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Abstract We studied the tephra inventory of 18 deep-sea drill sites from six DSDP/ODP legs (Legs 84,
138, 170, 202, 205, and 206) and two IODP legs (Legs 334 and 344) offshore the southern Central American
Volcanic Arc (CAVA). Eight drill sites are located on the incoming Cocos plate and 10 drill sites on the conti-
nental slope of the Caribbean plate. In total, we examined �840 ash-bearing horizons and identified �650
of these as primary ash beds of which 430 originated from the CAVA. Correlations of ash beds were estab-
lished between marine cores and with terrestrial tephra deposits, using major and trace element glass com-
positions with respect to relative stratigraphic order. As a prerequisite for marine-terrestrial correlations, we
present a new geochemical data set for significant Neogene and Quaternary Costa Rican tephras. Moreover,
new Ar/Ar ages for marine tephras have been determined and marine ash beds are also dated using the
pelagic sedimentation rates. The resulting correlations and provenance analyses build a tephrochronostrati-
graphic framework for Costa Rica and Nicaragua that covers the last <15 Myr. We define 39 correlations of
marine ash beds to specific tephra formations in Costa Rica and Nicaragua; from the 4.15 Ma Lower Sandillal
Ignimbrite to the 3.5 ka Rinc�on de la Vieja Tephra from Costa Rica, as well as another 32 widely distributed
tephra layers for which their specific region of origin along Costa Rica and Nicaragua can be constrained.

1. Introduction

Plinian and ignimbrite eruptions producing widely dispersed ash clouds are an integral part of arc volca-
nism, particularly in ocean-continent subduction zones. The widespread ash layers are best preserved in
mostly nonerosive marine and lacustrine environments, which thus provide the most complete record of
such highly explosive volcanic activity over long timescales [Keller et al., 1978; Ledbetter, 1985; Carey, 2000;
Carey and Sigurdsson, 2000; Kutterolf et al., 2008a]. Wide aerial distribution across sedimentary facies bound-
aries, near-instantaneous emplacement, unambiguous chemical compositions, and the presence of minerals
suitable for radio-isotopic dating make these ash layers excellent stratigraphic marker beds in marine sedi-
ments and provide constraints on the temporal evolution of both the volcanic source region and the ash-
containing sediment facies [e.g., Kutterolf et al., 2008a, 2008b, 2008c, 2008d].

Fertile soils, mineral resources, and trading hubs are persistent reasons for high population densities and
infrastructure concentrations in subduction zones, which increase vulnerability from volcanic hazards.
Understanding the long-term evolution of volcanic systems is one important way of assessing future volca-
nic hazards [e.g., Freundt et al., 2006; Kutterolf et al., 2013], and tephra layers in marine sediments play a key
role in this respect, if they can be linked to their source region [e.g., Alloway et al., 2007; Kutterolf et al.,
2008a; Machida, 1999; Ponomareva et al., 2013].

In this contribution we focus on (a) tephrostratigraphic correlations between DSDP/ODP/IODP sites in the
Pacific Ocean offshore from Costa Rica and (b) the correlation of marine tephras to volcanic deposits on
land at the CAVA, to (c) finally establish a chronotephrostratigraphy for highly explosive eruptions spanning
the last �8 Myr. As a by-product our data constrain the pelagic sedimentation rates in the eastern Pacific
between 88N and 108N during that period of time. In the companion paper (Part 2) we will discuss the
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implications for the Late Cenozoic explosive volcanism in southern Central America and the southern
Central American continental margin.

2. Geological Background

The CAVA extends from the Mexico-Guatemala border to central Costa Rica, parallel to the Middle American
Trench (MAT; Figure 1), where the Cocos plate subducts beneath the Caribbean plate at a convergence rate
of 70–90 mm/a [Barckhausen et al., 2001; DeMets, 2001]. Slightly oblique subduction causes tectonic seg-
mentation of the arc [DeMets, 2001; Funk et al., 2009] and subduction conditions such as state of hydration
of the Cocos plate and composition of its sediment cover, slap dip angle, and upper plate crustal thickness
and composition vary significantly along the subduction zone [Abers et al., 2003; Plank et al., 2002; Hoernle
et al., 2002; Syracuse and Abers, 2006; Carr, 1984]. Moreover, the Cocos Ridge, the track of the Gal�apagos hot
spot, subducts beneath Costa Rica [Hoernle et al., 2000; Gazel et al., 2009] and its geochemical signature is
carried northward by arc-parallel mantle flow [Hoernle et al., 2008]. All these influences cause systematic var-
iations in geochemical compositions of Quaternary volcanic rocks along the arc, and between arc segments,
which have been extensively studied [Carr, 1984; Carr et al., 1990, 2003, 2007a; Feigenson and Carr, 1986;
Feigenson et al., 2004; Hoernle et al., 2008; Patino et al., 1997, 2000; Freundt et al., 2014]. Of particular interest
here are the four segments of the southern CAVA, which also differ in the geochemical compositions of
their magmatic rocks [Hoernle et al., 2008; Bolge et al., 2009]. Quaternary volcanic rocks of Costa Rica are
calc-alkaline, accompanied by some island arc tholeiites and some rare alkaline volcanic rocks from the
back arc [Alvarado and Carr, 1993; Tournon and Alvarado, 1997]. The primary compositional differences,
complemented by temporally and regionally varying degrees of magmatic differentiation from basalts
through rhyolites, are useful for marine-terrestrial stratigraphic correlations in the Late Pleistocene and
Holocene [Kutterolf et al., 2008a], especially in the Nicaraguan segments [Kutterolf et al., 2007a, 2007b].

However, this geochemical approach can also be applied to the less well known Neogene CAVA. Slab roll-
back at Nicaragua has shifted the volcanic front westward so that the Neogene arc remains exposed. These
lavas have been dated by Ehrenborg [1996], Plank et al. [2002], and Jordan et al. [2006, 2007a, 2007b] and
show that regional geochemical variations, comparable to the Quaternary CAVA, existed during Neogene
times. Gaps in volcanic activity during the Miocene to Pleistocene have been reported for Nicaragua [e.g.,
Plank et al., 2002; Jordan et al., 2007a, 2007b] but appear to become smaller as more age data become avail-
able [Saginor et al., 2011a, 2011b].

Figure 1. (A) Overview map of Central America. Map created using GeoMapApp (http://www.geomapapp.org; GMRT-Global Multi-Resolution Topography) [Ryan et al., 2009]. Yellow/
orange circles indicate drill site positions of deep-sea drilling programs. The black arrow indicates the direction of the Cocos Plate motion and relative velocity to the Caribbean Plate
after DeMets [2001]. (B) Close-up showing Holocene eruption centers in southern Nicaragua and Costa Rica (magenta circles) and sample locations of comparative tephras.
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In Costa Rica, subduction-related volcanism has occurred at least since the Upper Cretaceous, but more
extensive volcanism developed between the Oligocene and Quaternary. Plank et al. [2002] studied geo-
chemical characteristics indicative of long-term changes in sediment subduction and Gazel et al. [2009]
investigated the geochemical influence of subduction of the Gal�apagos hot spot track on Neogene volca-
nism in Costa Rica and Panama.

