maximum depth of ∼ 1000 m
to investigate the shallow structural levels of the caldera
fill and resurgence as well as to unravel the mechanisms
of magma–water interaction as a function of depth.
This component provides the opportunity to study an
undisturbed sedimentary archive without the challenges
posed on land by intense subaerial erosion or urbaniza-
tion (i.e., inaccessibility). This implies a much higher
potential for structural, geochronological, petrographic,
and geochemical reconstruction. Hence, marine drilling
will provide a complete high-resolution stratigraphic
record which will (1) improve the chronostratigraphy
of volcanic and sedimentation events and unlock the
timing and structural style of the deformation associ-
ated with inner-caldera resurgence, (2) understand the
climatic effects and the environmental impact of ign-
imbrite eruptions on life and ecosystems, and (3) in-
vestigate the impact of magmatic–hydrothermal pro-
cesses with respect to hydrothermal vents and shallow
degassing structures as well as submarine monogenetic
volcanoes and intrusions.

5 Drilling objectives and borehole logging and
monitoring strategies

The workshop participants suggested that the IODP com-
ponent of the ADP proposal should address the integrated
stratigraphy of the caldera fill and resurgence, petrology,
fluid geochemistry, and architecture of shallow structural lev-
els (< 1000 m depth), whereas the ICDP component should
focus on rock–fluid properties, physical–chemical processes,
and the geothermal system at greater depth (< 3000 m).
The proposed drilling strategy includes one major onshore
drilling, complemented by an amphibious drilling transect
extending from the Campi Flegrei shoreline towards the
SE border of Naples Bay, together with distal drill sites in
the Adriatic and Ionian Seas (Figs. 2, 6–12 and Table 1).
Down-hole logging and long-term borehole monitoring at se-
lected drill sites of primary physical and chemical parame-
ters, along with microbiological analysis of rocks and fluids,
within a depth range with a maximum of 0.5–1.0 km, have
been also included in the planned operations.
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Figure 6. Location of onshore and offshore drill sites included in the first-draft plan of the Campi Flegrei Caldera Amphibious Drilling
Proposal discussed during the MagellanPlus workshop.

Figure 7. Illustrated section of the Campi Flegrei caldera structure indicating the targets of the proposed onshore (ICDP) drill site (CFDDP-
01). The reconstruction is mostly based on geophysical and geological data, affected by large uncertainties. The depth limit critical water
temperature is constrained by previous drillings in the area (AGIP, 1987). Modified after De Natale and Troise (2011).
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Table 1. Summary of proposed onshore and offshore drill sites for the Campi Flegrei Caldera Amphibious Drilling Proposal (ADP).

ADP Proposed drill Structural Drilling targets Drilling Remarks
component site sector depth (m)

ICDP CFDDP-01 Caldera margin Stratigraphically reconstruct and
well log through the hydrother-
mal system down to the brittle and
ductile zone

∼ 3000 Deviated well, directed from the
eastern border of the caldera to-
wards the caldera center at depth

IODP CF-01 Caldera center Sample the stratigraphic succes-
sion of NYT caldera fill and pene-
trate the structural caldera floor

∼ 900 Deep offshore well within the
caldera collapse area; maximum
drilling depth to be agreed on with
safety panels

IODP CF-02 Flanks of the
resurgent dome

Drill the post-15 ka caldera fill to
reconstruct the timing of deforma-
tion and uplift of the caldera resur-
gence

∼ 50 Unique place to study the timing of
the deformation of a caldera resur-
gent structure

IODP CF-03 Caldera collar Drill the subsurface magmatic in-
trusion and hydrothermal vent off
the shore of Bagnoli (12–8 ka)

∼ 120 Subsurficial intrusion (6–4 ka);
magma-water interaction; implica-
tions for volcanic hazard

IODP CF-04 Caldera periph-
ery

Drill the CI deposits in the shal-
low subseafloor of Procida Chan-
nel

∼ 100 Proximal facies of the CI

IODP CF-05 Caldera periph-
ery

Drill the stratigraphic succes-
sion of the peri-caldera mono-
genic volcano of Miseno Bank
(> 120 ka)

∼ 80 Pre-caldera volcanism

IODP CF-06 Caldera periph-
ery

Drill the stratigraphic succession
of the peri-caldera volcanic ap-
paratus of Penta Palummo Bank
(> 120 ka)

∼ 80 Pre-caldera volcanism

IODP CF-07 Caldera struc-
tural border

Drill the stratigraphic succession
of Nisida Bank (ca. 18–15 ka)

∼ 100 Caldera-related volcanism

IODP CF-08 Caldera periph-
ery

Drill the subsurficial intrusion and
hydrothermal vent of Mt. Dolce–
Pampano Bank (8–4 ka)

∼ 250 Subsurficial intrusion (18–15 ka);
magma-water interaction; implica-
tions for volcanic hazard

IODP CF-09 Caldera exter-
nal periphery

Drill the volcaniclastic diapirs
and mounds associated with hy-
drothermal venting at Montagna
Bank (15–5 ka)

∼ 150 Soft-sediment deformation and vol-
caniclastic diapirism triggered by
overpressured fluids

IODP CF-010
CF-011
CF-012
CF-013

Proximal
caldera exterior

Drill the Upper Quaternary
mixed siliciclastic–volcaniclastic
succession of Naples Bay for a
stratigraphic purpose

∼ 200
∼ 200
∼ 200
∼ 200

Drilling transect for the recovery
of a composite stratigraphic sec-
tion; proximal stratigraphic record
of Campi Flegrei eruptions

IODP CF-014 Distal caldera
exterior

Sample distal products of major
explosive events from Campi Fle-
grei and other eruptive centers of
the Campanian district

∼ 100 Distal tephrostratigraphy
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Figure 8. Synthetic lithostratigraphy and facies interpretation of
the succession sampled at the CFDDP pilot borehole (500 m) on the
shore of Bagnoli in 2012 (modified after De Natale et al., 2016).
Red asterisks indicate the depth and 40Ar/39Ar age of sampled K
feldspars. See Figs. 2–3 and 6 for the location of the borehole site.

5.1 Proposed on-land drill site (ICDP component)

Caldera margin to center

By drilling a ∼ 3 km long deviated well from the eastern
caldera margin towards its center (site CFDDP-01), we will
be able to obtain a reference stratigraphic succession of the
CFc fill to the basement floor and conduct well logging

through the hydrothermal system down to the brittle and duc-
tile zone (Figs. 2, 6–7 and Table 1).

Another important component of the on-land drilling will
be the deployment of a network of in situ monitoring sta-
tions at depth to provide real-time insights into changes in
the hydrothermal–volcanic system. Such information is cru-
cial to understanding the ongoing unrest as well as to reliably
assessing hazards and risks. The drilling of site CFDDP-01
will rely on the results of the 500 m deep pilot hole and as-
sociated well log data acquired by the INGV-Napoli in 2012
(Figs. 2, 6 and 8).

5.2 Proposed offshore drill sites (IODP component)

5.2.1 Caldera center – caldera fill, resurgent dome, and
structural floor

The caldera fill represents a high-resolution archive of the
post-caldera volcanic succession, as well as a record of the
ground deformation caused by caldera resurgence. Hence,
drilling the caldera fill will facilitate (1) the discovery of
new insights regarding post-caldera volcanic history, (2) the
reconstruction of the timing, duration, and conditions of
caldera resurgence, and (3) understanding the caldera’s sub-
surface structure. Penetrating the floor of the caldera (site
CF-01) will provide conclusive information on the pre-
caldera phase and caldera formation processes. Site CF-02 is
designed to recover the stratigraphic succession that formed
over the flanks of the resurgent structure, in order to provide
ages and timing of volcano-tectonic deformation since the
NYT caldera collapse (last 15 000 years) (Figs. 2, 6, 9–11
and Table 1).

5.2.2 Caldera collar – fractured, permeable zone

The annular depression (“collar”) between the structural bor-
der of the NYT caldera and the inner-caldera resurgent dome
is a highly fractured zone, characterized by ascending flu-
ids and locally shallow magmatic intrusions. The area repre-
sents a remarkably permeable segment of the caldera struc-
ture and is a key location to study the interconnection be-
tween the deep magmatic–hydrothermal system and the sur-
face and its role during caldera unrest. Site CF-03 is planned
to drill through the shallow structural levels of the ring-fault
zone of the NYT caldera collar down to small laccolith-like
intrusion off the shore of Bagnoli (Figs. 2, 6, 9–10 and Ta-
ble 1). Drilling operations will be limited to shallow depths
(< 150 m) and will be only realized after stepwise monitor-
ing of temperature and fluid pressure.

5.2.3 Caldera structural border – pre-NYT caldera vents
and intrusions

The outer border of the CFc is characterized by a number of
offshore vents, shallow magmatic intrusions, and ignimbrite

www.sci-dril.net/26/29/2019/ Sci. Dril., 26, 29–46, 2019



40 M. Sacchi et al.: A roadmap for amphibious drilling at the Campi Flegrei caldera

Figure 9. Schematic reconstruction of the shallow structure (< 1 km) of the collapse-resurgent caldera associated with the eruption of the
Neapolitan Yellow Tuff (NYT) and the location of the proposed offshore (IODP) drill sites CF-01 and CF-03.

Figure 10. Interpreted high-resolution multichannel seismic profile across the CF caldera center and proposed location of drill sites CF-01
and CF-03. M1–M4 are the inner-caldera marine siliciclastic units; CI is Campanian Ignimbrite; NYT is Neapolitan Yellow Tuff.

deposits ranging in age from ∼ 120 to ∼ 18 ka. These pro-
vide a spectrum of volcanic features produced by signifi-
cant magma–water interaction. They include most of the vol-
canic banks of the southern periphery of Pozzuoli Bay and
CI ignimbrite deposits occurring at shallow depths beneath

the seafloor, mostly between Procida and the mainland. Drill
sites will aim to characterize the nature of these volcanic cen-
ters and units and their role in the onset of pre-CFc volcan-
ism and the overall fluid circulation (as, for instance, Nisida
Bank represents an active fluid vent). Drilling at site CF-04
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Figure 11. High-resolution single-channel seismic profile across the southern slope of the NYT resurgent dome and proposed location of
drill site CF-02. Unconformities labeled as uplift 1–5 are interpreted as the result of a series of seafloor deformation phases associated with
phases of the deformation of the resurgent structure. Correlation of tephra layers sampled by gravity core C32 is after Sacchi et al. (2014).

(Procida Channel) will focus on the recovery of a proximal
succession of the CI. Drill sites CF-05 and CF-08 have been
proposed to recover stratigraphic successions from a series
of volcanic banks, namely at sites CF-04 (Miseno Bank), CF-
05 (Penta Palummo Bank), CF-06, (Nisida Bank), and CF-07
(Mt. Dolce–Pampano Bank) (Figs. 2, 6 and Table 1).

5.2.4 Proximal extra-caldera area – Bay of Naples

Significant fluid venting in the Bay of Naples is not restricted
to the ring-fault zone of the CFc, but it also occurs outside
the structural border of the caldera itself. This is the case of
Montagna Bank, a sub-circular seafloor region SE of Poz-
zuoli Bay that was formed by the dragging and rising up of
volcaniclastic diapirs (consisting mostly of unconsolidated
pumice), due to pore fluid overpressure at depth and asso-
ciated fluid migration towards the seafloor (Passaro et al.,
2016). Site CF-08 has been designed to drill through the vol-
caniclastic diapirs of Montagna Bank to the roots of the un-
consolidated sediments involved in this process. The Naples
Bay half-graben also represents an expanded, undisturbed
sedimentary succession with interbedded massive ignimbrite
deposits (NYT and CI). An offset drilling (CF-10 to CF-13)
is an opportunity to cover a large time span of 1 million years
(exceeding the entire time span of volcanic activity) with a
transect of relatively shallow (∼ 200 m) drillings (Figs. 2, 6
and Table 1). This will provide novel insights into the overall
eruption history of the entire Campi Flegrei area and its tec-
tonic evolution. Also, by drilling large ignimbrite units from
top to bottom (i.e., contact zone of ignimbrite and siliciclastic

units), their environmental impact and subsequent the recov-
ery of life after major eruptions can be investigated.

5.2.5 Distal extra-caldera area – Ionian Sea

A distal drill site (CF-14) has been proposed to recover an
undisturbed pyroclastic fallout archive allowing for an inte-
grated tephrostratigraphic analysis of the entire eruptive his-
tory of the Campi Flegrei area and other eruptive centers in
the Campanian region (Figs. 6 and 12).

5.3 Down-hole logging and borehole monitoring
strategies

The well logging plan incorporates a wide spectrum of down-
hole measurements which are designed to acquire maxi-
mum in situ information on petrophysical and geomechanical
properties, as well as enhance monitoring of the strain–stress
conditions, active seismicity, and the hydrothermal system at
depth. The main parameters to be measured include (1) natu-
ral gamma rays, radioactivity, and spectrometry; (2) resistiv-
ity; (3) spontaneous potential redox; (4) sonic log; (5) mag-
netic susceptibility; (6) hole diameter (caliper); (7) tempera-
ture; (8) oriented microresistivity; and (9) acoustic and ul-
trasonic borehole images. The use of long-term borehole
observatories (e.g., down-hole broadband seismic stations
equipped with newly developed opto-electronic strain sen-
sors and advanced monitoring systems that incorporate mul-
tiple seals allowing zoned measurements of in situ physical,
chemical, and biological properties) may be considered for
sites CFDDP-01 and CF-01.
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Figure 12. Proposed site CF-14 (Ionian Sea) for distal tephrostratigraphic reconstruction of Late Quaternary volcanism of the Campanian
region (Crocitti et al., 2018; Di Donato et al., 2019). (a) Location map with an indication of the main DSDP (Deep Sea Drilling Project),
ODP, and IODP archives (yellow for marine and green for terrestrial) of the central Mediterranean region; (b) dispersal maps of plinian and
sub-plinian events (Bronk-Ramsey et al., 2015); (c) dispersal maps of moderately explosive eruptions (Sulpizio et al., 2014; Crocitti et al.,
2018). Please note that the years given in AD in Fig. 12c correspond to those same years in the CE notation system.

6 Concluding remarks

Every eruption is preceded by unrest, but not every unrest
culminates in an eruption (Acocella et al., 2015; Newhall
and Dzurisin, 1988). Understanding the driving forces of
volcanic unrest and the role of magmatic–hydrothermal pro-
cesses is thus crucial for reliable hazard assessment. During
the MagellanPlus workshop, all participants agreed that the
CFc represents an ideal natural laboratory to study the inter-
action among volcanic, hydrothermal, marine, and volcano-
tectonic processes. The amphibious Campi Flegrei drilling
project, involving a deep ICDP and shallower IODP drillings,
will address fundamental aspects including phreatic and hy-
dromagmatic volcanism, caldera formation and subsequent
structural resurgence and post-caldera volcanism, fallout and
ignimbrite stratigraphy, hydrothermal-magma interactions,
mechanisms of volcanic unrest, and volcano-tectonic cou-

pling. The results will significantly advance our understand-
ing of the most complex forms of volcanic structures on
Earth.
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Abstract. The architecture, formation, and modification of oceanic plates are fundamental to our understand-
ing of key geologic processes of the Earth. Geophysical surveys were conducted around a site near the Hawaiian
Islands (northeastern Hawaiian North Arch region; Hawaiian North Arch hereafter), which is one of three po-
tential sites for an International Ocean Discovery Program mantle drilling proposal for the Pacific plate that
was submitted in 2012. The Hawaiian North Arch site is located in 78–81 Ma Cretaceous crust, which had an
estimated full spreading rate of 7–8 cm yr−1. This site fills a major gap in our understanding of oceanic crust.
Previously drilling has been skewed to young or older crust (< 15 or > 110 Ma) and slow-spread crust. P-wave
velocity structure in the uppermost mantle of the Hawaiian North Arch shows a strong azimuthal anisotropy,
whereas Moho reflections below the basement are variable: strong and continuous, weak, diffuse, or unclear.
We assume that the strength of the Moho reflection is related to the aging of the oceanic plate. The Hawaiian
volcanic chain (200 km to the southwest of the proposed drill site) and the nearby North Arch magmatism on the
proposed Hawaiian North Arch sites might also have affected recognition of the Moho via deformation and/or
magma intrusion into the lower crust of the uppermost mantle. This workshop report describes scientific targets
for 2 km deep-ocean drilling in the Hawaiian North Arch region in order to provide information about the lower
crust from unrecovered age and spreading rate gaps from previous ocean drillings. Other scientific objectives to
be achieved by drilling cores before reaching the target depth of the project are also described in this report.
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1 Introduction

The architecture of oceanic plates is the fundamental ques-
tion for understanding why plate tectonics has occurred on
the present Earth. Subsequent to crustal accretion and prior
to obduction, a broad array of processes leads to the mod-
ification of oceanic crust including tectonic overprint dur-
ing ridge-to-trench seafloor spreading, chemical mass trans-
fer and mineral modifications during low-temperature hy-
drothermal alteration and weathering, and biological activ-
ity. The nature of oceanic plates prior to subduction is key to
describing and quantifying water and carbon fluxes into the
deep Earth. The study of ophiolites, interpreted to represent
obducted oceanic plate, has provided variable lines of infor-
mation on the architecture of oceanic plates. However, the
timing of mineralogical, chemical, physical, and biological
processes during the aging of oceanic lithosphere exposed in
ophiolites is often poorly constrained. Drilling is, therefore,
still the only way to recover stratigraphically controlled sam-
ples of reasonable depth directly from the ocean floor.

Despite over 50 years of scientific ocean drilling, from the
Deep Sea Drilling Project (DSDP, 1968–1983), the Ocean
Drilling Program (ODP, 1985–2003), the Integrated Ocean
Drilling Program (IODP, 2003–2013) to the International
Ocean Discovery Program (IODP, 2013–present), only 18
holes have been drilled into more than 200 m of hard rocks of
oceanic plates formed at the mid-ocean ridge (Michibayashi
et al., 2019). Only one hole, Hole 1256D, was successfully
drilled into the intact uppermost gabbro after the penetration
of basalts and sheeted dikes (Wilson et al., 2006; Fig. 1).

Chikyu is the first riser drilling-equipped scientific re-
search vessel, which is capable of drilling deep enough to
reach the mantle. An IODP mantle drilling proposal for the
Pacific plate was submitted in 2012 (Umino et al., 2013).
The Pacific Moho to Mantle drilling project, abbreviated as
M2M, is aimed at obtaining the most pristine material so that
it can serve as a reference for the less-altered oceanic plate.
Because the mantle drilling will produce the deepest hole in
the ocean floor, we can also address many other fundamen-
tal and diverse questions such as the nature of the Moho, the
construction of the lower crust, and the limits of life. Thus,
the M2M helps understand the life of the oceanic plate in
novel and exciting ways.

Sites for the mantle drilling were selected by both sci-
entific requirements and by technological constraints. First,
the temperature of the Moho at the site must be below
250 and 150 ◦C to safely drill and log, respectively. A lo-
cation in a young hot plate is, therefore, not suitable for
mantle drilling. Another major restriction is water depth,
which should be shallower than circa 4000 m below sea level
(m b.s.l. hereafter), because the anticipated maximum total
length of the Chikyu riser system is 11 000 m (4000 m water
depth+ 7000 m penetration to the Moho in normal oceanic

crust). Therefore, most of the oceanic plate in the Pacific
Ocean is too deep for mantle drilling.

Considering these constraints, three candidate drill sites
have been suggested: off the coast of Hawaii (off-Hawaii
hereafter), off the coast of Mexico (off-Mexico hereafter),
and the Cocos plate (Umino et al., 2013; Fig. 2). The Cocos
plate region, which includes ODP Site 1256, is advantageous
as the shallowest water depth among the candidate regions,
but this crust is higher than the temperature at which log-
ging tools can be used properly. At the off-Mexico site, 20 to
30 Ma crust is likely low in temperature at the depth of the
Moho, but there are no reasonable seismic data sets to eval-
uate the characteristics of the Moho. The Hawaiian North
Arch region is a unique site of lithospheric flexure surround-
ing the Hawaiian Islands (Bianco et al., 2005) that elevates
the seafloor to shallow enough depths for access by Chikyu.
The water depth in the northeastern Hawaiian North Arch
(Hawaiian North Arch region hereafter) is around 4200 m
(Ohira et al., 2018): ∼ 1500 m shallower compared with
the average depth of 5500 m for a normal 80 Ma seafloor
(McKenzie et al., 2005). Beyond the advantages and disad-
vantages of each site, we must obtain a clear seismic im-
age of the Moho for the final site selection of the mantle
drilling project. As shown below, a geophysical survey was
conducted around the Hawaiian North Arch region, and new
results on the diversity of the nature of the oceanic plate were
reported (Ohira et al., 2018).

A workshop on developing a proposal for ocean drilling
in the Hawaiian North Arch region was held in Kanazawa,
Japan, on 6–7 November 2018. The goals of this workshop
were (1) to share information about the Hawaiian North Arch
region and other proposed hard-rock drilling sites that would
use Chikyu, (2) to identify major scientific objectives for
ocean drilling into the northeastern Hawaiian North Arch,
and (3) to evaluate possible drilling sites; 37 researchers and
students participated in this workshop.

2 The Hawaiian North Arch region

2.1 Recent geophysical survey results

In order to investigate the detailed seismic structure of the
crust and the uppermost mantle at the off-Hawaii site, the
Japan Agency for Marine-Earth Science and Technology
(JAMSTEC) and the University of Hawai‘i conducted a 2-
D marine seismic survey (an active-source refraction and
reflection survey) in the central Pacific Ocean north of the
Hawaiian Islands from August to November 2017 (Fig. 3).
Multi-channel seismic (MCS) reflection data were acquired
with a 444-channel, 6000 m long streamer cable with a
12.5 m interval between hydrophones, towed at a depth of
12 m. For the acquisition of the wide-angle seismic data, five
ocean bottom seismographs (OBSs) were deployed by the
R/V Marcus G. Langseth and recovered by the R/V Kilo
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Figure 1. Ocean drill holes deeper than 50 m into the oceanic basement plotted against (a) the basement age and (b) categorized on the basis
of spreading rate that formed the basement crust. World average age and spreading rate are based on the 3.6 min grid data from the Earth
Byte age grid (Müller et al., 2008).

Figure 2. Bathymetric map of the Pacific Ocean showing candidate
sites for the Moho to Mantle (M2M) drilling proposal.

Moana. Tuned airgun arrays (volume 7800 cubic inches)
were fired by the R/V Kairei at intervals of 50 m along the
EW, NS2, NS5 lines and at intervals of 50 and 200 m along
the NS1 line. The total length of survey lines is 1150 km.

The preliminary results of MCS profiles and P-wave
velocity structure using OBSs were reported by Ohira et
al. (2018). Their results show typical oceanic crustal struc-
ture of oceanic crust from the Hawaiian Arch to the ocean
basin. The P-wave velocity structure in the uppermost man-
tle shows strong azimuthal anisotropy. To image the detailed
reflection structure, we applied the prestack migration tech-

nique using the initial velocity of the P-wave velocity struc-
ture by Ohira et al. (2018) for MCS data. The reflections
from the Moho are characterized by images of a sharp, flat,
continuous, and large amplitude (Fig. 4). The clear refrac-
tion phase from the boundary with an apparent velocity of
more than 8 km s−1 is also observed in record sections of
the OBSs (Ohira et al., 2018). Moho reflections from about
every 2 s in two-way travel time below the basement are lo-
cally strong and continuous as expected for “normal” oceanic
plate, whereas weak, diffuse, or no Moho reflections were
observed in other parts of the seismic profile. The appear-
ance of spatially variable Moho reflections is hereafter called
Moho diversity. In order to recognize the spatial crustal char-
acteristics for the drilling proposal, we focus on the 3-D im-
age around the OBSs. Although the OBSs were sparsely ar-
ranged, many reflectors from the upper crust to the upper
mantle are identified around the crossing point of survey lines
(Figs. 5 and 6). It is important to obtain high-resolution ve-
locity information in order to evaluate the Moho reflection
for the drilling proposal.

2.2 Significance of drilling into the Pacific crust on the
Hawaiian North Arch

Although seismic observations provide information of the ar-
chitecture of the in situ oceanic crust, direct geological infor-
mation of deeper portions of tectonically undisturbed normal
oceanic crust can only be obtained by deep-ocean drilling. A
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Figure 3. Map showing the seismic survey lines (black) northeast off the Hawaiian Islands. Yellow circles indicate the location of ocean
bottom seismographs (OBSs). Thin white lines indicate seafloor age (Ma) from Müller et al. (2008). The black dashed line indicates the axis
of the Hawaiian Arch (e.g., Ballmer et al., 2011; Holcomb and Robinson, 2004). The North Arch Volcanic Field, indicated by gray shading,
is characterized by strong acoustic reflectivity (Clague et al., 1990, 2002; Normark et al., 1989).

Figure 4. (a) Detailed bathymetry image along the EW line. Pink boxes show the location of Figs. 3 and 4. (b) Prestack time-migrated
section of the EW line.

long-standing question is the nature of the seismic Layer 2–
3 transition. Only Hole 504B penetrated through the Layer
2–3 transition within the sheeted dike complex, which ap-
pears to be controlled by alteration mineralogy or a change
in porosity (Detrick et al., 1994; Alt et al., 1996). To test
whether this Layer 2–3 transition is typical and true for crust
spread at faster rates, Hole 1256D was aimed to drill into the
15 Ma crust, created by spreading at 22 cm yr−1. Although
the hole ultimately reached the gabbro below the sheeted
dikes, seismic data suggest the Layer 2–3 transition has not
been reached yet (Teagle et al., 2006). Besides these two,
only limited numbers of holes have been drilled more than

a few hundred meters into the basement of normal oceanic
crust (Fig. 1; Michibayashi et al., 2019).

Oceanic drillings deeper than 50 m into mid-oceanic base-
ment were skewed to young (< 15 Ma) or slow-spread crust
(Fig. 1), with a wide gap of crust age between 20 and 110 Ma,
including the world average age of 62.5 Ma and spread-
ing rate of 7.6 cm yr−1 (Fig. 1). For example, deep base-
ment drillings (Holes 504B and 1256D) were conducted in
young crust (< 15 Ma). Among the three candidate sites of
M2M, only the off-Hawaii site can provide information about
oceanic crust within the gap regarding age and spreading
rate. Deep drilling at the off-Hawaii site, penetrating through
the upper crust and into the gabbros, will enhance our un-
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Figure 5. Three-dimensional view from the southwest to the northeast around the OBS1. (a) Prestack time-migrated section. (b) Reflector
interpretation. M denotes the Moho reflection.

Figure 6. Three-dimensional view from the southwest to the northeast around the OBS2. (a) Prestack time-migrated section. (b) Reflector
interpretation. M denotes the Moho reflection.

derstanding of the nature of the Layer 2–3 transition and the
magmatic accretion and hydrothermal cooling at depth.

2.3 North Arch volcanism and its effects on
modifications of the oceanic plate

The North Arch Volcanic Field covers ∼ 24000 km2 of
ocean floor (Fig. 3). The volume and age of North Arch vol-
canism is poorly constrained, but they are estimated to be
103 km3 and 0.5–1.5 Ma (Clague et al., 2002). The calcu-
lated eruption rates are ∼ 1 km3 kyr−1 corresponding with
∼ 1 %–2 % of the Kilauea eruption rate during peak times
of eruption. The geochemistry of the lavas is highly alkaline
basalts (Dixon and Clague, 2001). Due to the timing of erup-
tions, eruption rate, and chemistry, the North Arch volcan-
ism is compared with the rejuvenated stage volcanic activity
in the axial Hawaiian volcanic chain, which occurs after the
shield until the post-shield stage (Garcia et al., 2010). Source
mantle chemistry of the North Arch basalts is thought to con-
nect them to the Hawaiian plume (Dixon and Clague, 2001;
Garcia et al., 2010; Kimura et al., 2006). Estimated equi-
librium melting pressure of the North Arch magmas corre-

sponds with the lithosphere–asthenosphere boundary at 70–
80 km (Li et al., 2004). Although the original seismic struc-
ture of the uppermost mantle is unaffected by the North Arch
volcanism, crustal P-wave velocity (Vp) beneath the North
Arch, which is slower than for the undeformed Pacific plate
by 0.2–0.3 km s−1, is ascribed to the presence of open cracks
in the upper crust by extensional stress on the flexured North
Arch lithosphere (Ohira et al., 2018).

3 Workshop outcomes

The unusually shallow seafloor allows Chikyu to access the
lower oceanic crust and mantle in 80 Ma seafloor. Drilling
the off-Hawaii region is appealing based on two important
geological features: (1) to date no lower crustal materials
from the 80 Ma Pacific plate have been sampled (Fig. 1), and
(2) unusual Moho diversity is observed in the Pacific plate
(Figs. 4, 5, and 6). The workshop briefly summarized the pre-
vious hard-rock drilling results and considered what should
be addressed by a new drilling project in the Hawaiian North
Arch regions. The target depth of the drilling should exceed
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the seismic Layer 2 and Layer 3 boundary, in order to acquire
a complete section of intact lower crust from the 80 Ma Pa-
cific plate. In order to understand the nature of the oceanic
plate, it is essential to observe and describe the conditions
for the boundary and transition between seismic Layer 2 and
Layer 3 by drilling. We also discussed the scientific objec-
tives that can be achieved by drilling cores before reaching
the target depth of the project.

3.1 Lessons from previous drilling efforts

3.1.1 Formation of the oceanic crust

Seismic observations along the Galapagos Spreading Cen-
ter (GSC) show thickening on-axis and thinning total extru-
sive rocks with axial magma chamber (AMC) depth, indi-
cating that axial valleys, which are formed by dike intrusions
and/or fault displacement, develop to trap thick on-axis flows
with a deepening AMC and a decreasing magma supply rate
(Fig. 7; Blacic et al., 2004). For the GSC spreading rate of
4.5–5.5 cm yr−1, more than 50 % of flows in the axial valleys
are pillows (Fig. 8; Ayadi et al., 1998; Bonatti and Harrison,
1988; Meyer and White, 2007; Tominaga et al., 2009; Tom-
inaga and Umino, 2010; Susumu Umino, unpublished data,
2019). Consequently, the GSC is underlain by less dense pil-
lows interbedded with fault breccias, which decreases the av-
erage density of the extrusive section with the development
of an “apparent” level of neutral buoyancy (LNB; Rubin,
1990, 1995). The accumulated stress on the upper crust is re-
laxed by fault displacement in the uppermost extrusive rocks
and by dike intrusions emplaced in the level of neutral buoy-
ancy, which leads to the development of a rugged summit
and axial troughs. This density structure of the upper crust is
essentially the same as that of the ODP 504B crust (Dick et
al., 1992; Fig. 9a).