2.1. On-Shore Tephrostratigraphy
As a prerequisite to understand the correlations with the marine tephra beds to be made in later sections,
we briefly summarize the tephra record known from land in Figure 2. A number of publications have investi-
gated the Late Pleistocene to Holocene tephrostratigraphic successions in Costa Rica and Nicaragua and
the stratigraphic succession of major tephras spanning the last �70 ka is fairly well known [McBirney and
Williams, 1965; Bice, 1985; Freundt et al., 2006, 2010; Kutterolf et al., 2008a, 2008b, 2008c, 2011; P�erez et al.,
2006; P�erez and Freundt, 2006; Scott et al., 2006; Self et al., 1989; Stoppa, 2015; Wehrmann et al., 2006; Vogel
et al., 2004, 2007; Alvarado and Gans, 2012; Alvarado et al., 1992; Chiesa, 1991; Chiesa et al., 1992; Deering
et al., 2007; Gillot et al., 1994; Zamora et al., 2004]. During this late Pleistocene to recent period, very large
magnitude caldera eruptions only occurred in El Salvador and Guatemala [e.g., Weyl, 1980; Rose et al., 1999]
but some of their distal ashes reached the southern CAVA [Kutterolf et al., 2008a].

Knowledge of older volcaniclastic formations is rudimentary at best. Figure 2 indicates older formations
(gray boxes) at many of the volcanic complexes from Cosig€uina to Barva and Iraz�u as reported in Longpr�e
et al. [2014], Stoppa [2015], Kutterolf et al. [2007a, 2011], P�erez et al. [2009], Sussman [1985], Wehrmann et al.
[2006], Girard and Van Wyk de Vries [2005], Borgia and Van Wyk de Vries [2003], Martinez and Viramonte
[1971], and Alvarado and Gans [2012].

The temporal extent of these older formations is typically not known or poorly constrained. Carr et al.
[2007b] proposed volcanism at the modern Nicaraguan arc to be younger than 600–330 ka while published
radiometric ages from the Neogene arc in the eastern highlands of Nicaragua range 4.3–25.5 Ma [Ehrenborg,
1996; Jordan et al., 2006, 2007a, 2007b; Weyl, 1980]. Hence, the exact timing of the arc jump remains
unclear.

A number of Quaternary widespread, voluminous tephras, mostly ignimbrites, are known from Costa Rica
(Figure 2) [Alvarado and Gans, 2012]. Prominent are the �0.6–1.6 Ma Liberia Formation and the �2 to
�8 Ma Bagaces Formation, both dominantly composed of voluminous silicic ignimbrites that may be relat-
ed to now mostly hidden older caldera structures (Ca~nas Dulces and Guayabo calderas) identified by geo-
thermal drilling (Figure 2) [Vogel et al., 2004; Alvarado and Gans, 2012; Chiesa, 1991; Zamora et al., 2004;
Szymanski et al., 2013].

The CAVA terminates at Turrialba, because shallow subduction of the Cocos Ridge prevents volcanism fur-
ther south [Alvarado et al., 1992]. However, volcanism commences in Panama where volcanic activity of the
past 2 Ma has mainly produced volcanic rocks of adakitic compositions [e.g., Defant et al., 1992]. We do not
consider Panama further because we have not found equivalent compositions in our cores.

2.2. Previous Marine Studies
Ash beds were investigated in DSDP/ODP/IODP drill cores and in sediment gravity cores along the CAVA in
the Pacific Ocean and the Caribbean Sea [e.g., Clift et al., 2005; Kutterolf et al., 2007b,a; Ledbetter, 1985;
Bowles et al., 1973; Jordan et al., 2006]. The Pacific ash beds form a tephrostratigraphic framework of large
CAVA eruptions over the last 200 ka [Kutterolf et al., 2007b, 2008a]. Schindlbeck et al. [2015] identified Mio-
cene basaltic and rhyolitic tephras emplaced at IODP Site U1381 offshore southern Central America by Pli-
nian eruptions at the Gal�apagos hot spot. The ODP cores of the Caribbean Sea contain Neogene ash beds
from source volcanoes at the Lesser Antilles and in Honduras and Nicaragua [Jordan et al., 2007b].

3. Methods

3.1. Sample Locations
3.1.1. Deep-Sea Drilling Cores
We used six DSDP/ODP legs (Legs 84, 138, 170, 202, 205, and 206) and two IODP legs (Legs 334 and 344)
with their corresponding eight deep-sea drilling sites on the incoming Cocos plate (Sites 844, 1039, 1241,
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Figure 2. Simplified composite stratigraphic successions of known Pliocene to Holocene major tephras in Costa Rica and Nicaragua [after Soto and Alvarado, 2006; Kutterolf et al., 2008a,
2016; Alvarado and Gans, 2012; Stoppa, 2015; Prosser and Carr, 1987]; tephra acronyms are given in the table to the right.
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1242, 1253, 1256, U1381, and U1414) and 10 sites (Sites 565, 1040, 1041, 1254, 1255, U1378, U1379, U1380,
U1412, U1413) on the continental slope offshore from the southern CAVA, for the systematic investigation
of ash beds found in deep marine sediments (Figure 1). Most drill sites form one cluster offshore from the
Nicoya Peninsula in northern Costa Rica and another cluster offshore from the Osa Peninsula in southern
Costa Rica (Figure 1). During the two IODP expeditions ash beds were sampled shipboard while the other
cores were sampled at the IODP Gulf Coast Repository at the Texas A&M University, College Station, TX. In
the following we will use the term ‘‘ash bed’’ for a bed or zone in a drill core that is dominantly composed
of volcanic ash. We define ash beds that are correlated between sites and/or with tephras on land to form a
‘‘tephra layer.’’ With these definitions, a tephra layer represents one volcanic eruption but it can include sev-
eral ash beds, i.e., occur in several drill locations. As we will show below, we have analyzed 650 primary ash
beds and thereby identified 71 tephra layers.
3.1.2. Terrestrial Samples
In order to obtain glass compositions for comparison with the marine samples, we sampled known Middle
Pleistocene and the Late Miocene terrestrial fallout layers and ignimbrites from Costa Rica (Figures 2 and 3)
[see Alvarado and Gans, 2012] as well as fallouts and ignimbrites of that time span in Costa Rica and Nicara-
gua that lacked detailed published studies. All locations we sampled in 2013 are shown in Figure 1b and
coordinates of the localities are provided in Supporting Information Table S1. Supporting Information Table
S6 reports the new glass analyses from major Costa Rican tephra deposits that were exclusively used to
establish the geochemical correlations. Additionally, we used data published by Prosser and Carr [1987],
Hannah et al. [2002], Clift et al. [2005], Kutterolf et al. [2008a], Szymanski et al. [2013], and Stoppa [2015].