In contrast, isostasy-dominated fast-spreading East Pacific
Rise (EPR) extends solely by dike intrusions. Total extru-
sive thickness decreases with AMC depth, whereas on-axis
flow thickness remains constant (Fig. 7; Hooft, 1996; Hooft
et al., 1997). This indicates the absence of axial troughs even
at a minimum magma budget, and the upper crust extends
by dike intrusions without fault development. This is facil-
itated by the presence of dense extrusive rocks comprising
more than 80 % sheet flows, considering the spreading rates
of 11–14 cm yr−1 (Fig. 8). This crust architecture is primarily
the same as that of the ODP 1256D crust. As is expected for
the ultrafast spreading rate of 22 cm yr−1 at Site 1256D, the
extrusive rocks are dominantly of massive and lobate sheet
flows, which are as dense as the extruding magma (Teagle
et al., 2006). This results in the upper crust being without
an apparent LNB and the persistently over-pressurized ax-
ial magma chamber (Fig. 9b; Umino et al., 2008). Only a
small increase in magmatic pressure or reduction in horizon-
tal stress leads to dike intrusions followed by eruptions, and
so the upper crust extends solely by dike intrusions.

Figure 7. Extrusive thickness plotted against the AMC depth for
the present Galapagos Spreading Center and the East Pacific Rise
(EPR) segments and the 15 Ma 1256D crust. Solid and open sym-
bols are data based on total and on-axis extrusive thicknesses. Data
sources are Hooft et al. (1997; SEPR, NEPR), Blacic et al. (2004;
GSC), Tominaga et al. (2009; Hole 1256D), and Tominaga and
Umino (2010; Hole 1256D).

These observations suggest that magma-starved upper
crust will have less dense extrusive layers than magma under-
lain by a thicker-sheeted dike complex, whereas a magmati-
cally robust upper crust has dense extrusive layers compara-
ble to the magma underlain by a thin-sheeted dike complex.
These two types of upper-crust architecture result from the
interplay of magmatic accretion and tectonic deformation,
which determines the bulk density of extrusive layers and
axial topography. Spreading rate dependency of axial flow
morphology and ridge topography suggests that high-density
crust is formed on the ridge axis spreading at > 10 cm yr−1

with sheet flows covering more than 70 % of the smooth ridge
axes, whereas low-density crust is formed on the ridge axis
spreading at < 7 cm yr−1 and is dominantly created by pil-
low flows with deeper axial troughs (Fig. 8). However, it is
not clear whether the two types of upper-crust architecture
gradually change from one type to the other or if there is
any critical threshold that distinguishes two distinct types of
upper crust. Upper crust created by spreading at an interval
between 7 and 10 cm yr−1 is, therefore, key to understand-
ing the governing factors of the upper-crust architecture. The
Hawaiian North Arch site on the 78–81 Ma Cretaceous crust
with an estimated full spreading rate of 7–8 cm yr−1 will pro-
vide a missing link that connects the two crust architectures
and brings a more thorough understanding of seafloor spread-
ing.
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Figure 8. Spreading rate dependency of flow morphology of the
mid-ocean ridges. Open, gray, and black symbols represent on-axis,
ridge slope, and all data from on-axis to off-axis. Note that the
spreading rate dependency of flow morphology stands only for on-
axis flows. Even if the spreading rate exceeds 10 cm yr−1, steep
ridge slopes are overwhelmingly covered with elongate pillows.
This is because flow morphology of basalt lava extruded at a low
rate is mainly determined by the basement slopes and changes from
lobate lobes (∼ 0◦) through elongate, flattened pahoehoe-like lobes
(< 7◦) to elongate pillows (> 10◦; Umino et al., 2000, 2002). The
data sources are Ayadi et al. (1998), Bonatti and Harrison (1988),
Meyer and White (2007), Tominaga et al. (2009), and Susumu
Umino, unpublished data, 2019.

3.1.2 Hydrothermal alteration of the oceanic crust

Hydrothermal circulation is a pivotal process in the trans-
fer of heat and mass in ridge crest and ridge flank envi-
ronments and provides the nutrients and energy for (sub-
)seafloor life. Much of our knowledge about hydrothermal
circulation is based on geophysical, mineralogical, chemical,
and isotopic studies at or near spreading centers and ophi-
olites. In ophiolites, however, it is not always possible to
differentiate between distinct hydrothermal events and pro-
cesses prior to obduction. Except for two holes in the Pacific,
504B and 1256D, intact lower oceanic crust has not been
sampled. The alteration patterns in both holes are broadly
similar with low temperature phases in the volcanic section
to (sub-)greenschist facies phases in the sheeted dikes (Tea-
gle et al., 2006; Alt et al., 2010). The dike–gabbro transition,
which was only sampled at 1256D, shows multistage alter-
ation patterns from early amphibolite facies alteration and
granulite facies overprint to subsequent alteration at (sub-
)greenschist facies conditions (Alt et al., 2010; Harris et al.,
2017).

While Holes 504B and 1256D have provided a wealth
of information about hydrothermal processes in relatively
young oceanic crust, it is evident from heat flow measure-
ments that fluid percolation continues to 65± 10 Ma (Stein
and Stein, 1994). Heat transported by fluid flow in oceanic
crust decreases with age, and it has been suggested that this
is due to the clogging of pore space and decreased perme-
ability (Stein and Stein, 1994). The volume of water circu-
lating through ridge flanks and the aging oceanic crust (1–
65 Ma) may be as high as 2×1016 kg yr−1, which is orders of
magnitude higher than water circulation through ridge crest
hydrothermal systems (e.g., Schultz and Elderfield, 1997).
Beyond 65 Ma predicted and measured heat flow converge,
but fluid–rock interaction may still continue. As a result,
the oceanic basement rock may undergo prolonged oxidation
(e.g., Klein et al., 2017), mineral dissolution, and precipita-
tion, as well as chemical and isotopic changes, though it is
largely isolated from the water column by sediments. While
the dissolution and precipitation of minerals control porosity
with important consequences for fluid flow, heat and mass
transfer, and life (see below), we have been unable to assess
these processes in aged intact oceanic crust due the lack of
samples specifically from below the volcanic section.

3.2 Moho diversity in the Pacific plate

Aging of lithosphere is the cause of the diversity of the Moho
in the Pacific plate (Ohira et al., 2018). The Moho reflection
is weak in magma-starved segments and becomes obscured
by deep crustal intrusions and by hydration and deforma-
tion of the lithosphere. Correlation of magma geochemistry,
alteration, stress conditions, and seismic structures investi-
gated by drilling enables us to understand the relationship
between the Moho diversity and the aging of oceanic litho-
sphere, as well as by comparing these results with data for
younger crust at Sites 504 and 1256 and older crust at Site
801.

P-wave velocity in the uppermost mantle obtained from
the forward analyses in the seismic lines of Fig. 3 is 8.50–
8.65 and 7.9–8.0 km s−1 across and along the paleo-ridge di-
rection, respectively (Fig. 9 of Ohira et al., 2018), which is
common for the lithospheric upper mantle produced at fast-
spreading ridges. This suggests that the uppermost mantle
preserves its original structure formed at the ridge. The seis-
mic cross section shows a reduction of crustal P-wave ve-
locity from the un-deformed Pacific plate of ∼ 7.0 km s−1 to
the deformed North Arch with a Vp of ∼ 6.7 km s−1 (Fig. 9
of Ohira et al., 2018). However, shallow faults found in the
Layer 1 sediment do not differ much between the two areas.
Further, the intra-crustal and Moho reflectors are consider-
ably heterogeneous over these areas, and differences between
the two areas are obscure (Ohira et al., 2018).

The North Arch magmatism also potentially modified the
original architecture of the Pacific plate. The temperature of
an 80 Ma oceanic crust is low (100–200 ◦C; McKenzie et
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Figure 9. Estimated lithostatic–magmastatic pressure variations for Sites (a) 504B and (b) 1256D when they were at the ridge axis. (a) Us-
ing the lithodensity logs obtained during Leg 111, density structures of the upper crust were estimated by integrating all density data
> 2000 kg m−3 with depth, assuming water depth at the ridge axis of 3000 m, identical to that of the present Costa Rica Rift. The up-
permost 50 m thick flows were emplaced out of the neovolcanic zone (Ayadi et al., 1998), and so they were eliminated from the lithostatic
pressure estimate. Hole 504B lavas and dikes are nearly aphyric, relatively primitive (Mg# (100×Mg/[Mg+Fe]) 68 %–56 %, MgO 8 %–
9.5 %, FeO∗ (total Fe as FeO) 8 %–10.5 %), and are among the most depleted end-members of NMORB (Dick et al., 1992; Umino, 2003).
Magma density was estimated using the program adiabat_1ph (Smith and Asimow, 2005) run in MELTS (Ghiorso and Sack, 1995) mode
for representative primitive and differentiated compositions at an appropriate AMC depth up to the surface and at liquidus temperatures. The
lower crust gabbro is presumed to be close to the bottom of the hole at 1526 m below seafloor; however, it is yet to be reached. Consequently,
the AMC beneath the ridge axis is assumed to be at 1060 m in depth. Oxygen fugacity was assumed to be 2 log10 units below the quartz–
fayalite–magnetite buffer (Christie et al., 1986). (b) Hole 1256D was penetrated through a 15 Ma ultrafast-spread (22 cm yr−1) crust formed
at the East Pacific Rise. Assuming the water depth at ridge axis of 2600 m, the densities of magmas at the AMC pressures of 53.7 MPa are
estimated as 2698 and 2703 kg m−3 for primitive (FeO∗ 8.39 %) and differentiated (FeO∗ 10.2 wt %) magmas, respectively. Please refer to
Umino et al. (2008) for more detail.

al., 2005). Therefore, the magma chambers that developed in
such cold oceanic crust are unlikely to be long-lived tholeiitic
shallow systems like Kilauea (Poland et al., 2014), but rather,
they are likely deep-seated chambers near the lithosphere–
asthenosphere boundary, as estimated by the post-shield al-

kali basalts (Kimura et al., 2006). Basalt feeder dikes are
likely present within the Layer 3 gabbro. Such alkali basalt
dikes appear to provide little thermal and chemical overprints
of the surrounding crust. All those assumptions can be tested
by drilling because of the contrasting compositions of the
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∼ 80 Myr old mid-ocean ridge-type Pacific plate basalts and
the ∼ 0.5–1.5 Myr old alkaline North Arch basalts.

3.3 Deep biosphere in relatively old oceanic crust

The relatively old oceanic plate results in temperatures of
< 150 ◦C even at the Moho depths, which is close to the
upper temperature limit of life. Thus, the potential drilling
sites are intriguing targets for studying a deep subseafloor
biosphere in aged, hydrothermally overprinted igneous rocks
of the lower crust.

In contrast to sedimentary rocks, crystalline igneous rocks
are generally low in organic carbon and porosity, thus pro-
viding extremely low nutrient and energy supplies. How-
ever, microorganisms are possibly transported and migrate
to fractures and interconnected pores. Compared to sedimen-
tary rocks, the habitability of igneous rocks and their altered
equivalents in the lower oceanic crust remain poorly under-
stood and limited to slow-spreading ridges (Mason et al.,
2010). Exploration of the deep subseafloor biosphere from
the lower crust of intermediate-to-fast-spreading oceanic
plates will provide a unique opportunity to investigate the
diversity and survival strategies of microbial ecosystems in
rocks that make up the majority of the Pacific seafloor.

3.4 Nature of the North Arch volcano

No primitive basalt was found from the North Arch area,
suggesting either primitive basalts are undiscovered beneath
sedimentary cover or efficiently differentiated (Dixon and
Clague, 2001; Garcia et al., 2010). The presence of cracks
in the upper crust on the flexured North Arch lithosphere
reduces the bulk density of the upper crust, leading to the
presence of apparent LNB in the mid-crust, where magma
is trapped, fractionates crystals, and interacts with the wall
rocks. Fundamental issues are if there is any primitive basalt
hidden beneath differentiated lavas on the surface, how any
mid-crustal magma chambers formed associated with the
flexure, and to what extent and how the lithosphere is geo-
chemically altered and structurally disturbed by the North
Arch volcanism. Assimilation of Layer 2–3 (basalt–gabbro)
characteristics by the North Arch basalts can also be explored
by geochemical signatures, such as lower O, Sr, and Pb iso-
topes. Those can also be tested by drilling to recover more
primitive North Arch basalt samples.

3.5 Giant Hawaiian landslides: frequency, size, and
mechanics

The enormous size (up to 8.5 km of relief and 80 000 km3)
and rapid growth (∼ 1 to 1.5 Myr) of Hawaiian volcanoes
causes them to become gravitationally unstable and collapse
(Moore et al., 1989). These collapses have generated some
of the largest landslides on Earth, and they have undoubtedly
produced colossal tsunami (e.g., Satake et al., 2002). Dozens

of giant landslides, some with deposits extending more than
200 km from their source and with volumes > 1000 km3,
have been recognized along the Hawaiian Ridge (Moore et
al., 1994). Considering only the deposits exposed on the
ocean floor, the Hawaiian Ridge has major landslides ev-
ery 32 km along its length. This suggests that a major land-
slide has occurred about every 350 kyr (Moore et al., 1994).
However, drilling at ODP Site 1223 revealed that Ko‘olau
Volcano, a moderately sized Hawaiian volcano, produced at
least four major and three other slides during a period of
∼ 0.7 Myr, and many more potential landslide deposits ap-
pear to be buried at depth (Garcia et al., 2006). Thus, exist-
ing data argue that large landslides are a common occurrence
(once in∼ 100 kyr) and are an important geologic hazard that
requires additional investigation to assess their impact on the
circum-Pacific regions. Drilling at the proposed site north of
the main Hawaiian Islands will allow the frequency, size, and
possible failure mechanics of such landslides to be better un-
derstood.

4 Summary

The diversity of the nature of the oceanic plate was reported
by a geophysical survey around the Hawaiian North Arch re-
gion, which is one of three candidate drill sites of the Pacific
Moho to Mantle drilling project. We summarize the scien-
tific rationale of a workshop on developing a proposal for
ocean drilling in the Hawaiian Arch region located in 78–
81 Ma Cretaceous crust with an estimated full spreading rate
of 7–8 cm yr−1. The main objective of the drilling proposal
is to understand the architecture and evolution of the oceanic
crust and the relationship between the diversity of the Moho
and aging of oceanic lithosphere. Previous drilling into tec-
tonically undisturbed oceanic crust was limited and skewed
to young (< 15 Ma) and slow (< 4 cm yr−1) spreading rates.
This leaves a substantial gap in our knowledge about crust
age between 20 and 110 Ma, including the world average
age of 63 Ma and spreading rate of 8 cm yr−1. The Hawaiian
North Arch site, with a spreading rate of 7–10 cm yr−1, will
enhance our understanding of the transition between slow-
spreading ridges, which are dominated by extension, and
fast-spreading ridges, which dominated by magmatism. The
drilling into the Hawaiian North Arch region can also address
other scientific objectives such as investigating a deep bio-
sphere in relatively old oceanic crust, the North Arch mag-
matism, and giant Hawaiian landslides.