3.2. Methods and Analytical Techniques
Marine ash samples were cleaned by disintegration in an ultrasonic bath, if necessary, and subsequently
wet-sieved into different grain size fractions (63–125, 125–250, >250 mm and if necessary 32–63 mm). Ter-
restrial samples were cleaned by disintegration in an ultrasonic bath and altered rims were removed, if nec-
essary. Samples were crushed afterward with a hammer and wet-sieved in the same way as the marine ash
samples. The 63–125 mm fraction was further used for compositional analysis of glass shards with an elec-
tron microprobe (EMP) and by Laser Ablation Inductively Coupled Plasma-Mass Spectrometry (LA-ICP-MS).
All major and trace element data and standard analyses are provided in Supporting Information Tables S2–
S6. Phenocrysts of feldspar (sanidine and plagioclase) were separated to carry out 39Ar/40Ar age-dating at
Lamont-Doherty Earth Observatory (for details see Table 1 and Supporting Information Data Set S8 and S9).
Clean glass shards, pumice and scoria particles from the fraction >125 mm were handpicked under the bin-
ocular microscope for the analysis of radiogenic isotopes of Pb, Sr, Nd, and Hf (MC-ICP-MS). Isotope analyses
were performed at Lamont-Doherty Earth Observatory/U.S.A. and at Melbourne University/Australia. A
detailed method section is provided in Supporting Information Data Set S1 [Cai et al., 2014; Maas et al.,
2005; M€unker et al., 2001; Nowell et al., 1998; Pin et al., 1994; Pin and Santos-Zalduegui, 1997; Todt et al., 1996;
Woodhead and Hergt, 2001] and the data are reported in Table S7.
3.2.1. EMP
Glass shard analyses (�16,000 in total) for major and minor elements were conducted on epoxy embedded
samples using a JEOL JXA 8200 wavelength dispersive EMP at GEOMAR, Kiel adopting the methods from
Kutterolf et al. [2011]. Accuracy was monitored by standard measurements on Lipari obsidian (rhyolite)
[Hunt and Hill, 2001] and Smithsonian basaltic standard VGA. Sixty individual glass shard measurements are
bracketed by four standard measurements (two measurements per standard). Standard deviations of mea-
sured elements are <0.5% for major, and <10% for minor elements (with the exception of P2O5 and MnO2

in samples >65 wt % SiO2). All analyses are normalized to 100% to eliminate the effects of variable postde-
positional hydration and minor deviations in the electron beam focus. Analyses with total oxides less than
90 wt % were excluded from the data set to avoid the effects of alteration throughout all elements. Some
�13,000 microprobe analyses passed the quality check, which also excluded accidental shots on microcrys-
tals. The remaining analyses for each sample were then averaged in order to characterize the elemental
compositions of each individual tephra.
3.2.2. LA-ICPMS
Trace and selected major element concentrations of �750 glass shards were measured by LA-ICP-MS mainly
at two laboratories in Taipei, Taiwan (between 2013 and 2016), as well as at GEOMAR Helmholtz Center for
Ocean Research Kiel (Germany) in April 2011.
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The LA-ICP-MS analyses at GEOMAR were made using a double-focusing, magnetic sector mass spectrometer
(Nu-Instruments, AttoM), which is coupled to a 193 nm Excimer laser ablation system (Coherent, GeoLasPro).
Ablation was performed in a pure Helium atmosphere. Additionally, argon carrier gas was mixed to the sam-
ple aerosol prior to the plasma torch. Spot analyses were performed by 100 s ablation at a laser repetition rate
of 3 Hz, using a spot diameter of 16 mm and a fluence of 8 J/cm2. A 50 s gas background was collected prior
to each ablation. Gas flows, torch position, and ion-optics-focusing were optimized in order to provide a maxi-
mum in ion transmission, low oxide production rates (ThO/Th�0.3%), and fast sample wash-out. The standard
NIST SRM610 glass [Wise and Watters, 2012] was used for mass calibration. Data were reduced by applying the
linear regression slope method [Fietzke et al., 2008]. Silicon was used for internal standardization utilizing data
from EMP analyses [see Kutterolf et al., 2014, Supporting Information Table S4].

The detailed machine setups, procedures, and methods of the laboratories at the National Taiwan University
are described in Schindlbeck et al. [2015] and are complemented here by the description of the analytical pro-
cedures utilized during the measurements at the Academia Sinica [Schindlbeck et al., 2016a]. The setup at the
Academia Sinica in Taipei, Taiwan, comprises a laser beam (193 nm excimer laser) set to a spot size of 16–30
mm using 5–10 J/cm2 energy density at 1–5 Hz repetition rate which was coupled to high-resolution ICPMS
instruments. Following 45 s of blank acquisition, typical ablation times were around 75 s. Data reduction was
performed using Version 4.0 of ‘‘real-time online’’ GLITTERVC software [van Achterberg et al., 2001] immediately
following each ablation analysis. Silica and calcium concentrations, measured by EMP, were used as internal
standards to calibrate the trace element analyses. International standard glass (BCR-2G) was measured every
five to eight samples to monitor accuracy and to correct for matrix effects and signal drift in the ICP-MS, as
well as for differences in the ablation efficiency between the sample and the reference material [G€unther et al.,
1999]. Elemental concentrations in NIST SRM 612, used for external calibration, were taken from Norman et al.
[1996]. The limit of detection (LOD) for most trace elements is generally no higher than 100 ppb. For REEs, the
LOD is generally around 10 ppb. The analytical precision is better than 10% for most trace elements. Repeated
measurements of the same samples in different laboratories revealed good replication of the trace elements.
3.2.3. Ar-Ar Dating
Feldspars were leached for 5 min in a 5% HF solution in an ultrasonic bath, rinsed three times with deionized water,
and then covered in methanol to remove any adhering glass. Together with Fish Canyon (28.201 6 0.046 Ma)
[Kuiper et al., 2008] sanidines, the samples were coirradiated for 8 h at the USGS TRIGA reactor in Denver. Subse-
quently, irradiated samples were measured on single-step fusions of single crystals using a CO2 laser to degas the
samples, as single steps for the single crystals. Before they entered the mass spectrometer, the gasses were cleaned
up by exposure to SAES GP50 getters run at 2 amps. Isotopes were measured in static, peak-hopping mode with an
analog multiplier on a VG5400 noble gas mass spectrometer at Lamont-Doherty Earth Observatory/U.S.A. With this
setup the conversion is 3.98e13 nannoamps/mole. Measured isotope data were corrected for background contribu-
tions based on frequent measurements of the blanks (every three to four samples), mass discrimination based on
average measurements of air aliquots through the duration of the sample disk run (every 12 samples), and nuclear
interferences based on values characteristic of this reactor (values taken from Dalrymple et al. [1981]). Detailed infor-
mation is provided in Schindlbeck et al. [2015] as well as in Supporting Information Data Set S8 and S9.

4. Results and Discussion

4.1. Tephra Inventory
The variably thick intervals of greenish-gray hemipelagic to brownish-grayish-white pelagic sediment at the
investigated sites [Pisias et al., 1995; Kimura et al., 1997; Morris et al., 2003; Mix et al., 2003; Vannucchi et al., 2012;

Table 1. Ages for ODP/IODP Ash Beds Offshore Southern CAVA Obtained by Ar/Ar Dating (For Details See Supporting Information Data
Set S8 and S9)

Interval Lab ID Mineral Age (Ma) 6Error (Ma)/(%) MSWD Reference

170-U1039B-10H-5, 58–70 cm 16665 Plagioclase 1.81 0.11 (6.0) 2.32 This study
170-U1039B-36X-4, 147–150 cm 16802 Sanidine 15.24 0.03 (0.18) 7.76 This study
202-1241B-25H-7, 12–18 cm 16801 Sanidine 8.15 0.16 (2.0) 0.42 This study
344-U14141A-38R-1, 76–78 cm 16797 Plag 12.05 0.11 (0.91) 16.03 This study
344-U1381C-9H-2, 41–43 cm 16495 Plag 12.0 1.2 (6.7) 0.65 Schindlbeck et al. [2015]
344-U1381C-10H-2, 96–98 cm 16494 Sanidine 13.92 0.03 (0.2) 0.24 Schindlbeck et al. [2015]
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Harris et al., 2013] are intercalated with distinct ash beds ranging from 1 to 60 cm in thickness, horizons of ash
pods, and zones of ash dispersed in the marine sediments.

Our sampling and analysis strategy prioritized intact ash beds over pod horizons over ash beds disturbed
by erosion or bioturbation. Dispersed ash directly above an ash bed is interpreted as being reworked from
this layer, which has been confirmed by geochemical analyses of samples taken in these intervals. Ash-
bearing horizons are commonly light gray, pinkish, yellowish to dark gray and black (Figures 3G–I and 3L).
Boundaries to the hemipelagic and pelagic background sediments are often sharp at the base and diffuse
at the top, sometimes modified by bioturbation. Average grain sizes range from 32 to 500 mm, and the ash
beds are overall well to very well sorted. The ash beds are typically massive but often show normal grading.

Glass shards derived from the more evolved ash beds are transparent; the texture is fibrous, blocky, and
cuspate (Figures 3G–3I). Pumiceous fragments with elongated, tubular and minor round bubbles also occur.
In contrast glass shards from less evolved compositions are (light-)brown and red-brown and mostly have
blocky and sometimes fibrous shapes with few round and elongated (tubular) vesicles (Figure 3L). Some
glass shards are also tachylitic. The ash beds range from mineral poor (1–5 vol %) to mineral rich (up to 50
vol %); crystal-rich zones particularly occur at the base of coarse ash beds indicating normal density grading.
In the order of abundance, feldspar> amphibole and pyroxene� biotite can be observed within the felsic
layers, and feldspar� pyroxene� olivine in the mafic ash beds.

Pleistocene and Pliocene ash beds at all sites are dominantly felsic in composition (�80%) (Figure 4a),
whereas the distribution of mafic and felsic ash beds in the Miocene units is more equal. Miocene mafic ash
beds are dominant (>70%) in Sites U1381, 1241, and 1039 (Figure 4a). We analyzed the compositions of
�840 samples and identified �650 of these as primary ash beds characterized by homogeneous to zoned
glass compositions, in contrast to ash beds with mixed, genetically unrelated glass compositions, which we
interpret as reworked deposits. Glass compositions from the primary ash beds in Figure 4a show nearly
bimodal distribution of basalt or rhyolite compositions in the subalkalic field, and of trachybasaltic or tra-
chytic compositions in the alkalic field, respectively. Trace element compositions divide the tephra invento-
ry into a subset with ocean-island geochemical signatures (e.g., high Nb/Rb at low Ba/La; Figure 4b) and a
subset with arc-volcanic characteristics (e.g., high Ba/La at low Nb/Rb; Figure 4b). The ocean-island subset
includes the Miocene ash beds of Site U1381, which Schindlbeck et al. [2015] showed originated from Plinian
eruptions at the Gal�apagos hot spot. The majority of the Miocene ash beds of Sites 844, 1039, 1040, 1241,
and 1253 share the typical compositions from Site U1381 (Figure 4b), and most likely also derive from the
Gal�apagos region. Additionally, there are Pleistocene ash beds in Site 1241 that show an alkali-rich ocean-
island signature and which derive from Cocos Island as discussed in Schindlbeck et al. [2016a]. In this contri-
bution, we focus on the stratigraphy and provenance of the remaining 430 ash beds, which have glass

Figure 4. Matrix-glass compositional ranges of marine ash beds (normalized to anhydrous compositions and each symbol is the mean composition per sample). (a) Total alkali versus sili-
ca diagram to indicate compositional variability of marine tephras in southern CAVA drill sites (color-coded) across the discrimination grid following Le Maitre et al. [2002]. (b) Nb/Rb ver-
sus Ba/La discrimination diagram to distinguish tephras with ocean island geochemistry (e.g., Gal�apagos; circles) from those with subduction-zone (CAVA) geochemistry (squares).
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compositions compatible with an origin mainly from Costa Rica, Nicaragua and a small subset from
Guatemala and El Salvador (data are provided in Supporting Information Tables S2–S7). We have found no
evidence for marine tephras from Panama volcanoes; however, the availability of data on large eruptions
from Panama is very limited.

4.2. Tephra Ages
We used direct and indirect dating methods to establish our marine tephrostratigraphic age models. Direct
ages of marine tephras are obtained by 40Ar/39Ar dating of feldspar crystals from the ash beds, and by cor-
relation with well-dated tephras on land. We complemented published age data for major tephras on land
by four 40Ar/39Ar feldspar ages between 1.81 and 15.24 Ma for marine ash beds from the drill cores; the
results are reported in Table 1. As we will show below, 39 marine tephra layers can be unambiguously geo-
chemically correlated to specific deposits of known age on land.

Indirect age data for the marine tephras initially came from the age-depth models derived from magneto-
and bio-stratigraphy from the sites [Kimura et al., 1997; Harris et al., 2013; Mix et al., 2003; Pisias et al., 1995].

Using all these age constraints and the timelines provided by directly dated tephras, we converted the
intercalated thicknesses of marine sediment to age-depending (hemi-)pelagic sedimentation rates as will
be further discussed in Part 2 [Schindlbeck et al., 2016b]. These sedimentation rates allow us to calculate the
ages of single ash beds and tephra layers that were not captured by the dating approaches above. The sedi-
mentation rates between two age anchors are average values since we apply linear interpolation. Due to
uncertainties in determination of sedimentation rates, these tephra ages have uncertainties ranging up to
14% of their age [cf. Kutterolf et al., 2013]. These ages from sedimentation rates then can provide additional
support for cases where the geochemical correlation may be somewhat ambiguous.

Compaction and drilling disturbances, especially in the deeper parts of each hole, may cause differences for
age determinations in different sites and holes due to over/underestimated sedimentation rates. We have
not accounted for the thickness of the ash layers, which may cause overestimation of the true sedimenta-
tion rate due to their instantaneous emplacement. Another source of minor error is the fact that marine sed-
iment is mixed to variable extent with volcanic ash particles. Here we agree with other contributions to the
deep-sea drilling program in ignoring corrections for both features, because the cumulative thickness of the
ash beds accounts for negligible �0.3–3.6% of total thickness [see Schindlbeck et al., 2015]. Age deviations
of e.g., <10 ka for the last 1.5 Ma at Site U1414 (0.6% discrete ash) or <13 ka for the last 2 Ma at Site 1039
(1.6% discrete ash) are below the accuracy of the Ar/Ar age dating used for the correlated dated terrestrial
tephras.

Overall, we observe sedimentation rates of 5–200 m/Ma on the incoming plate and 3–950 m/Ma on the
continental slope offshore from the southern CAVA, but the apparent sedimentation rates can vary with
depth at both deep marine environments. For sites on the Cocos plate the newly determined sedimentation
rates agree well with the sedimentation rates obtained onboard the expeditions but substantial differences
can be seen for the sites on the continental slope. The sedimentation rates will be discussed in detail in
Part 2.