5 Participants of the hard-rock drilling workshop in
Kanazawa, Japan

Natsue Abe (JAMSTEC), Yuya Akamatsu (Hiroshima
Univ.), Norikatsu Akizawa (Univ. Tokyo), Bidisha Dey (Hi-
roshima Univ.), Henry Dick (WHOI), Mike Garcia (Univ.
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Defry Hastria (Kanazawa Univ.), Kohei Hatakeyama (Hi-
roshima Univ.), Yasuhiro Hirai (Kanazawa Univ.), Takehiro
Hirayama (Hiroshima Univ.), Benoit Ildefonse (Montpellier
Univ.), Yuki Kakihata (Shizuoka Univ.), Ikuo Katayama (Hi-
roshima Univ.), Jun-Ichi Kimura (JAMSTEC), Frieder Klein
(WHOI), Shuichi Kodaira (JAMSTEC), Jürgen Koepke
(Hanover Univ.), Katsuyoshi Michibayashi (Nagoya Univ.),
Tomoyuki Mizukami (Kanazawa Univ.), Tomoaki Morishita
(Kanazawa Univ.), Yasuhiro Nanba (JAMSTEC), Khac Du
Nguyen (Kanazawa Univ.), Yohei Ogusu (Kanazawa Univ.),
Yasuhiko Ohara (Japan Coast Guard/JAMSTEC), Shigeaki
Ono (JAMSTEC), Kenji Shimizu (JAMSTEC), Gen Shi-
moda (AIST), Eiichi Takazawa (Niigata Univ.), Akihiro
Tamura (Kanazawa Univ.), Yoshihiko Tamura (JAMSTEC),
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Abstract. Neogene deposits of the lower Colorado River valley, especially the Miocene(?) and early Pliocene
Bouse Formation, have been the focus of intense debate regarding the early paleoenvironmental history of this
important continental-scale river system in southwestern North America and its integration with the proto-Gulf of
California. Fine-grained units within these Neogene deposits also hold a promising archive of Pliocene paleocli-
mate history for this part of the world. Because the depocenter deposits of the Bouse Formation and the deposits
that overlie and underlie it are poorly exposed and highly weathered, the formation is ripe for study through
collection of drill cores. A workshop was held 28 February–3 March 2019 in Parker, AZ, USA, to discuss how
scientific drilling might be employed to help resolve the Bouse controversies and improve our understanding of
paleoclimate history in the region.

1 Introduction

The Colorado River (CR) is one of the longest rivers of North
America (2330 km), with a watershed spanning 640 000 km2

of eight US and Mexican states, making it a critical resource
for the arid southwestern part of the continent. This dynamic
modern river is imperiled today by overutilization of its wa-
ter resource and a changing climate. Just as the river sys-
tem today presents a rapidly unfolding story of environmen-
tal change, its past geological history along with the basins
receiving its water and sediment present scientists with criti-
cal lessons for understanding possible future change.

A key archive of this past history can be found in the
late Miocene(?) and early Pliocene Bouse Formation, which
crops out and is present in the subsurface along the lower
CR valley of western Arizona, southern Nevada, and south-
eastern California today (Figs. 1, 2) (Metzger, 1968; Buis-
ing, 1990; House et al., 2008). The Bouse Formation, which
can range from less than 10 m thick in some outcrop expo-
sures to over 250 m in subsurface wells, contains the deposi-
tional record of a number of large water bodies, and the sci-
entific investigation of this unit has a legacy of controversy
that continues to today. The largest of these water bodies,
which occupied the Blythe basin and adjacent areas, covered
over 10 000 km2 (Spencer et al., 2013), almost twice the size
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Figure 1. Simplified stratigraphic and geomorphic relationships of
Neogene formations exposed in the lower Colorado River basin (af-
ter Buising, 1990; Howard et al., 2015; Crow et al., 2019a). Ages for
the Palo Verde alluvium (Late Pleistocene; Lundstrom et al., 2008)
and the Riverside alluvium (Early(?) or Middle Pleistocene; House
et al., 2018) are poorly constrained.

of the modern Great Salt Lake (Utah). For decades, geolo-
gists, paleontologists, and geochemists have been embroiled
in a scientific debate as to the paleoenvironmental nature and
age of these water bodies (e.g., Buising, 1990; Spencer and
Patchett, 1997; McDougall, 2008; Spencer et al., 2008, 2013;
McDougall and Miranda Martínez, 2014; Gootee et al., 2016;
O’Connell et al., 2017; Bright et al., 2018a, b; Dorsey et al.,
2018) and the implications of these variable interpretations
for the history of the CR, the integration of the river into
the evolving Gulf of California, and regional tectonic his-
tory, including both the southern basin and range region and
the Colorado Plateau (e.g., Bennett et al., 2016; Karlstrom et
al., 2017; Pearthree and House, 2014; Crow et al., 2019a).

The most intense debate has focused on the origin of the
basal Bouse Formation and exposures in the Blythe basin.
This unit has variably been interpreted as having formed
in marine (initially unaffected by CR water, but later estu-
arine) (Buising, 1990; McDougall and Miranda Martínez,
2014; Dorsey et al., 2018; Crossey et al., 2015) or lacus-
trine (Spencer and Patchett, 1997; Roskowski et al., 2010;
Bright et al., 2016, 2018a, b) conditions, or in some hybrid
of these scenarios evolving over time, based on conflicting
evidence from fossils, isotope geochemistry, and sedimen-
tology (Fig. 3). The fossil record of the lower Bouse Forma-
tion includes a bewildering mixture of apparently marine or
estuarine (e.g., planktic foraminiferans, barnacles, and Tha-
lassinoides trace fossils) and lacustrine (ostracodes, Chara,
molluscs) fossils (Bright et al., 2018b). Sigmoidal bedding
and other depositional features interpreted to be of marine
tidal origin (O’Connell et al., 2017) were also interpreted by
Spencer et al. (2018) to indicate a lacustrine origin. Isotopic
data (C, O, and Sr) from Bouse carbonates uniformly point
towards a continental water source, either similar to or mod-
ified from CR water, with little indication of a marine influ-

ence (Spencer and Patchett, 1997; Bright et al., 2016, 2018a,
b). Two broad classes of models have arisen from these inter-
pretations of the Blythe basin deposits, an incursion (or mul-
tiple incursions) of marine waters from an evolving proto-
Gulf of California (McDougall and Miranda Martínez, 2014;
Dorsey et al., 2018) or a “fill and spill” scenario of CR waters
making their way downstream below the Grand Canyon by
infilling a series of pre-existing basins as large lakes, which
eventually infill with sediment and overtop their sill thresh-
olds, allowing the CR to extend its length downstream to-
wards an ultimate interconnection with the gulf (House et
al., 2008; Spencer et al., 2013). Most participants in this de-
bate now agree that Bouse Formation deposits in basins up-
stream from the Blythe basin, while displaying grossly sim-
ilar stratigraphies and geochemical signatures to that basin,
were all fully lacustrine through their history. Thus, it is only
the Blythe basin that is currently at the core of this contro-
versy.

In addition to this enigmatic history, the Bouse Formation,
as well as the alluvial deposits that overlie it (e.g., Bull-
head Alluvium, Howard et al., 2015; Chemehuevi Forma-
tion, Malmon et al., 2011; and Blythe Alluvium, Block et
al., 2019; Fig. 1), house an outstanding and largely still un-
tapped record of the history of both the CR since the Pliocene
and climatic conditions during the early Pliocene. The latter
is of particular significance, as this time period represents an
initial episode of warming (e.g., Drury et al., 2018) towards
the Piacenzian (mid-Pliocene warm period), which may be
analogous to our modern anthropogenically driven transition
to a warmer planet. Understanding the history of the CR, a
critical water resource for desert southwestern North Amer-
ica, through its downstream Bouse Formation paleorecords
is thus of value for society as a whole.

2 Workshop goals

It was through this lens of multiple lines of scientific in-
terest in the Bouse Formation that a workshop was held
28 February–3 March 2019 in Parker, AZ, USA, to discuss
the possibility of developing a scientific drilling project tar-
geting this formation and its overlying CR-related strata.
Over the course of 4 d, 33 participants debated whether,
where, and how a drilling and coring campaign might pro-
ceed that could address (and perhaps resolve) the fundamen-
tal controversies surrounding the origin of the Bouse Forma-
tion in the Blythe basin and how high-resolution drill core
records might improve our understanding of the paleoclimate
and paleohydrology of this region.
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Figure 2. Geological index maps of (a) the Blythe basin study area and (b) the regional setting of the Blythe basin with respect to geologic
elements of the Colorado River corridor and the Gulf of California, showing the reconstructed outlines of paleo-water bodies for the Bouse
deposystem in darker gray and basin spillover locations with black lines. Panel (a) shows the outcrop distribution of stratigraphic units
discussed in the text (modified from Crow et al., 2018), locations of prior water/geotechnical wells with cuttings/log records available for
this study and cross sections illustrated in Fig. 4. Most discussion on target localities for drilling have focused on the well exposed and
controversial Bouse Formation rocks of the Blythe basin. Potential and promising drill sites were also examined in the Yuma basin, south of
the Chocolate Mountains basinal divide. Provisional drilling target areas are shown but additional site survey work is required prior to final
site selections.
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Figure 3. Alternative paleoenvironmental models for the Bouse
Formation (after Pearthree and House, 2014). In the exclusively
lacustrine model (Spencer and Patchett, 1997; House et al., 2008;
Roskowski et al., 2010; Spencer et al., 2013; Bright et al., 2016,
2018a, b) the precursor internally drained Miocene basins and fan-
glomerate and playa deposits (brown) of the future lower Colorado
River valley were successively flooded by a series of overspilling
lakes, initially depositing the transgressive tufa, marl, and shelly
carbonates of the lower Bouse Formation (dark green). Upstream
basins were rapidly infilled by the progradational sediment bodies
of the early Pliocene, upper siliciclastic Bouse (light green) (and
later, Bullhead Alluvium), which eventually integrated the evolv-
ing Colorado River system into the proto-Gulf of California in the
early Pliocene. Subsequent downcutting of the system resulted in
the graded deposystem that has evolved since the early Pliocene.
In the marine/estuarine model (Buising, 1990; McDougall and Mi-
randa Martínez, 2014; Dorsey et al., 2018), arrival of the prograd-
ing Colorado River system into the Blythe basin was preceded in
the late Miocene by a marine incursion, resulting in the forma-
tion of marine or estuarine bioclastic carbonates of the lower Bouse
through one or more transgressive events. Subsequent arrival of the
prograding and then downcutting Colorado River system then trans-
formed the deposystem in a manner similar to the lacustrine model.

3 Paleohydrological and paleoclimatic research and
education & outreach objectives of a lower
Colorado River scientific drilling project

The workshop opened with a series of background talks in-
tended to lay out our current understanding of the Bouse For-
mation, its tectonic setting, stratigraphy and sedimentology,
paleontology, age, and geochemistry. Karl Karlstrom and Ja-
cob Thacker (University of New Mexico) and Vicki Langen-
heim (USGS) discussed our current understanding from iso-
static modeling of syn- and post-Bouse deformation, struc-
tural mapping, and geophysical surveys. Isostatic modeling
is useful for estimating the original vertical position of key
features related to the Bouse Formation, such as shorelines.
Understanding the depth and shape of the Bouse depocen-
ters (particularly those lying below sea level today) and their
deformation history is critical for decision-making on appro-
priate drilling targets based on variable predictions of the ma-
rine incursion versus lake-fill and spill models. Understand-
ing Bouse basinal strain history from outcrop fault geome-
tries is key to understanding how tectonics has influenced
lower CR deposits before, during, and after Bouse deposi-
tion. Regional gravity and magnetics data can also help in-
form us about potentially favorable depocenters for drilling
thicker Bouse and post-Bouse stratigraphic sections.

The stratigraphy and sedimentology of the Bouse For-
mation have been a major focus of work for several
research groups represented at the workshop, including
Kyle House and Ryan Crow (USGS); Phil Pearthree and
Brian Gootee (Arizona Geological Survey); Becky Dorsey,
Brennan O’Connell, and Kevin Gardner (University of Ore-
gon); and Colleen Cassidy (University of Arizona). House,
Pearthree, and Gootee discussed the general stratigraphic
framework of the early Pliocene (standing water and deltaic)
Bouse Formation and post-Bouse (Pliocene–Holocene) allu-
vial deposits formed by the through-flowing Colorado River.
They reviewed evidence from a series of N–S basins for the
serial decantation of solute-rich CR waters with sediments
stored in each basin until the delta wedge surmounts the out-
let sill, at which point the outlet converted each successive
lake into a valley, removing the drainage divide and allowing
rapid incision in the upstream basin. The basal deposits of the
Bouse in each successive basin are carbonates, sitting over
buttressed unconformities at variable elevations (inferred by
Pearthree and others to represent the rapid transgression of
a series of lakes). This process was repeated multiple times
as the CR worked its way southwards. This “decant–deposit
delta–degrade–repeat” model (Fig. 3) provides a testable hy-
pothesis for high-resolution drill core records. Above each
basal carbonate is a sequence of siliciclastic fine-grained de-
posits, overlain by coarser-grained gravels and conglomer-
ates that record the successive CR deltaic and fluvial aggra-
dation. Dorsey, O’Connell, and Gardner presented the case
for a marine (and specifically marine macrotidal) deposi-
tional setting for the lower Bouse carbonate member in the
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Figure 4. Fence diagram of Neogene strata in the lower Colorado River corridor (Blythe and Yuma basins) assembled from driller’s log
data from water and geotechnical wells. Scales are variable between cross sections but vertical exaggeration is 20×. Position of cross section
lines shown in Fig. 2. Lengths of cross section lines are 210, 70, 40, and 40 km for Lines A to D, respectively. The 3-D subsurface geometry
reconstructed from these well data, coupled with to-be-collected seismic reflection surveys immediately adjacent to high-priority drilling
areas, will be used to select the final drill sites. Well control information is based on Cassidy et al. (2018).

Blythe basin, based on the presence of sigmoidal and com-
pound dune bedforms, rhythmites inferred to have tidal pe-
riodicities, flaser bedding, and marine-like cements, as well
as trace and body fossils discussed below. Cassidy discussed
the joint USGS–UA project to digitize all existing log data
(extensive but of variable quality) from research and water
wells throughout the lower CR valley. These data are being
used to develop realistic isopachs and structure maps of the
Bouse, locating wells where the controversial basal carbon-
ate was encountered and, from that information, predict opti-
mal drilling targets for thick Bouse and post-Bouse sections
(Fig. 4). Natalia Zakharova (Central Michigan University)
discussed how downhole logging might be integrated into a
future drilling campaign for the Bouse with drill core mea-
surements of stratigraphy, and Anders Noren (University of
Minnesota Continental Scientific Drilling Coordination Of-
fice) provided a “Drilling 101” primer for the many outcrop-
focused geoscientists in the room.

Evidence from fossils and geochemistry weighs heavily
in the Bouse debate but, like much else about the Bouse,
is highly controversial. Kris McDougall-Reid (USGS) and
Steve Hasiotis (University of Kansas) presented paleontolog-
ical evidence from foraminiferans (some planktic species un-
known from lakes) and trace fossils (e.g., burrowing shrimp
typical of macrotidal flats) in support of a marine interpre-
tation for the lower Bouse. McDougall also argued, based
on biostratigraphic evidence, for a late Miocene age of the

lowermost carbonates predating the arrival of CR waters.
Scott Staratt discussed the potential for using diatoms to re-
solve the Bouse controversy. The one outcrop locality of
Bouse which has been studied in detail for diatoms (well
west of the main outcrop belt) contains a mix of marine
and freshwater species. Similarly, Jessica Tierney (Univer-
sity of Arizona) discussed the potential for organic geochem-
ical biomarkers to resolve the origins of the lower Bouse, as
well as for paleoclimate studies discussed below. In contrast,
Jordon Bright (Northern Arizona University) presented both
stable isotope and faunal evidence from ostracodes indicating
deposition of the lower Bouse in a consistently lacustrine wa-
ter body, which was at times stratified and saline, but without
detectable marine influence. Similarly, Laurie Crossey (Uni-
versity of New Mexico) studied the lowest Bouse carbonate
unit, a “traver-tufa”-present ubiquitously draping pre-Bouse
bedrock, which isotopically, morphologically (apparently de-
posited subaqueously), and paleontologically (presence of
carbonate Chara algal casts) is consistent with a lacustrine
origin interpretation.

Given the fill and spill framework (which is uncontested
from the upstream basins) and evidence for marine incur-
sions in the southern Blythe basin, it is clear that good
geochronological control in multiple basins will be critical
for evaluating the various models of how the Bouse Forma-
tion was formed. Ryan Crow and Keith Howard (USGS),
Shannon Dulin (University of Oklahoma), and Steve Kuehn
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(Concord University) discussed the most promising dat-
ing approaches based on Ar/Ar, magnetostratigraphy, and
tephrostratigraphic data collected in basin margin outcrops
to date. For example, recent advances in the combined ap-
plication of 40Ar/39Ar dating of tephras and detrital sanidine
with magnetostratigraphy were discussed that suggest the CR
arrived in upstream basins between 5.24 and 4.6 Ma and at
the Gulf of California between 4.8 and 4.63 Ma (Crow et al.,
2019b); this is about half a million years later than previously
suggested. Expanded sections, which could be provided by
basin center drill cores of the Bouse and post-Bouse sedi-
ments, could provide an increased probability of collecting
tephras and detrital sanidines in a stratigraphic context and
a more complete and accurate paleomagnetic record. The
fill-and-spill model for the CR all the way south to the un-
contested marine-influenced region south of the Chocolate
Mountain divide makes clearly differentiated geochronolog-
ical predictions for the basal Bouse Formation and onset of
CR-derived siliciclastics in each basin relative to the marine
incursion model. Additionally, establishing the duration of
Bouse deposition is critical to determining the timescale over
which the lower Colorado River, a continental-scale river, be-
came integrated with the ocean.

The potential of the Bouse Formation to provide a de-
tailed paleoclimate record for the southwest during the early
Pliocene had not been explored prior to this workshop. How-
ever, the age of the unit coupled with the potentially time-
rich record (∼ 100–500 kyr) during an intriguing period in
Earth’s history, make the Bouse a particularly compelling
target for such studies. In addition to Tierney’s suggested
biomarker studies (in particular glycerol dialkyl glycerol
tetraether (GDGT) investigations of paleotemperatures and
compound specific isotopic studies of leaf waxes in the fine-
grained Bouse units), the potential for fossil pollen studies of
paleoclimate was discussed by Vania Stefanova (University
of Minnesota), and clumped/triple oxygen isotopes were dis-
cussed by Karl Lang (Queens College) and Dan Ibarra (Stan-
ford University), all of which seem promising approaches.
Alison Smith (Kent State University) discussed other initia-
tives for obtaining Pliocene paleoclimate records from drill
cores situated further north in western North America and
how they might complement results that could arise from
drill cores from the lower CR valley.

A Bouse–CR drilling project could have substantial and
societally significant education and outreach dimensions.
The lower CR is at the nexus of significant water rights con-
troversies, following years of extended drought conditions
in the CR basin, and both paleorecords of the CR and new
subsurface information about post-Bouse aquifers could be
of considerable interest. Local stakeholders from the Col-
orado River Indian Tribes and the Cibola National Wildlife
Refuge (both of whose lands include potential drilling tar-
gets) and local municipalities were either present at the meet-
ing and field trip or have been involved in discussions about
the project to date. Amy Myrbo (University of Minnesota)

discussed education and outreach programs (some derived
from other successful past drilling and coring projects) that
could serve as models for a future Bouse–CR-related project,
focusing around training or display opportunities for local
stakeholders’ underserved communities which are chroni-
cally under-represented in STEM fields and especially the
geosciences.

4 Recommendations of the workshop

Following the presentations discussed above, breakout ses-
sions, plenary discussions, and a field trip to visit key outcrop
and potential drilling sites allowed workshop participants to
consider whether and where moving forward with a drilling
campaign in the lower CR valley was warranted (Fig. 5).
There was a strong consensus that a series of drill cores from
depocenter sites along a N–S axial transect of the Blythe and
adjacent basins could help address both the key outstand-
ing paleoenvironmental controversies surrounding the Bouse
Formation. They could also provide a seminal record of both
early Pliocene paleoclimate for southwestern North America
and the Colorado River’s paleohydrologic history (Fig. 4).
In all cases the objective would be to obtain cores where
the Bouse Formation is both thick (maximum probable du-
ration and temporal resolution) and fine-grained and where
the controversial basal carbonate units are both present and
fossiliferous. Fortunately, indications of all of these condi-
tions can be obtained from the compiled water or geotechni-
cal well driller’s cuttings logs (no continuous cores are avail-
able). The specific targets which seem most promising (and
to provide data unlikely to be recorded in basin marginal out-
crops alone) are as follows.

1. Southern Blythe basin. This is probably the most criti-
cal drill site, as it would be in close proximity to many
of the outcrops (e.g., Fig. 5b) that are most central to
the Bouse debate. Because of its probable lower paleo-
elevation, an expanded section in the depocenter here
would provide a record of the entire transgressive in-
filling of the basin by whatever type of standing water
body was present.

2. Northern Blythe basin. A testable corollary of the fill-
and-spill deltaic progradational model is that this area
would provide a mostly(?) diachronous (earlier) phase
of upper siliciclastic member deposition relative to the
southern Blythe basin. In combination with the southern
Blythe basin drill core record, an expanded fine-grained
section, here it would also expand the duration of a high-
resolution paleoclimate record (Fig. 5c).

3. Northern Yuma basin. Given adequate geochronologic
control, a drill site immediately south of the Choco-
late Mountain divide would allow unambiguous testing
of the spillover hypothesis between this basin and the
Blythe basin. It would also allow testing of the northerly
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Figure 5. Bouse Formation. (a) Spectacular exposure (∼ 12 m outcrop height, looking west) of basal Bouse “traver-tufa” draping Cretaceous
metavolcanic rock (pre-Cambrian protolith) bedrock near Mesquite Mountain, northern Blythe basin near Parker, AZ, looking east (photo
credit: Andy Cohen). (b) Controversial (lacustrine or marine?) cross-bedded, bioclastic carbonate of the lower Bouse Formation at Big Fault
Wash (looking north), near Cibola, AZ (photo credit: Kyle House). (c) Upper Bouse siliciclastic deposits from progradational infill by the
Colorado River, Mesquite Mountain (looking east), near Parker, AZ (photo credit: Charles Ferguson).

directed marine incursion hypothesis of McDougall-
Reid and Miranda Martínez (2014). No outcrops of the
Bouse Formation exist in the Yuma basin, but it and its
correlatives in the Imperial Formation have been iden-
tified and logged in numerous water and geotechnical
wells (Olmsted et al., 1973)

4. Mohave basin. Going north from Blythe basin there was
some interest in locating a drill core in this region. How-
ever, this would be a distinctly lower priority because
many good Bouse depocenter outcrops exist in this re-
gion.

Workshop participants also agreed that prior to moving ahead
with a full drilling proposal and campaign, additional site
survey work was needed to both better identify the most op-
timal drilling targets and develop a “proof of concept” for
likely paleoclimate and paleohydrological information that
could be yielded from a study of the upper siliciclastic mem-
ber of the Bouse Formation. Improved subsurface informa-
tion beyond what is currently available from well control can
be obtained through a shallow reflection seismic campaign,
targeting the existing wells with the most optimal character-
istics of thickness of fine-grained Bouse, presence of basal
carbonate at or near the well, and logistical/access consid-
erations. A proof-of-concept study would best be conducted
at the relatively thick upper siliciclastic Bouse exposures on
the west side of Mesquite Mountain, in the northern Blythe
basin. The workshop participants recommended that both of
these activities should be pursued through grant applications
in the near future. Participants representing Colorado River
Indian Tribes and local municipalities also made a strong
case that these science activities be pursued in the context
of a concerted effort to develop a meaningful education and
outreach component to the project at each step of the way,
beginning with the site survey work.
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Abstract. The northeast Atlantic encompasses archetypal examples of volcanic rifted margins. Twenty-five
years after the last ODP (Ocean Drilling Program) leg on these volcanic margins, the reasons for excess melting
are still disputed with at least three competing hypotheses being discussed. We are proposing a new drilling
campaign that will constrain the timing, rates of volcanism, and vertical movements of rifted margins. This
will allow us to parameterise geodynamic models that can distinguish between the hypotheses. Furthermore,
the drilling-derived data will help us to understand the role of breakup magmatism as a potential driver for
the Palaeocene–Eocene thermal maximum (PETM) and its influence on the oceanographic circulation in the
earliest phase of the northeast Atlantic Ocean formation. Tackling these questions with a new drilling campaign
in the northeast Atlantic region will advance our understanding of the long-term interactions between tectonics,
volcanism, oceanography, and climate and the functioning of subpolar northern ecosystems and climate during
intervals of extreme warmth.

1 Introduction

The formation of continental margins is accompanied by a
broad spectrum of magmatic activity ranging from little vol-
canism to the emplacement of a large igneous province (LIP)
(Fig. 1). The reasons for this variability in magmatism are
still disputed despite it being of large societal and economic
importance. DSDP (Deep Sea Drilling Project) Legs 38 and
81 investigated the nature of the continental margins around

the northeast Atlantic in 1974. ODP (Ocean Drilling Pro-
gram) Legs 104, 152, and 163 in 1985, 1993, and 1995
established that volcanism plays a major role in continen-
tal breakup and instituted the concept of volcanic passive
margins (Coffin and Eldholm, 1992; Eldholm et al., 2000).
Breakup volcanism has since been identified as a major
short-term climate driver that may have played a role in sev-
eral mass extinctions (Eldholm and Thomas, 1993; Svensen
et al., 2004, 2007). Magmatic intrusions can be of particu-
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lar importance as they may have the potential to release large
amounts of greenhouse gases through contact metamorphism
in a very short time (Berndt et al., 2016), and it remains plau-
sible that the magmatism associated with the breakup of the
northeast Atlantic triggered the Palaeocene–Eocene thermal
maximum (PETM) (Svensen et al., 2004; Minshull et al.,
2016). The subsequent long-term tectonic evolution of the
northeast Atlantic through the Paleogene and Neogene cre-
ated an ocean gateway linking the Arctic Ocean to global
circulation that is likely to have played a significant role in
causing, or amplifying, environmental changes through its
influence on ocean circulation (Laughton, 1975; Miller and
Tucholke, 1983; Jakobsson et al., 2007; Coxall et al., 2018).

The underlying geodynamic processes that control the
rifted margin structure are relatively well understood (e.g.
Huismans and Beaumont, 2011). However, what drives and
controls the degree of breakup magmatism remains disputed,
despite the potential for breakup magmatism to affect tec-
tonic deformation and to lead to abrupt climate change. The
development of the concept of seismic volcanostratigraphy
(Planke et al., 2000) represents a breakthrough that could
lead to progress in understanding these processes. Seismic
volcanostratigraphy is an interpretive framework that relates
particular seismic facies to various volcanic emplacement en-
vironments, which has enabled large areas of volcanic mar-
gins to be interpreted from remote seismic data (e.g. Ab-
delmalak et al., 2016, 2019). This framework, developed
through the joint analysis of results from ODP Legs 104
and 152 and large amounts of seismic data, enables seismic
data to be used to infer the duration of volcanism, emplace-
ment rate changes, subsidence history, and other aspects of
volcanic margin formation that are tied to both the under-
lying geodynamic drivers of rift volcanism and the impact
of that volcanism on the hydrosphere and atmosphere. Since
1996 there has been no dedicated scientific drilling leg to
test the predictions that stem from seismic volcanostratig-
raphy and new seismic and potential field data (e.g. Abdel-
malak et al., 2016; Planke et al., 2017), and thus important
hypotheses remain untested that could be assessed with tar-
geted drilling sites. These include the suggestion that north-
east Atlantic breakup volcanism was short-lived enough to be
a viable driver for the rapid early Paleogene climate change
event and, by extension, other environmental crises through-
out Earth’s history.

In May 2018, we convened a MagellanPlus IODP–ICDP
(International Ocean Discovery Program–International Con-
tinental Scientific Drilling Program) drilling workshop at
GEOMAR, Germany, to develop new drilling proposals that
would lead to an improved understanding of the nature of
breakup volcanism and evolving Atlantic–Arctic gateways.
This includes, for example, the question as to whether a link
exists between hydrothermal venting of greenhouse gases
formed by the heating of organic-rich sedimentary rocks by
igneous intrusions and global negative carbon isotope excur-
sions, such as those observed during the PETM. This would

require dating the respective intrusions and the hydrother-
mal vent structures, sampling the Paleogene sediments and
ash layers in high resolution, and constraining the extent of
breakup-related volcanic successions and environments in
which they were emplaced. Also required is an improved
understanding of the nature of volcanic seismic facies units
and whether they represent specific environmental conditions
during the emplacement of the breakup volcanic extrusive
successions and if they can be used to decipher the inter-
action of magmatic processes and (local) relative sea level
changes. The early oceanic basins were likely restricted by
igneous deposits which, at best, only allowed shallow surface
water exchange with the Arctic Ocean and North Sea until
the Miocene, after which the Greenland–Scotland Ridge and
Fram Strait had deepened to allow for the exchange of cold
dense waters, an important prerequisite for a deep Atlantic
overturning circulation. Testing this hypothesis requires the
coring of Eocene–Neogene sediments overlying the volcanic
basement to produce a chronologic and palaeoenvironmental
framework that constrains deep and surface water properties,
including basin ventilation state and surface salinities.

Since the mid-1990s, major advances in seismic imag-
ing, e.g. the development of three-dimensional seismic tech-
niques and broadband processing, and their applications to
volcanic provinces by the industry delineated the youngest,
best-imaged, and most-accessible sub-surface structures. As
a result, we identified a number of suitable IODP and ICDP
drilling targets offshore in the northeast and northwest At-
lantic and onshore in northern Denmark. Drilling these tar-
gets will allow us to better establish the sequence of events
leading to the construction of the breakup-related igneous
complexes. Furthermore, the drilling of the different seismic
facies units would provide the ground truth about the predic-
tions of seismic volcanostratigraphy. Together this informa-
tion will constitute a step increase in our understanding of
the underlying geodynamic processes of continental breakup
and initial seafloor spreading, breakup-related magmatism,
and the consequences of these processes on global environ-
ments.