4.3. Stratigraphy and Provenance
With the exception of Sites U1414, U1378, and U1380 two or more holes were drilled close to each other
(�20 m) at each site and core profiles are expected to match closely. This is especially true for Sites 1241
and 1242, where three and four holes were drilled, respectively, and most ash beds can indeed be found in
all individual holes.

For correlations we used major and trace element concentrations/ratios of glass shards of the ash beds as
well as their relative stratigraphic position. Correlations were made adopting the methods described in
Kutterolf et al. [2008a]. We emphasize that correlations are constrained not only by one element/ratio but
also by multiple geochemical overlaps of major and (if available) trace elements, and are further supported
by tephra ages. Generally, the number of correlations between the holes depends on the number of ash
beds recovered in the cores, and recovery depends on drilling conditions and methods. For example, at Site
U1381 hole A was drilled with the RCB (Rotary Core Barrel) method while APC (Advanced Piston Coring)
was used for hole C, providing much better preservation and recovery of the drilled sediments [e.g., Huey
et al., 2009].
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However, we were still able to correlate 353 ash beds between two or more sites, 26 correlations connect
ash beds between three or more sites, and we found correlations between all sites along >250 km of the
MAT providing major tie points for a regional tephrostratigraphy covering the 0.2 to �6.5 Ma age range.
Most correlations were found between Site 1039, offshore Nicoya Peninsula (North-Costa Rica) and Site
U1414, offshore Osa Peninsula (South-Costa Rica).

Correlations of marine ash beds to their terrestrial equivalents and respective source volcanoes are mainly
based on glass chemical compositions as the most distinctive characteristic but modal, lithological, strati-
graphic, and textural observations were also considered. Figures 5 and 6 show examples of chemical varia-
tion diagrams that turned out to be most useful for the purpose of chemical fingerprinting. Colored
correlation fields for tephras on land are based on the new glass data and complemented by published
data (for further variation diagrams see Supporting Information Figures S1 and S2).

We have established 39 marker tephra layers, called tephra layers A to T with subdividing numbers, that cor-
relate between the different drill sites (comprising 226 individual ash beds) and with volcanoes or specific
tephras or tephra formations on land in Costa Rica and Nicaragua (Table 2 and Figures (5 and 6), S1, and
S2). The alphabetic order is also the order of increasing age; tephra layer A correlates with the 3.5 ka Rinc�on
de la Vieja Tephra (RT) from Costa Rica and tephra T with the 4.15 Ma Lower Sandillal Ignimbrite (LSanIG;
Figure 2) from Costa Rica.

Of the remaining 204 felsic and mafic ash beds, 127 can be correlated between sites and form the 32
tephra layers called s1–s32 (Figures 7 and S3 and Table 3). The remaining 77 individual ash beds are num-
bered within their respective site (see Supporting Information Data Set S2 and S3). However, none of
these ash beds or tephra layers could be correlated to a specific tephra deposit on land. In order to at
least identify the potential region of their origin at the arc, we compared the trace element and isotope
characteristics with the geochemical variations from Costa Rica and Nicaragua on land, thereby consider-
ing the age relationships of the marine ash beds or tephra layers with respect to temporal changes in the
along-arc variations. Along-arc geochemical variations, particularly in trace element ratios and radiogenic
isotope characteristics (e.g., in La/Sm, Pb/Nd, Ba/Nb, Ba/Th, Ba/La, U/Th, and 207Pb/204Pb and 143Nd/144Nd;
Figures (7 and 8), and S3), have been extensively documented for the Quaternary volcanic front [Carr
et al., 2003, 2007a; Carr, 1984; Feigenson and Carr, 1986; Patino et al., 1997, 2000; Hoernle et al., 2002;
Feigenson et al., 2004; Kutterolf et al., 2008a,]. Less abundant data are available for the Neogene arc rocks
[Plank et al., 2002; Jordan et al., 2007b; Carr et al., 2007a; Vogel et al., 2004] and we have complemented
that data set with our new Neogene samples and analyses (see Supporting Information Table S6). The
Neogene Coyol arc (Nicaragua and Honduras) has predominantly silicic volcanic products [e.g., Ehrenborg,
1996], with high La/Sm, Rb/Nd, Rb/Hf, 208Pb/204Pb, and low Ba/La, Ba/Th, Nb/Ta, 143Nd/144Nd ratios proba-
bly reflecting some influence of continental crust on magma genesis [e.g., Jordan et al., 2007a] (Figures 7
and 8, and S3).

In the along-arc diagrams we distinguished between the Quaternary and the Neogene arc but both show
systematic changes of trace element and isotope characteristics along Costa Rica and Nicaragua that make
it possible to allocate the region of origin of the investigated marine tephra layers. In Figures (7 and 8), and
S3 ellipsoids represent the specific compositional ranges of the tephra layers (s1–s32; Figures 7 and S3) and
individual marine ash beds (Figure 8), which we have projected onto the respective along-arc compositional
fields of Costa Rica and Nicaragua. Regions along the arc that show the same overlapping compositional
range over multiple elemental ratios qualify as potential source regions for the tephras. In Figures (7 and 8),
and S3 we have chosen trace element and isotope ratios that best identify the major source regions of our
samples in Costa Rica and Nicaragua but we have checked the implied regional correlations against other
geochemical parameters as well. Although correlations to northern CAVA sources are possible, we concen-
trate on the correlations to Costa Rica and Nicaragua sources, considering the proximity of the drill sites.
The northern CAVA marine tephra inventory and provenance in DSDP/ODP sites offshore Guatemala will be
presented elsewhere.

In the following we describe all correlations between individual marine ash beds or tephra layers and terres-
trial tephra deposits or possible volcanic sources in geographic order of the source volcanoes from south to
north along the CAVA in order to elucidate the new implications of the marine tephra record (Figure 9) for
the history of the volcanic systems.
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Figure 5. K2O versus SiO2 variation diagrams of marine ash beds (A to T) compared with glass-composition fields of known Holocene to Pliocene tephras on land (normalized to anhy-
drous compositions). Our data for terrestrial eruptions is complemented by data from Prosser and Carr [1987], Hannah et al. [2002], Kutterolf et al. [2008a], Szymanski et al. [2013], and
Stoppa [2015]. See Figure 2 for tephra acronyms and MP 5 ignimbrite close to Meco Plantel Bagaces; UCanal and LCanal 5 upper and lower flow units of the Canal/Tenorio ignimbrite;
LEI 5 La Ese Ignimbrites; Papa 5 Papagayo Tuff). Data are averages of all analyses made for each tephra and bars represent the respective compositional range. Graph panels are repeat-
ed for clarity due to the large number of tephra layers. (a) Marine and terrestrial tephras <600 ka; (b) marine and terrestrial tephras of La Ese Ignimbrites; (c) marine and terrestrial
tephras between 1 and 1.5 Ma; (d) marine and terrestrial tephras around 1.6 Ma; (e) marine and terrestrial tephras >2 Ma.
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4.3.1. Costa Rican Provenance
4.3.1.1. Barva Volcano/Caldera
The Proto-Barva edifice was built between 1.2 and 0.89 Ma and was followed by the Paleo-Barva between
0.57 and 0.4 Ma and the recent Barva Volcano (Figures 1 and 2) [Alvarado and Gans, 2012]. Barva Volcano
experienced caldera collapses at 0.5–0.49, 0.44, and 0.32 Ma that correlate with three larger and several
smaller ignimbrites, namely the Bajo La Hondura Tuff (0.501 6 0.01 Ma), the Puente de Mulas Tuff
(0.439 6 0.025 Ma), and the Tirib�ı Tuff (0.322 6 0.002 Ma), the largest Costa Rican eruption in the last 350 ka
[Alvarado and Gans, 2012]. The trachytic Tirib�ı Tuff has a unique chemical composition (high Zr, Nb/Rb, and
low Ba/La) [Hannah et al., 2002; P�erez et al., 2006] that facilitates correlation with the marine tephra layer H
(Figures 5a, 6a, 6b, S1, and S2). The occurrence of tephra layer H in Holes 1039B, 1241A1B, 1242A-D, U1381C,
and U1414A (Figure 9) significantly extends the known dispersal area of this major eruption from Costa Rica.