2 Globally relevant aspects of studying breakup
volcanism

2.1 Fundamental tectonomagmatic processes
controlling breakup volcanism

The mechanism responsible for rift-related anomalous excess
magmatic productivity is still debated (e.g. Lundin and Doré,
2005) although we have unsurpassed constraints on conju-
gate crustal structure between the Norwegian Jan Mayen–
Greenland rifted margins in the northeast Atlantic and the
western Greenland margin (Abdelmalak et al., 2019). The
controversy centres on three competing hypotheses: (1) ex-
cess magmatism resulting from elevated mantle potential
temperatures and mantle plume processes, (2) small-scale
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Figure 1. Distribution of the different types of passive margins around the world. The northeast Atlantic rifted margins are the type examples
of volcanic rifted margins. Compiled from Menzies et al. (2002), Geoffrey (2005), Haupert et al. (2016), Jones et al. (2016), and Brune et
al. (2016).

convection at the base of the lithosphere enhancing the flux
of material through the melt window during rifting and mid-
oceanic ridge spreading, and (3) depth-dependent extension
with wide margins promoting excess magmatic accretion.
Bonatti (1990) proposed an alternative for the formation of
excess magmatism based on mantle heterogeneities in addi-
tion to these geodynamic end-members. Whereas the man-
tle plume mechanism requires anomalous high temperatures
resulting in high degrees of melting during asthenosphere
upwelling, small-scale convection operates without elevated
potential temperatures. In contrast small-scale convective in-
stabilities at the base of the lithosphere are inherently con-
nected to and produced by the rifting process (Keen and
Boutilier, 2000).

Continental breakup may be associated with extensive vol-
canism over large distances along the strike of the rifted mar-
gins as exemplified in the northeast Atlantic (Fig. 2). The
causes for the anomalous magmatic activity and the implica-
tions on the palaeoenvironment are, however, still debated.
Magmatic products (Fig. 3) emplaced along these volcanic
rifted margins have four major characteristics. (1) Wedges of
seaward-dipping reflectors (SDRs) and associated volcanic
seismic facies units, interpreted as massive sub-aerial and
submarine lava flows and volcaniclastic sediments, are found
on both sides of the ocean–continent boundary. (2) They have
extensive sill and hydrothermal vent complexes emplaced in
organic-rich sedimentary basins along the incipient breakup
axis. (3) Thick high-velocity bodies in the lower crust along

the ocean–continent boundary are commonly interpreted as
magmatic underplated material. (4) The magmatic crust at
these margins often exceeds 20 km, more than 3 times as
thick as normal oceanic crust produced by passive upwelling
of the normal potential temperature mantle. It appears that
volcanic rifted margins require mantle material that is either
(1) anomalously hot, (2) anomalously fertile, (3) actively up-
welling at rates higher than the plate half-spreading rate, or
some combination of these factors. We propose to test the
following hypotheses with the envisioned new IODP drilling
campaign.

2.1.1 Hypothesis 1a: mantle plume involvement
produces excess magmatism

The association of the northeast and northwest Atlantic vol-
canic rifted margins with the Iceland hotspot has strongly in-
fluenced the discussion of the causes for the excess magmatic
productivity (e.g. Bijwaard and Spakman, 1999; Ritsema et
al., 1999; Foulger et al., 2001; Montelli et al., 2004) and has
led to the hypothesis that excessive magmatic productivity,
which resulted from high mantle temperatures, was caused
by a mantle plume (Brown and Lesher, 2014; McKenzie and
Bickle, 1988; White and McKenzie, 1989). Various plume
structures have been suggested including (1) a plume head
impinging on the base of the lithosphere and (2) rising ver-
tical plume sheets. Numerical models predict that a plume,
with a potential temperature of possibly 50–300 ◦C higher
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Figure 2. Reconstruction of the northeast Atlantic at 55 Ma with the distribution of dated (57–53 Ma) onshore and offshore sample locations
(red filled circles) for the North Atlantic Igneous Province, the location of the Iceland Plume with respect to Greenland (Torsvik et al., 2015),
and rift basins developed from the late Palaeozoic to the Palaeocene (Faleide et al., 2010). The inset map demonstrates the extensive sill and
hydrothermal vent complexes in the Vøring Basin off the shore of Norway (see white box in main map) and the location of the 6607/5-2
Utgard borehole, where magmatic sills intruding organic-rich sediments are dated to 55.6 and 55.3 Ma (U–Pb zircon; Svensen et al., 2009).
From a database of many hundreds of dated volcanics and intrusions there are only six U–Pb ages, ranging from 62.6±0.6 Ma (Antrim lower
basalt in Ireland) to 56.02 Ma (Skaergaard intrusion in eastern Greenland).

than the surrounding mantle, can produce large quantities of
melt (White and McKenzie, 1995; Hole and Millett, 2016;
McKenzie and Bickle, 1988). Larsen and Saunders (1998)
proposed that the opening of the northeast Atlantic rift al-
lowed a sheet of hot plume material to spread along the rift
for as much as 2700 km from south of Greenland to the Bar-
ents Sea. Recent seismic tomography confirms that the Ice-
land anomaly extends to the lower mantle (e.g. French and
Romanowicz, 2015; Jenkins et al., 2016).

2.1.2 Hypothesis 1b: active upwelling without a thermal
anomaly

Active mantle upwelling without a thermal anomaly provides
an alternative mechanism for excess magmatism at volcanic
rifted margins involves. Active upwelling is defined as up-
welling of mantle at a rate higher than the half spreading rate
of the rift zone (Holbrook and Kelemen, 1993). Mutter et
al. (1988) first suggested that small-scale convection induced
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Figure 3. Breakup volcanism in the North Atlantic resulted in extrusion (pink and orange colours) and intrusions (red) of magmas into the
sediments basins and led to the development of lower crustal bodies with particularly high seismic velocities called underplating (not shown)
(Abdelmalak et al., 2016).

by lateral temperature gradients may provide an enhanced
flux of material into the region of partial melting, thereby
increasing magmatic activity in the absence of mantle po-
tential temperatures elevated by an external influence. While
this hypothesis has attracted considerable attention (Mutter
et al., 1988; Boutilier and Keen, 1999; Keen and Boutilier,
2000; Nielsen and Hopper, 2004; Simon et al., 2009), the rel-
ative importance of active upwelling in the evolution of rifted
volcanic margins is still debated (Holbrook et al., 2001; Ko-
renaga et al., 2000, 2002).

2.1.3 Hypothesis 1c: excess magmatism owing to an
enriched mantle source

Major element source heterogeneity may also contribute
to anomalously high melt production during continental
breakup (Davies, 1983; Zindler et al., 1984; Allègre and Tur-
cotte, 1986; Allègre and Lewin, 1995; Morgan and Mor-
gan, 1999; Kellogg et al., 2002; Meibom and Anderson,
2004; Albarède, 2005). The mantle is characterised by signif-
icant chemical and isotopic heterogeneity and appears to be
a heterogeneous assemblage of depleted and enriched peri-
dotite, as well as recycled subducted oceanic crust, the litho-
sphere, and sediments. Inherited enriched domains in the
sub-lithospheric mantle with anomalously low melt temper-
atures may therefore deliver more melt during their ascent
beneath the extending lithosphere and at the ridge axis.

These end-member processes have distinct characteris-
tics and diagnostic features that may be used to differen-
tiate their relative roles during volcanic margin formation.
Plume-related anomalous high mantle temperatures will re-
sult in high melt fractions, high-pressure melting, and dis-
tinct geochemical characteristics (e.g. He and Sr–Nd isotope
anomalies). Active upwelling (small-scale convection), con-
versely, without a thermal anomaly will result in a low av-
erage pressure of melting (Holbrook et al., 2001; Korenaga
et al., 2002), low degrees of melting, and geochemical sig-
natures closer to mid-ocean ridge basalt (MORB). Further-
more, the plume mechanism predicts that the largest excess
magmatic productivity will occur close to the plume centre
and there will be local structural control on melting. Ac-
tive upwelling caused by small-scale convection on the con-
trary is completely controlled by the local geometry of rift-
ing, its consequences for local perturbations in thermal struc-
ture, and the local viscosity and density structure of the man-
tle lithosphere and sub-lithospheric mantle. A fertile source
should result in a high average pressure of melting and dis-
tinct isotope geochemistry of the melts indicating an enriched
source. Information on the temporal and spatial variations of
the mantle potential temperature and active upwelling can
be used to constrain models of rift dynamics, rift-related
convection, and plume–rift interaction (Brown and Lesher,
2014).
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In spite of 30 years of research into the reasons for ex-
cess magmatism during the breakup of continents, it has not
been possible to determine which of the three competing hy-
potheses (1a–1c) is correct. Therefore, we propose a new ap-
proach to test the hypotheses that goes beyond the largely
geochemical approaches that have been employed in the past.
By drilling the various breakup related volcanic facies units,
we will produce the information on the timing, the rates of
volcanism, and the vertical movements of the Norwegian
margin necessary to feed geodynamic models that are able
to distinguish between the competing hypotheses.

We concluded during the workshop by affirming that it is
important to test a further hypothesis that will deal with the
consequences of breakup magmatism.

2.1.4 Hypothesis 2: voluminous emplacement of
magma in organic-rich sedimentary basins and
basaltic eruptions may trigger global warming

The magma volume, eruption duration, and emplacement en-
vironment are critical parameters for the palaeoenvironmen-
tal implications of LIPs. Svensen et al. (2004) proposed a
new hypothesis to explain how LIPs could trigger global en-
vironmental crises. The basic feature of this hypothesis is that
magma emplaced into organic-rich sedimentary sequences
leads to heating of the host rock and generation of large vol-
umes of greenhouse gases, most importantly CH4 and CO2
(Aarnes et al., 2010, 2011). The gas generation may cause an
overpressure build-up and formation of so-called hydrother-
mal vent complexes (Svensen et al., 2004; Reynolds et al.,
2017), releasing fluids and sediments to the hydrosphere and
atmosphere (Aarnes et al., 2015). This hypothesis may be
tested by collecting climate proxy data and sampling prox-
imal Palaeocene–Eocene deposits both in the Vøring Basin
and in Denmark (e.g. Svensen et al., 2004; Frieling et al.,
2016). The proximal nature of the Vøring Basin to the vol-
canic and magmatic sequences of the North Atlantic Igneous
Province (NAIP) could allow for the differentiation between
volcanic and thermogenic origins of gases, as differences be-
tween sub-aerial and subaqueous emissions of key magmatic
tracers such as tephra and mercury have a primary control
on their subsequent dispersal (Jones et al., 2019). Compar-
isons of this proximal dataset with distal sedimentary sys-
tems would then offer insights into the relative timing of ex-
trusive and intrusive magmatic activity and its temporal re-
lationship to climate change events. The sedimentary record
may also provide insight into the long-term Palaeocene cli-
mate variation in a proximal setting during the early phase of
the NAIP and potential palaeoclimate links to basaltic explo-
sive and effusive eruptions.

2.2 Effects of volcanism on climate change

Volcanoes play a key role in many global element cycles,
helping to replenish and regulate atmospheric and oceanic

chemistry over time. However, volcanism is episodic and
stochastic in nature, and elevated periods of activity in Earth
history will impact the carbon cycle (Jones et al., 2016). Pe-
riods of elevated volcanism such as the emplacement of the
NAIP often coincide with considerable environmental per-
turbations such as the PETM (Fig. 4), suggesting a possible
causal relationship (Bond and Wignall, 2014). The total vol-
ume of magma emplaced during the Paleogene is estimated
to be 6–10 × 106 km3 (Saunders et al., 2007). NAIP activity
is interpreted as occurring in two main pulses of activity:

1. A pre-breakup phase of continental flood basalt volcan-
ism was largely erupted through and onto continental
crust.

2. The main, more-voluminous phase of thick lava flows
and widespread intrusions is closely associated with the
breakup of the northeast Atlantic Ocean (Saunders et al.,
2007; Storey et al., 2007b; White and McKenzie, 1995).

The formation of the NAIP delivered considerable volumes
of greenhouse gases to the atmosphere, both in the form of
direct volcanic degassing and explosive discharge of ther-
mogenic gases generated by contact metamorphism around
magma intrusions into sedimentary basins (Svensen et al.,
2004). Therefore, the NAIP is one of the primary contenders
for causing the steady warming and, potentially, also numer-
ous hyperthermal events in the Paleogene (e.g. Cramer et al.,
2003; Lourens et al., 2005), either by direct forcing and/or as
an instigator of positive climate feedbacks such as methane
hydrate melting (e.g. Lunt et al., 2011).

The relationship between the NAIP and Paleogene climate
remain a topic of intense debate. The extreme greenhouse
conditions of the PETM occurred at ca. 55.8 Ma (Charles
et al., 2011), which coincides with the second major pulse
of activity from the NAIP (Storey et al., 2007a). However,
there are significant gaps in our understanding of the tim-
ing and volumes of greenhouse gas fluxes from both vol-
canic and intrusive NAIP activity. A robust geochronology of
the NAIP activity is currently hindered by the limited num-
ber of accurate radiometric ages and relatively limited ability
to trace LIP volcanism in sedimentary archives. At present,
the available modern geochronological data are restricted to
40Ar/39Ar mineral ages and a few U–Pb ages for subvolcanic
intrusions (Larsen et al., 2016; Storey et al., 1998, 2007b;
Svensen et al., 2010; Wilkinson et al., 2016). Significant hia-
tuses can be observed in between the two phases of mag-
matism in the late Palaeocene (Larsen et al., 1999; Storey
et al., 2007b), although the apparent timing of these repose
periods seems to vary across the NAIP. In eastern Green-
land there is corroborating evidence that voluminous volcan-
ism occurred in the late Palaeocene and early Eocene. The
initial emplacement of the Skaergaard intrusion occurred at
56.02 Ma (Wotzlaw et al., 2012), and a geobarometer study
using amphiboles suggests that the intrusion was buried by
5.3–6.3±2.7 km of flood basalts as it crystallised (Larsen and
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Figure 4. Eocene global climate evolution (redrawn from Cramwinckel et al., 2018). (a) Compiled atmospheric CO2 based on boron isotope
and alkenone stable carbon isotope fractionation data. (b) High-latitude (green) and tropical (purple and pink) sea surface temperature records
based on organic (TEX86) and various carbonate-based (Mg/Ca, oxygen isotope, and clumped isotopes) inorganic geochemical proxy data.
(c) Ice-free deep-ocean temperature based on high-resolution oxygen isotope data of benthic foraminifera.

Tegner, 2006). This estimate equates to around 100–300 kyr,
representing a huge outpouring of lava that began ∼ 200 kyr
before the PETM (Charles et al., 2011). Moreover, a distinc-
tive tephra layer in the uppermost part of the East Greenland
flood basalts (Heister et al., 2001) is indistinguishable in both
chemistry and age to a prominent tephra horizon found in the
North Sea and in Danish strata (Storey et al., 2007a). The
corrected Ar/Ar radiometric age is ∼ 55.6±0.12 Ma for this
tephra (Lars Augland, personal communication, 2019), indi-
cating a 400 kyr time interval for the East Greenland flood
basalts that encompasses the PETM.

There is also mounting evidence for considerable mag-
matic intrusions during this time interval. Vent structures
form at the edges of sill intrusions due to overpressure gener-
ated by pore fluid boiling and/or gas generation from contact
metamorphism (Aarnes et al., 2015). The resulting explo-
sions are capable of ejecting gases into the atmosphere, even
from submarine vents (Svensen et al., 2004). Many subma-
rine hydrothermal vent complexes have been identified in the
Norwegian Sea (Planke et al., 2005), in the Faroe–Shetland

basin (Hansen, 2006), and on the northeastern Greenland
margin (Reynolds et al., 2017), which suggests that these
features were widespread along the proto-northeast Atlantic
margins. The majority (∼ 95 %) of the vent complexes in the
Vøring and Møre basins terminate at the horizon between
Palaeocene and Eocene strata, with the remainder terminat-
ing within the Palaeocene sequence (Planke et al., 2005),
with some examples penetrating through earlier volcanic
events (Angkasa et al., 2017). The only drilled vent complex
is dated to within the PETM (Frieling et al., 2016), whereas a
zircon U–Pb age from a sill in the Vøring Basin was dated to
ca. 55.6 Ma (Svensen et al., 2010). It therefore appears likely
that the emplacement of sills led to considerable hydrother-
mal venting of gases around the time of the PETM.

While both volcanism and contact metamorphism de-
gassing appear to coincide with the global warming events
of the late Palaeocene and early Eocene, there remain con-
siderable unknowns in terms of temporal development and
potential gas fluxes from these sources. Moreover, it is cur-
rently difficult to separate the effects of volcanism and con-
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tact metamorphism in order to assess their relative forcing
on the climate system. There are a number of possible ways
to improve the geochronology and relative importance of
each flux in the Paleogene. The acquisition of core mate-
rial through continuous strata in close proximity to the NAIP
would be an invaluable asset in deciphering the relative im-
portance of these two processes. While both volcanism and
contact metamorphism release greenhouse gases, gases from
the latter are partly produced from sedimentary organic mat-
ter and therefore have much more depleted δ13C values. The
eruptions from hydrothermal vent complexes are also more
likely to transfer co-erupted metals such as mercury to the
overlying water column, so large variations in metal concen-
trations in sediments proximal to vent complexes would sug-
gest periods of elevated degassing driven by sill intrusions
(Jones et al., 2019).

3 North Atlantic Igneous Province

While many continental margins may be considered volcanic
rifted margins (e.g. South Atlantic, Arabian Sea, and north-
western Australia) the northeast Atlantic is by far the most
intensely studied volcanic rifted margin. As an early fron-
tier for hydrocarbon exploration this margin attracted also
scientific attention and for the past seven decades an enor-
mous amount of geophysical and drilling data were collected
culminating in five DSDP and ODP legs: Leg 38 (1974) –
Vøring (Talwani and Eldholm, 1977); Leg 81 (1981) – Rock-
all (Roberts et al. 1984); Leg 104 (1985) – Vøring (Eldholm
et al. 1987, 1989); Leg 152 (1993) – southeastern Greenland
(Larsen et al. 1994; Larsen and Saunders, 1998); Leg 163
(1995) – southeastern Greenland (Larsen et al., 1999; Dun-
can et al., 1996). Apart from the enormous amount of avail-
able data and a priori information, the North Atlantic Igneous
Province also lends itself to the study of breakup volcanic
processes because both conjugate margins can still be stud-
ied and because rifting occurred over a wide area trapping
terrestrial sediments. This results in a situation in which the
breakup volcanic successions are nearer to the seafloor than
on other volcanic margins, which makes it easier to study
them by geophysical methods and drilling.

The northeast Atlantic rift system developed as a result of
a series of rift episodes succeeding the Caledonian orogeny
that ultimately led to continental breakup and passive mar-
gin formation in the Palaeocene–Eocene (e.g. Talwani and
Eldholm, 1977; Eldholm et al., 1989; White and McKenzie,
1989; Skogseid et al., 2000). The conjugate Norwegian Jan
Mayen–Greenland margins are now very well covered by 2-
D and 3-D reflection and refraction seismic surveys, by po-
tential field and heat flow data, and by borehole data that al-
low a refined structural and stratigraphic framework (Figs. 1,
2, and 3) (e.g. Gudlagusson et al., 1988; Lundin and Doré,
1997; Brekke, 2000; Raum, 2000; Tsikalas et al., 2001, 2005;
Osmundsen et al., 2002; Gernigon et al., 2003; Ren et al.,

2003; Hamann et al., 2005; Mjelde et al., 2005a; Breivik et
al., 2006).

The Norwegian margin is segmented along strike by the
northwest-trending Jan Mayen Fracture Zone and the Bivrost
Lineament, which separate from south to north the Møre,
Vøring, Lofoten–Vesterålen, and Barents Sea margin seg-
ments on the Norwegian side and their conjugates at the
Jan Mayen microcontinent and off of northeastern Green-
land (Figs. 1 and 2). Margin segments are characterised by
strongly different tectonomagmatic styles and sediment dis-
tributions (Fig. 4) (Doré et al., 1999; Berndt et al., 2001; El-
dholm et al., 2002). The largest magmatic accumulation is
observed in the Vøring segment with decreased volumes to
the south and north. In the southern segment, passive mar-
gin formation and oceanic spreading were accommodated by
the Aegir Ridge between the Møre and Jan Mayen (at the
time still connected to Greenland) conjugate margins in the
Palaeocene–Eocene. The Aegir Ridge was abandoned in the
late Oligocene and the Jan Mayen micro-continent separated
from Greenland during the development of the Kolbeinsey
Ridge (Talwani and Eldholm, 1977; Nunns, 1982; Skogseid
et al., 2000; Müller et al., 2001).

Rifting and passive margin formation in the northeast At-
lantic was accompanied by strong volcanic activity (White
and McKenzie, 1989; Eldholm et al., 1989; Eldholm and
Grue, 1994; Larsen and Saunders, 1998). Along the north-
east Atlantic rifted margins, evidence for extensive magma-
tism is provided by SDRs, magmatic intrusives, and high-
velocity bodies at the base of the continental crust underly-
ing the ocean–continent boundary which in the distal margin
are unequivocally interpreted as a magmatic underplate (Tal-
wani and Eldholm, 1977; Roberts et al., 1984; Eldholm et al.,
1989; Larsen and Saunders, 1998; Berndt et al., 2001; Mjelde
et al., 2005b; Planke et al., 2005).

The ODP drilling of the Vøring Margin (Leg 104) and off
of southeastern Greenland (Legs 152 and 163) recovered vol-
canic rock successions that erupted during the initial stages
of the opening of the northeast Atlantic (Fig. 5). The drilled
rocks (Legs 152 and 163) range from pre-breakup conti-
nental tholeiitic flood basalt, through syn-breakup picrite, to
oceanic-type basalt that form the main part of the SDRs (Fit-
ton et al., 2000). The oceanic-type lavas show an increas-
ing degree of melting and contribution from asthenospheric
mantle sources with time (Fram et al., 1998; Fitton et al.,
1998). The thickness of igneous crust accreted at the south-
eastern Greenland continent–ocean boundary increases from
about 18 km in the south to about 30 km near the Greenland–
Iceland Rise (Holbrook et al., 2001). Similarly, geochemi-
cal enrichment of volcanics of the East Greenland Margin
(e.g. chondrite-normalised (Ce/Y)N and isotopes; Fram et
al., 1998; Fitton et al., 1998; Tegner et al., 1998; Brown and
Lesher, 2014) increases from south to north. The correlation
of crustal thickness and compositional enrichment suggests a
combination of changes in source composition, source tem-
perature, and/or melting dynamics. It is not known if a sim-
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Figure 5. Volcanic seismic facies unit sketch (after Planke et al., 2000) showing schematic location of potential drill sites (top) and modern
seismic reflection data showing sites proposed in IODP proposal 944 resulting from the workshop. In sequence (grey panels: left to right, top
to bottom) these will test the landward flows, hydrothermal systems linked to sill intrusions, the host rock, the seaward dipping reflectors,
the outer high facies, and the outer seaward dipping reflectors (data courtesy of TGS, more information at https://www.tgs.com/, last access:
17 November 2019).

ilar correlation of crustal thicknesses and magma composi-
tions exists along the Norwegian margin. To establish the re-
lationship between the chemistry of the volcanics and crustal
configuration would be a milestone of the proposed inves-
tigations. Geochemical data (Fig. 5) show strong chemical
and isotopic similarities between the “Upper Series” from the

Vøring Plateau and southeastern Greenland. In contrast, the
“Lower Series” from both areas are fundamentally different
from each other in many aspects. These differences point to
substantial differences in either the pre-breakup lithosphere
composition at the two localities or to different styles of
mantle–crust interaction.
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4 Drilling strategy and potential sites

During the workshop discussions focused on a potential
drilling strategy to maximise knowledge gain from a new
drilling campaign. The mid-Norwegian margin is well suited
for scientific drilling of Palaeocene and lower Eocene se-
quences as the post-breakup sediment cover is thin (com-
monly less than 200 m), and abundant new 2-D and 3-D seis-
mic data exist. The conjugate northeastern Greenland margin
and the Jan Mayen Ridge have much thicker post-breakup
sediment packages (commonly 1–2 km) and regional 2-D
seismic coverage, but several deep drilling sites have been
identified. Few basement drilling targets were identified in
the northwest Atlantic due to kilometre-thick post-breakup
sediment units. The Limfjorden region, on the shore of
Denmark, is however a promising complementary onshore
drilling area, as Palaeocene and lower Eocene sediments and
ash layers are outcropping here and accessible for sampling
by boreholes of 500–800 m.

On the mid-Norwegian margin the most promising ap-
proach would be to drill 5 to 10 shallow holes along one
along-strike and one cross-strike margin transect, including
volcanic and high-resolution Paleogene sedimentary sites.
The temporal and spatial sampling of volcanic rocks is im-
portant to constrain melting conditions and plume influence
on magmatism. The holes should provide samples of the
main volcanic terrains and ages (61–50 Ma). Geochemical
data can provide proxy data for the melting temperature
and dynamics in space and time. Furthermore, the data can
be used to assess mantle heterogeneities, lithospheric struc-
tures (e.g. transform margins), and lithospheric contamina-
tion. Geochronological data combined with geophysical data
are essential to provide constraints on how magma fluxes
vary along the strike and across the margin. These are all
crucial parameters required to model melting processes.

To determine the relative vertical movement of the margin
we propose to test the nature of volcanic seismic facies units.
The seismic volcanostratigraphic interpretation suggests that
the emplacement environment can be determined from the
seismic data (Planke et al., 2000; Berndt et al., 2001; Ab-
delmalak et al., 2016). Previous drilling on the Vøring Mar-
gin (Hole 642E) has documented that the inner SDR and
landward flows represent sub-aerially emplaced lava flows.
However, to date, no SDR reflections have been drilled by
IODP or its predecessors. Furthermore, the nature of the in-
ner flows, lava delta, outer high, and outer SDR has not been
documented by scientific boreholes. In the model of Planke
et al. (2000) the outer SDRs are emplaced in a deep marine
environment; the outer high is in a shallow marine environ-
ment; the lava delta is in a coastal environment; and the inner
flows are in a deep marine environment. The landward flows,
lava delta, and inner flows are thought to represent a transi-
tion from the sub-aerial to subaqueous domains (Abdelmalak
et al., 2016). The documentation of the emplacement envi-
ronment of the different facies units will provide important

control on the vertical motions of the volcanic eruption cen-
tres in space and time, which are important parameters for
modelling margin dynamics.

Direct observation of the palaeoenvironment by the sam-
pling of Paleogene sediments will help to determine the re-
lationship between magmatism and the palaeoenvironment.
Several potential drilling sites have been identified along
the Vøring Transform Margin and on the shore of Denmark.
Analyses will include the radiometric dating of tephra layers
and collection of volcanic proxy data such as metal enrich-
ments and evidence of hydrothermal vent complex ejecta.
These volcanic proxies will be integrated with palynology
and organic molecular proxies to reconstruct palaeo-sea-
surface and palaeo-land-air temperatures and palaeoenviron-
mental changes.

An across-strike margin transect is proposed in the central
Vøring Margin segment, and it could consist of four sites.
This transect is located in a typical volcanic rifted margin set-
ting and will cover the entire age range of breakup volcanics
to understand syn- and post-breakup volcanism, melting, and
margin dynamics. The inner two sites are located on modern
3-D seismic profiles, whereas the outer two sites are located
on 2-D seismic profiles. The holes are complementary to the
existing DSDP and ODP holes in the region.

The aim of the along-strike transect is to sample volcanic
rocks in the northern part of the Møre Margin, the Kolga
High. This structure has recently been covered by high-
quality 3-D industry seismic data, and it documents very thin
basalt above a non-reflective structural high. The two sites
aim at sampling the sub-basalt and initial basalt deposits on
this margin segment. The along-strike profile will include the
existing deep ODP 642 Site on the southern Vøring Mar-
gin, DSDP Sites, and the two proposed site on the Vøring
Marginal High.

Two high-resolution Paleogene sediment sites are pro-
posed along the Vøring Transform Margin. The Paleogene
is within the 200 m b.s.f. limit in two places, the northern
Kolga High and the Mimir High. Two holes are proposed on
the northern Kolga High to ensure relatively complete cover-
age of the sequence. Four slightly offset holes are proposed
on the Mimir High. Here, the Palaeocene and lower Eocene
sediments are dipping gently northwards and offset drilling
may provide a more complete sampling of the succession.
In addition, two boreholes in the Limfjorden area, northern
Denmark, targeting Palaeocene and lowermost Eocene sedi-
mentary strata and ash layers, are proposed in a complemen-
tary ICDP proposal.

5 Secondary objectives

5.1 The role of oceanographic gateways on the onset of
Atlantic meridional overturning circulation

A significant consequence of the tectonic opening of the
northeast Atlantic during the Paleogene and Neogene is the
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creation of ocean gateways linking the Arctic Ocean to the
Atlantic through the Greenland, Iceland, and Norwegian seas
(Nordic Seas). This process has been central to or part of pre-
vious scientific drilling expeditions in the northeast Atlantic
region, and the results strongly indicate that these connec-
tions played a significant role in causing, or amplifying, en-
vironmental changes during the Cenozoic through their in-
fluence on water mass circulation (Laughton, 1975; Miller
and Tucholke, 1983; Jakobsson et al., 2007; Boyle et al.,
2017; Coxall et al., 2018; Vahlenkamp et al., 2018). Cur-
rent questions are focusing again on the role and timing of
mantle upwelling beneath Iceland in dynamically support-
ing regional bathymetry and the depth of oceanic gateways
that control the strength of deep-water flow over geologic
timescales (Miller and Tucholke, 1983; Poore et al., 2006;
Parnell-Turner et al., 2014; Stärz et al., 2017), yet existing
records are insufficient to move forward. The recovery of
early Cenozoic sediments overlying Palaeocene volcanics on
the Vøring Plateau, which are captured impressively in seis-
mic profiles, will provide improved constraints on the evolv-
ing oceanic environment of the Nordic seas, especially the
transition from non-marine to marine facies. Moreover, we
suggest drilling a specified core in the trough “Judd Fall
Drift”, situated in the Faroe Bank Channel (one of the deep
intersections of the Greenland–Scotland Ridge) (850 m water
depth; Hohbein et al., 2012). Judd Fall Drift contains a thick
sedimentary section (up to 900 m) of early middle Eocene to
late Miocene (or early Pliocene) sediments and is interpreted
from industry seismic evidence to contain a history of Nordic
Seas overflow extending back to the middle Eocene (Hohbein
et al., 2012). IODP coring of the sequence will be critical
for testing this and competing hypothesis about the timing
of Greenland–Scotland Ridge subsidence and associated on-
set of the formation of deep water in the North Atlantic in
the early Cenozoic (Via and Thomas, 2006; Hohbein et al.,
2012; Boyle et al., 2017; Coxall et al., 2018; Vahlenkamp et
al., 2018). These palaeo-ocean gateway objectives will pro-
vide an older and more northerly perspective on the links be-
tween plume activity and ocean circulation to complement
an existing IODP proposal focused on similar questions in
the Neogene, i.e. IODP proposal 892 Full (Reykjanes Man-
tle Convection, Parnell-Turner et al., 2014).