Tephra layer J (six ash beds in Holes 1241A, 1242A-D, and U1381C) major and trace element compositions
and isotope data fit the Tirib�ı-like Paleo-Barva compositions (Figures 5a, 6a, 6b, 7, S1, and S2) and the calcu-
lated ages (480–550 ka) match the age of the Bajo La Hondura Tuff [Alvarado and Gans, 2012].

Four widespread marine tephra layers (s14, s17, s18, s20; Figures 7, S3, and 9 and Table 3) imply that four
eruptions similar in size to the Tirib�ı Tuff occurred between 0.65 and 1.15 Ma. Moreover, five additional ash
beds (Sites U1379, 1242, and 1039 between 0.45 and 1.42 Ma) with a characteristic ‘‘Barva’’-signal in major
and trace elements (Figure 8) complement a marine assemblage that represents a total of up to eleven
large eruptions from the Barva volcanic complex until �1.4 Ma (Interval U1378B-36X-CC, 33–35 cm), much
more than have yet been recognized on land.

Additionally, the marine tephra layers s17 or s18 (0.90–1.03 Ma; 0.95–1.07 Ma) fit the dacitic composition of
a 0.859 6 0.003 Ma old ignimbrite in the Valle Central near Iraz�u volcano, the so-called San Jer�onimo ignim-
brite, described by Alvarado et al. [2007] and Alvarado and Gans [2012].
4.3.1.2. Po�as Volcano
The complex stratovolcano Po�as in the Cordillera Central (Figures 1 and 2) evolved during the last 1 Ma [S�aenz,
1982; Prosser and Carr, 1987; Ruiz et al., 2010]. Only bulk rock analyses [Prosser and Carr, 1987; Ruiz et al., 2010]
are available for the Po�as deposits so that correlation with our marine glass compositions remains uncertain.
However, compositions of the two marine tephra layers (C1 and C2) fit compositions at Po�as Volcano fairly
well. The older C2 (Site 1039) is correlated with the Po�as Lapilli Tuff (Po�as LT in Figures 5a, 6a, 6b, and 9), which
is probably older than 40,000 years [Prosser and Carr, 1987; Gazel and Ruiz, 2005]. Layer C1 (Sites U1381,
U1412, and U1413) may represent the low-Ti component of Po�as described in Gazel and Ruiz [2005].

Chemical signatures of one widespread marine tephra layer (s2; Sites U1378, U1413;�80 ka), as well as three local-
ly restricted marine ash beds in Site U1378 at �190 ka and at �450 ka, and in Site U1414 at �370 ka suggest a
central Costa Rican origin (Figures 8 and 9). They do not show the typical ‘‘Tirib�ı’’ composition, but are similar in
composition to the tephras C1 and C2, and therefore may be associated with older eruptions from Po�as volcano.
4.3.1.3. Platanar and Porvenir Volcanoes
The present Platanar and Porvenir volcanoes (<0.2 Ma) have grown inside the older Chocosuela Caldera
(0.58–0.44 Ma) which is the origin of the Alto Palomo pyroclastic flow units comprising the Upper and Low-
er Alto Palomo Tuffs (0.44 6 0.01 Ma to 0.582 6 0.02 Ma) [Alvarado and Gans, 2012; Villegas, 2004]. These
contain a series of poorly welded, ash-rich (>90%), feldspar and hornblende-bearing dacitic to rhyolitic
pumice flows with unusual LREE enrichment [Alvarado and Carr, 1993].

We were able to correlate tephra layers K1 and K2 (Figures 5a, 6a, 6b, 9, S1, and S2; Sites 1039, U1412, and
U1414) to the Upper and Lower Alto Palomo Tuffs by geochemical fingerprinting as well as modal composi-
tion (abundant mica and amphibole crystals). The two distinct primary tephra layers at Sites U1414 and
1039 clearly indicate two independent eruptions separated by marine sediments. In addition, we identified
a marine tephra layer in Sites U1412 and U1381 (s12; 0.5–0.6 Ma, Figures (7 and 9), and S3 and Table 3)

Figure 6. Glass shard compositions of marine ash beds (A to T), compared with glass-composition fields of known Holocene to Pliocene
tephras on land. Our data for terrestrial eruptions is complemented by data from Hannah et al. [2002], Kutterolf et al. [2008a], Szymanski
et al. [2013], and Stoppa [2015]. See Figure 2 for tephra acronyms and MP 5 ignimbrite close to Meco Plantel Bagaces; UCanal and
LCanal 5 upper and lower flow units of the Canal/Tenorio ignimbrite; LEI 5 La Ese Ignimbrites; Papa 5 Papagayo Tuff. Data are averages of
all analyses made for each tephra and bars represent the respective compositional range. (a, b) Marine and terrestrial tephras <600 ka; (c)
marine and terrestrial tephras of La Ese Ignimbrites; (d) marine and terrestrial tephras between 1 and 1.5 Ma; (e, f) marine and terrestrial
tephras around 1.6 Ma; (g, h) marine and terrestrial tephras >2 Ma.
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Table 2. 39 Marker Tephra Layers With Selected Major and Trace Elements, Called Tephra Layers A–T With Subdividing Numbers, That Correlate Between the Different Drill Sites
(Comprising 226 Individual Ash Beds) and With Volcanoes or Specific Tephras or Tephra Formations on Landa

Interval Age (Ma) K2O (wt %) SiO2 (wt %) Ba/La Rb/Hf La/Nb Zr/Hf On Land Tephra Correlation