5.2 Groundwater systems in breakup basalts and
carbon storage

Submarine groundwater discharge is a global phenomenon
contributing 3 %–30 % of the fresh water budget in various
locations (Taniguchi et al., 2002; Post et al., 2013). In re-
gions covered by glaciers and/or permafrost in the past, the
circulation of meteoric water has been shown to relate to a
large hydraulic head contrast as a result of the excess weight
from glaciers (DeFoor et al., 2011). Signs of meteoric water
circulation have been detected from the stable isotopes (δ18O
and δD) of water from ODP Leg 104 Sites 642 and 643 at the

Vøring Plateau. Such observation is unexpected as these two
drill sites are ca. 500 km from the shelf edge, where the max-
imum extent of glacier ice was during the Last Glacial Max-
imum (Patton et al., 2016). Similar signs of meteoric water
were also observed along the continental shelf of the Nor-
wegian margin (Egeberg and Aagaard, 1989) and more re-
cently documented by Hong et al. (2019) from the Lofoten-
Vesterålen continental slope (∼ 800 m water depth and ca.
100 km from the Lofoten Archipelago). Similar groundwater
anomalies were also documented ca. 100 km southeast of the
Greenland shelf (DeFoor et al., 2011).

The presence of meteoric water from the Norwegian and
Greenland margins may be associated with the thick basaltic
formation as a result of the breakup volcanism in the North
Atlantic Ocean. Large-scale basaltic formations serve as
quality aquifers at many places around the world. For exam-
ple, the Columbia River Basalt Group from the western USA,
one of the large igneous provinces, is a 163 687 km2 aquifer
that supplies fresh water to three states (Vaccaro, 1999). In
addition to the potential for storing fresh water, basaltic for-
mations are also good candidates for permanent CO2 seques-
tration. Alteration of basaltic rocks can release calcium ions,
which are one of the most essential ingredients for carbon-
ate mineral formation. By injecting solutions into the basaltic
formations, the dissolved CO2 can be sequestrated in the for-
mation as carbonate minerals. For example, the investigation
of fluid geochemistry around Hekla, Iceland, has shown that
the dissolution of basaltic materials can stimulate carbonate
mineral precipitation and the drawdown of inorganic carbon
content in the solution (Flaathen et al., 2009).

The observations of meteoric water and high dissolved
calcium concentrations from the bottom of ODP Sites 642
and 643 have shown that the Vøring Plateau is an ideal
place to study the circulation of fresh water within such a
large basaltic formation and to assess its potential for CO2
sequestration. However, what was not answered from the
early studies is the origin of the meteoric water and the trig-
ger(s) for such large-scale circulation. Furthermore, this will
have repercussions on the role of meteoric-water circulation
and water–rock interactions on carbon cycling and deep mi-
crobial ecosystems. The dating of the water samples from
the borehole with tracers such as 14C, 36Cl, and 234U/238U
(IAEA, 2013) and a systematic analysis of fluid geochem-
istry (Inagaki et al., 2015) will shed light on some of these
questions.

6 Relationship to the IODP Science Plan for
2013–2023 and beyond

The breakup of the continents is a fundamental component
of the plate tectonic cycle and major episodes of the agglom-
eration of crustal blocks into supercontinents and their sub-
sequent rifting, and the formation of new oceans has punctu-
ated Earth’s evolution since the Archean. Rifting episodes
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result in major changes in the surficial conditions of our
planet impacting Earth’s atmosphere, climate, ocean circula-
tion and chemistry, and life on land and in the oceans. Some
of these events have resulted in the development of the major
energy resources that have powered the world’s economies
for the past century. Consequently, the mechanisms and con-
sequences of continental breakup and the nature of the still
poorly defined transitions from continents to oceanic crust
have been important targets for scientific ocean drilling since
its inception in the Deep Sea Drilling Project 50 years ago.

The current phase of ocean drilling, the International
Ocean Discovery Program, is guided by the community-
derived science plan Illuminating Earth’s past, present, and
future: exploring the Earth under the sea (IODP Science Plan
for 2013–2023). This document comprises 14 challenges
within four major themes:

– “Climate and ocean change: reading the past, informing
the future”;

– “Biosphere frontiers: deep life and environmental forc-
ing of evolution”;

– “Earth connections: deep processes and their impact on
Earth’s surface environment”; and

– “Earth in motion: processes and hazards on human time
scales”.

A number of the challenges can be directly or indirectly re-
lated to the magmatic and tectonic processes occurring dur-
ing continental rifting and the formation of passive margins.
These include aspects of the composition, structure, and dy-
namics of Earth’s upper mantle (Challenge 8), how seafloor
spreading and mantle melting links to ocean crustal archi-
tecture (Challenge 9), and the chemical exchanges between
the oceanic crust and seawater (Challenge 10). Continental
breakup, whether accompanied by large-scale magmatism
or principally tectonic, may have major impacts on global
chemical cycles and the elemental and isotopic composition
of seawater, but to date these effects remain poorly quan-
tified for either volcanic or non-volcanic margins. Passive
margins host major potential hazards from submarine land-
slides and resulting tsunamis (Challenge 12), offer possibili-
ties for the industrial-scale storage of carbon dioxide (Chal-
lenge 13), and the loci for the flow of sub-seafloor fluids
and consequent tectonic, thermal, and biogeochemical pro-
cesses (Challenge 14). Although the climatic drivers and ef-
fects of magmatism and igneous sill intrusion on the Nor-
wegian margin remain debated (see Sect. 3.3), the tempo-
ral coincidence of magmatism, northeast Atlantic breakup,
and the major, geologically short-lived, carbon isotopic ex-
cursion of the PETM indicate that the sedimentary sequences
bordering the northeast Atlantic margins are compelling tar-
gets to test models of sedimentary or igneous gas release,
gas hydrate de-stabilisation, or thermogenic methane produc-
tion during contact metamorphism. Direct, sub-seafloor ob-

servations of purported gas escape structures may be of di-
rect relevance to anthropogenic-scale industrial carbon diox-
ide storage. These geological records could directly address
ongoing scientific debates regarding the Earth’s response to
elevated atmospheric pCO2 (Challenge 1) and other green-
house gases, in particular methane, and the resilience of the
oceans to chemical perturbations (Challenge 4). The science
plan also includes a number of cross-cutting topics, a number
of which can be partly addressed by a campaign of expedi-
tions to the northeast Atlantic region, including hydrocarbon
and other resources needed for the 21st century, the calibra-
tion of climate models through core observations and analy-
ses, and serpentinisation, which is a major process on some
rifted margins.

7 Conclusions

The North Atlantic Igneous Province is as thrilling a drilling
target as ever. During the MagellanPlus Workshop an im-
pressive amount of new data and ideas were presented. They
showed that since the last drilling campaign in 1996 science
has moved on, and new industry data do reveal drilling tar-
gets that would allow for testing two sets of hypotheses that
had not been around for consideration when the last ODP
drilling campaign took place. New IODP and ICDP cam-
paigns would lead to a fundamental understanding of the pro-
cesses that lead to large-scale breakup volcanism and to a
better understanding of the consequences that breakup vol-
canism may have for climate evolution.
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IODP beyond 2023

The International Ocean Discovery 
Program (IODP) has successfully 
entered its second phase of drill-
ing, with the current IODP Science 
Plan scheduled to conclude in 2023. 
Central to the IODP endeavours in 
this phase is the multi-drilling plat-
form approach to be able to drill in a 
wide range of environments. Many 
geoscientists from IODP member 
nations will have the unique oppor-
tunity to experience the sense of sci-
entific discovery through sailing on 
one of the drilling platforms. 
How about IODP beyond 2023?  
One of the IODP Forum consen-
sus items (September 2018; Chair 
Jamie Austin) was visionary: “Mul-
tiple planning efforts underway to 
continue scientific ocean drilling 
beyond 2023 will eventually require 
coordination, both to reconsider the 
extant decadal Science Plan and to 
evaluate the envisioned mix of drill-
ing platform capabilities, that will 
be necessary to respond to the ex-
pected continued flow of high-qual-
ity proposals. The Forum, or its 
successor, should play an important 
role in this.”
The above Forum consensus has 
inspired the international scientif-
ic community to work on the first 
step of a post-2023 programme: the 
whirlwind of writing a new Science 
Plan. Several international work-
shops were organized this year—
in Yokohama, Vienna, Canberra, 
Denver, and Shanghai—to discuss 
scientific priorities and possibilities 
for post-2023. Early- and mid-ca-
reer scientists played prominent 
roles during all of these workshops, 
with the Canberra workshop set-
ting aside a special session for early 
career researchers alone. An inter-

national working group of IODP 
scientists, representing all IODP 
nations and consortia, then met in 
New York in July to summarize and 
integrate results of the workshops 
and to form the skeleton of a very 
ambitious Science Plan for post-
2023, with a timeframe of having 
the final product available by June 
2020.
In September 2019, the Forum del-
egates had the opportunity to dis-
cuss, scrutinize, and alter where 
necessary the proposed skeleton of 
the new Science Plan during a very 
well-attended meeting in Osaka, Ja-
pan. The Forum delegates were very 
impressed with the Plan’s progress 
and enthusiastically endorsed its 
development while suggesting it be 
renamed a “Science Framework”, 
which better expresses the IODP 
community’s long-range vision for 
taking scientific ocean drilling into 
the mid-21st century. 
The Forum delegates thank the 
leaders and members of the New 
York working group for their hard 
work in developing this Science 
Framework for post-2023 and ap-
plaud the speedy formation of the 
writing and editing teams. We are 
looking forward to the final prod-
uct in mid-2020, as it is necessary 
for long-range deliberation on the 
structure of a post-2023 scientif-
ic ocean drilling programme. The 
Forum delegates also recognize 
that the concept and design of the 
current IODP structure has proved 
highly successful and provides a 
powerful possible model to take 
forward into the next phase of sci-
entific ocean drilling post-2023. 
There will be challenges, but these 
can and will be overcome through 
international collaboration among 
all member countries. 

The Forum applauds the efforts of 
IODP and ICDP to streamline and 
simplify the Amphibious Drilling 
Proposal (Land to Sea Proposal) 
review process. This should be im-
plemented as soon as possible in 
the current programmes of IODP 
and ICDP. For now, few details 
need to be worked out in the com-
ing months. This simplification of 
the review process coordinated by 
IODP and ICDP supports scientific 
drilling endeavours along transects 
from land to shallow waters that 
cross-cut multiple disciplines, re-
quiring interdisciplinary efforts to 
address specific science questions 
and specific societal challenges. 
IODP and ICDP are enthusiastic 
about working closely together im-
plementing land to sea proposals. 
The land to sea drilling efforts will 
be specifically mentioned in the ap-
propriate chapters of the new IODP 
Science Framework and the new 
ICDP Science Plan, both to be pub-
lished in 2020.   

Finally, on behalf of the Forum 
delegates, I would like to thank 
the organizers and participants in 
the many planning workshops that 
were held earlier this year. Their 
hard work has positioned scientific 
ocean drilling to flourish for many 
years to come. 

Sincerely, 

Dick Kroon
Chair, IODP Forum
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ECORD Research 
Grants 2020 for 
Early Career Scientists

CALL FOR APPLICATIONS
DEADLINE: 31 January 2020

The European Consortium for 
Ocean Research Drilling (ECORD) 
is sponsoring merit-based awards 
for outstanding young scientists to 
conduct innovative research related 
to the International Ocean Discov-
ery Program. The research may be 
directed toward the objectives of 
completed DSDP/ODP/IODP expe-
ditions and should utilize available 
core material and/or data from ex-
peditions. The ECORD Grants will 
cover travel and laboratory expens-
es or other approved costs related to 
the study.

More information: https://www.
ecord.org/education/research-grant/

Training and Education

ECORD 
SUMMER SCHOOLS 2020

A major goal of ECORD is to train 
the next generation of scientists 
from member countries and pro-
mote IODP-motivated science.  
Several summer schools are spon-
sored every year by ECORD to fur-
ther foster the education of young 
scientists in marine-related scienc-
es and to train a new generation to 
participate in future ocean drilling 
expeditions. The ECORD Summer 
Schools in 2020 will be:

• ECORD Summer School 2020: 
Downhole Logging for IODP Sci-
ence. 4-10 July 2020, Leicester, UK 

• ECORD Summer School Bre-
men: Sea level, climate variability 
and coral reefs. September 2020, 
Bremen, Germany

• URBINO Summer School: Title 
and Place TBD 

More information including call for 
scholarships will be posted here: 
https://www.ecord.org/education/
summer-schools/

Innovative Exploration 
Drilling and Data Acquisition 
(I-EDDA) Research School 

Innovative Exploration Drilling and 
Data Acquisition (I-EDDA) is a net-
work of infrastructures funded by  
EIT Raw Materials (European Insti-
tute of Innovation & Technology). 
I-EDDA brings together drilling 
engineers and geoscientists in order 
to develop new field measurement 
technologies and drilling methods. 
Field testing of innovative down-
hole, core, and sampling analyses 
are combined with environmental 
studies and novel boring technolo-
gy in order to advance the state of 
the art of integrated data analysis. 
This will serve to improve explo-
ration methods as drilled boreholes 
will have greater value, as the data 
get integrated into the interpretation 
chain. There will be a need for few-
er boreholes.
The I-EDDA Research School 
(I-EDDA-RS) consist of a series of 
different courses for PhD and MSc 
students, which focuses on themes 
of technologies and entrepreneur-
ship in mineral exploration. Topics 
addressed by I-EDDA-RS include 
scientific methods applied to deep 

mineral explorations, exploration 
engineering, and the life cycle of 
exploration data. The first cours-
es will take place in spring 2020. 
Scholars in scientific drilling are 
invited to apply (https://www.iedda.
eu/material/I-EDDA-RS.pdf) from 
January 1, 2020 on. 
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Schedules

IODP – Expedition schedule http://www.iodp.org/expeditions/

USIO operations Platform Dates Port of origin

1 Exp. 378: South Pacifi c 

Paleogene Climate

JOIDES Resolution Jan 3−Mar 4, 2020 Fiji

2 Exp 387: Amazon 

Continental Margin

JOIDES Resolution Apr 26−June 26, 2020 Recife 

ICDP – Project schedule http://www.icdp-online.org/projects/

ICDP project Drilling dates Location

1 GRIND June 2019−June 2020 Namibia, Brazil, China

2 Trans-Amazon April−December 2020 Brazil (multiple locations)

3 JET March 2020−June 2020 Cheshire Basin, UK

Locations

Topographic/Bathymetric world map with courtesy from NOAA (Amante, C. and B.W. Eakins, 2009. ETOPO1 1 Arc-Minute Global 
Relief Model: Procedures, Data Sources and Analysis. NOAA Technical Memorandum NESDIS NGDC-24. National Geophysical 

Data Center, NOAA. doi:10.7289/V5C8276M).
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