A 344-U1413B-1H-1, 9–11 cm 0.0011 3.66 74.15 67.21 22.78 2.74 42.65 Rin�oon de la Vieja Tephra
B1 334-U1378B-4H-5, 51–53 cm 0.0360 2.15 77.35 87.36 25.57 3.45 35.28 Terra Blanca 4
B2 170-1040C-27R-5-60-61 AV 0.7970 3.30 74.04 92.66 12.90 3.18 35.43 A3/A5-Tephra
C1 344-U1413A-1H-4, 16–18 cm 0.0330 2.84 72.81 Po�as
C1 344-U1412B-1H-3, 33–35 cm 0.0163 3.31 71.34 31.73 12.25 3.73 40.36
C1 344-U1381C-1H-5, 15–17 cm 0.0407 2.46 65.54 32.63 10.33 3.19 38.00
C2 170-1039A-1H-5, 121–130 cm 0.0870 2.11 57.66 27.58 14.87 2.38 37.66 Po�as Lapilli Tuff
C2 170-1039B-2H-3, 62–68 cm 0.0679 2.00 58.00 24.78 15.35 2.47 40.19
D 344-U1381C-2H-1, 97–99 cm 0.0600 0.97 52.29 92.32 7.77 4.06 34.16 Fontana Tephra
D 205-1254A-15R-4, 69–70 cm 0.0488 1.22 54.58 94.63 9.58 3.76 37.11
E 170-1039A-1H-5, 121–130 cm 0.0870 4.28 77.52 Los Chocoyos
E 138-844A, 1H-1, 19–24 cm 0.0169 4.01 77.87 71.42 71.20 2.09 25.72
E 138-844B-1H-1, 115–120 cm 0.0843 4.04 78.20
E 138-844B-1H-1, 121-128- cm 0.0850 3.98 77.83 73.15 67.75 2.04 23.34
E 202-1241A-1H-2, 9–14 cm 0.0924 4.00 77.98 81.88 88.01 1.96 25.49
E 202-1241A-1H-2, 12–15 cm 0.0948 4.01 78.23 68.93 67.74 2.22 24.06
E 205-1255A-3R-3, 54–57 cm 0.0840 3.93 77.78 67.45 64.31 2.36 25.90
E 205-1254A-16R-4, 0–1 cm 0.1057 3.98 77.59 77.40 61.46 1.96 23.72
E 138-844A-1H-3, 0–30 cm 0.2319 3.88 78.03
F 334-U1378B-8H-4, 110–112 cm 0.1910 4.15 75.12 34.39 38.60 2.22 32.53 L-Fall Tephra
F 202-1242A-3H-6, 59–64 cm 0.2264 4.21 75.11
G1 170-1039B-4H-2, 56–58 cm 0.2784 2.97 71.98 118.67 11.11 2.88 35.77 Tolapa Tephra
G2 170-1040C-25R-5, 77–80 cm 0.3870 3.05 77.34 116.22 10.40 2.91 35.99 La Fuente Tephra
H 202-1242A-4H-6, 73–77 cm 0.3217 5.33 69.45 Tirib�ı Tuff
H 202-1242A-4H-6, 79–81 cm 0.3220 5.34 69.78
H 202-1242A-4H-6, 79–81 cm 0.3220 5.42 69.59 24.65 14.86 3.81 44.16
H 344-U1414A-8H-5, 40–42 cm 0.3220 5.39 69.76
H 344-U1414A-8H-5, 45–47 cm 0.3220 5.34 69.57 21.67 13.10 1.75 43.44
H 344-U1414A-8H-4, 98–100 cm 0.3220 5.40 69.57
H 344-U1414A-8H-4, 105–113 cm 0.3220 5.39 69.73 21.80 13.36 1.71 43.97
H 344-U1414A-8H-5, 3–5 cm 0.3220 5.48 69.33 21.76 13.18 1.75 43.75
H 170-1039B-4H-4, 117–121 cm 0.3220 5.47 69.59 20.67 13.17 1.99 42.66
H 344-U1381C-3H-7, 14–19 cm 0.3220 5.38 69.14 22.54 13.34 1.66 42.31
H 202-1241A-2H-2, 41–43 cm 0.3229 5.39 69.46
H 202-1241B-1H-5, 75–79 cm 0.3233 3.22 59.25 19.26 12.51 2.42 44.22
H 202-1241B-1H-5, 75–79 cm 0.3233 5.45 69.60 20.32 13.47 1.99 43.54
H 202-1241A-2H-2, 30–46 cm 0.3243 5.38 69.79
H 202-1242B-5H-1, 26–30 cm 0.3298 3.32 60.23 22.83 12.45 1.94 42.39
H 202-1242D-3H-3, 16–20 cm 0.3207 5.44 69.55
H 202, 1242C-4H-6, 103–112 cm 0.3244 5.42 69.69
I 344-U1414A-9H-3, 139–141 cm 0.4007 2.91 75.46 54.30 24.56 3.51 35.89 Upper Canal/Tenorio

Ignimbrite (CR13-15)
I 344-U1412A-13H-1, 92–93 cm 0.4460 3.69 76.55 51.99 27.55 3.26 33.34
I 334-U1378B-14H-3, 31–34 cm 0.4319 3.51 75.48 59.40 19.84 2.94 34.10
I 202-1242A-5H-3, 46–47 cm 0.3688 3.49 76.14
J 202-1242A-6H-5, 13–15 cm 0.4917 4.24 66.52 Bajo La Hondura Tuff
J 202-1242A-6H-6, 54–59 cm 0.5113 4.44 66.70 21.23 12.45 2.29 40.26
J 202-1242A-6H-6, 55–60 cm 0.5114 3.34 61.53 21.65 13.60 2.27 41.80
J 202-1241A-2H-4, 108–112 cm 0.4986 2.74 59.52
J 202-1241A-2H-4, 107–117 cm 0.5010 2.57 59.24 22.63 19.32 2.15 41.99
J 202-1242D-5H-1, 58–60 cm 0.4930 4.37 66.62 20.27 13.14 2.31 44.75
J 202-1242D-5H-1, 50–60 cm 0.4930 4.32 66.35
J 202-1242C-6H-4, 114–124 cm 0.4933 4.35 66.29 21.00 13.45 2.09 41.98
J 202-1242B-6H-7, 55–65 cm 0.4979 4.42 66.64 21.21 12.30 2.18 42.01
J 344-U1381C-5H-2, 130–132 cm 0.5004 4.24 65.78 20.38 10.69 2.56 38.18
K1 344-U1414A-11H-2, 70–72 cm 0.5698 4.03 72.69 24.76 15.31 2.66 37.80 Upper Alto Palomo Tuff
K1 170-1039B-5H-3, 129–133 cm 0.5200 3.80 73.12 28.39 16.90 2.30 39.25
K1 344-U1412A-15H, 3–7–9 cm 0.5200 4.07 73.64
K2 344-U1414A-11H-3, 25–27 cm 0.5800 3.87 72.37 27.67 15.81 2.79 43.74 Lower Alto Palomo Tuff
K2 170-1039B-5H-6, 135–139 cm 0.5797 2.83 74.25 31.77 21.38 3.16 37.42
L1 202-1242A-8H-1, 102–106 cm 0.6317 3.92 77.56 67.69 34.33 3.36 36.58 Upper La Ese Ignimbrites
L1 202-1242A-8H-1, 101–105 cm 0.6320 3.85 77.14
L1 344-U1412A-17X-4, 28–31 cm 0.6340 4.04 77.71 55.73 33.61 3.36 32.10
L1 344-U1412B-4X-1, 72–73 cm 0.6285 4.01 76.92 60.00 28.37 3.66 32.76
L1 170-1039B-6H-3, 53–58 cm 0.6340 3.76 76.42 51.77 24.32 3.72 34.69
L1 202-1242D-6H-3, 118–126 cm 0.6163 3.78 77.08
L1 202-1242D-6H-3, 120–125 cm 0.6163 3.84 76.94 69.79 32.96 2.82 34.59
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Table 2. (continued)

Interval Age (Ma) K2O (wt %) SiO2 (wt %) Ba/La Rb/Hf La/Nb Zr/Hf On Land Tephra Correlation

L1 202-1242C-7H-7, 49–53 cm 0.6165 3.82 77.10 71.92 27.80 3.33 32.38
L1 202-1242B-8H-2, 25–28 cm 0.6156 3.92 77.06
L1 344-U1381C-5H-6, 72–75 cm 0.6248 3.73 76.15 59.55 25.21 3.11 36.12
L1 334-U1379C-26X-5, 133–139 cm 0.6340 3.93 77.57 58.20 31.46 3.25 29.31
L2 344-U1381C-5H-7, 41–42 cm 0.6517 3.44 76.49 65.60 15.74 3.38 38.16
L2 344-U1381C-5H-7, 59–60 cm 0.6648 3.03 77.22 69.12 14.62 3.01 36.00
L2 170-1039B-6H-5, 25–26 cm 0.7143 3.19 77.11 62.53 14.57 3.60 37.89
L2 202-1242A-8H-5, 62–67 cm 0.6881 3.39 75.75 60.34 25.06 3.49 33.09
L2 202-1242A-8H-5, 68–69 cm 0.6887 3.26 74.33 71.43 24.44 3.01 35.83
L2 202-1242C-8H-4, 8–10 cm 0.6653 3.33 75.17
L2 202-1242B-8H-5, 133–138 cm 0.6656 3.35 74.15 56.20 23.56 2.53 39.31
L2 202-1242C-8H-4, 7–10 cm 0.6653 3.15 75.97
L2 334-U1378B-20X-3, 26–29 cm 0.6457 3.82 76.44
L2 334-U1378B-20X-3, 39–41 cm 0.6464 3.87 76.62
L2 334-U1412B-7X-3-27–32 cm 0.6520 3.48 73.48 56.64 18.62 3.92 39.32
L2 334-U1378B-20X-3, 51–53 cm 0.6470 3.92 76.23
L2 344-U1412B-7X-CC, 24–28 cm 0.6672 3.83 77.12 61.50 24.07 3.55 37.11
L2 334-U1381A-6R-1, 38–40 cm 0.6520 3.94 77.42 66.58 24.06 3.32 26.40
L3 334-U1378B-20X-4, 6–9 cm 0.6520 3.87 76.56 55.03 32.31 3.09 42.81
L3 344-U1381C-5H-CC, 26–28 cm 0.6928 3.27 74.78
L3 344-U1381C-5H-7, 66–67 cm 0.6710 3.22 77.42 71.81 32.27 2.72 32.90
L3 202-1242A-8H-5, 127–131 cm 0.6946 3.16 76.07
L3 202-1242C-8H-4, 82–83 cm 0.6718 3.25 75.07
L3 202-1242C-8H-4, 82–83 cm 0.6718 3.27 75.62
L3 202-1242A-9H-4, 120–122 cm 0.7747 3.93 77.67 72.47 37.66 2.62 37.07
L4 344-U1381C-6H-1,31–33 cm 0.7224 2.97 76.17 68.44 16.52 2.84 41.57 Lower La Ese Ignimbrite
L4 344-U1412B-8X-1, 40–42 cm 0.8900 3.26 77.84 63.45 21.63 3.14 36.47
L4 170-1040C-27R-5, 99–101 cm 0.8082 3.56 76.09 68.50 29.24 3.07 32.68
L4 202-1242D-8H-1, 91–94 cm 0.7880 3.34 77.57 68.49 22.45 3.09 34.31
L4 202-1242D-8H-1, 92–94 cm 0.7880 3.44 77.74
L4 202-1242A-10H-2, 142–145 cm 0.8420 3.40 77.74 64.52 22.53 3.26 35.35
L4 202-1242B-10H-1, 53–55 cm 0.7876 3.39 77.63 64.46 26.78 3.17 37.16
L4 202-1242B-10H-1, 57–59 cm 0.7880 3.30 77.46
L4 170-1039B-7H-2, 120–125 cm 0.8900 3.34 77.30 67.92 26.15 2.74 39.32
L4 344-U1381C-6H-2, 93–95 cm 0.8903 3.21 77.82 70.61 26.28 2.73 38.26
L4 344-U1381C-6H-2, 101–103 cm 0.8973 3.34 77.66 69.01 24.24 2.91 34.16
M 170-1040C-29R-2, 56–59 cm 1.2894 4.33 74.44 50.96 12.79 2.85 40.24 Ca�ıda Pumice
M 170-1040B-6X-2, 72–77 cm 1.1800 3.06 75.73 85.87 11.73 2.73 35.09
M 334-U1378B-27X-1, 80–83 cm 1.1666 3.08 77.62 66.35 14.55 3.02 36.73
M 334-U1378B-27X-3, 17–21 cm 1.1800 3.61 76.21 56.72 28.00 5.28 34.01
M 334-U1379C-47X-5, 84–1102 cm 1.1820 3.27 76.34 49.69 19.51 3.57 34.72
M 334-U1379C-47X-4, 2–8 cm 1.1777 3.41 76.51 63.12 27.68 3.02 35.75
M 334-U1379C-47X-4, 137–143 cm 1.1800 3.57 75.40 57.37 21.06 3.64 35.97
M 344-U1414A-13H-5, 21–24 cm 1.1799 3.46 73.17 67.65 23.46 3.50 32.81
M 170-1039B-8H-5, 40–44 cm 1.1726 2.78 78.01 63.05 20.18 3.19 33.64
M 170-1039B-8H-5, 75–80 cm 1.1801 3.02 77.72 61.63 24.26 3.05 35.65
N1 344-U1381C-6H-4, 109–111 cm 1.2017 3.62 77.60 55.89 21.86 2.92 34.43 Buena Vista Ignimbrites
N1 334-U1378B-30X-2, 43–47 cm 1.3436 4.48 76.77 61.35 27.87 2.98 30.62
N1 334-U1378B-30X-3, 98–101 cm 1.3600 3.31 77.66 64.31 24.14 2.95 35.76
N1 170-1039B-8H-6, 33–35 cm 1.2033 4.01 76.49 64.15 27.19 2.65 37.09
N1 170-1039B-9H-1, 51–57 cm 1.2500 3.77 77.20 62.85 25.01 2.47 41.06
N1 334-U1378B-31X-CC, 14–21 cm 1.3749 4.63 76.38 53.49 32.63 3.55 35.75
N1 344-U1414A-13H-5, 92–93 cm 1.2681 3.89 76.70 60.25 25.03 3.41 35.02
N1 344-U1414A-13H-5, 135–137 cm 1.2530 3.85 75.94 62.42 25.54 3.15 38.21
N1 334-U1378B-32X-4, 53–54 cm 1.3796 4.76 76.73 65.68 19.51 2.83 32.70
N1 334-U1379C-58X-3, 93–98 cm 1.3600 4.55 76.90 52.48 19.98 3.40 37.60
N1 170-1039B-9H-1, 79–81 cm 1.2604 3.78 76.97
N2 344-U1412D-2R-3, 85–87 cm 1.3500 3.78 77.37 67.60 37.05 2.43 36.26
N2 344-U1413A-20X-7, 131–132 cm 1.3099 4.09 77.36 54.28 23.81 2.49 32.02
N2 344-U1381C-6H-5, 73–75 cm 1.3134 4.07 77.06 42.68 19.31 2.41 40.42
N2 170-1039B-9H-3, 60–62 cm 1.3660 3.98 76.40 59.82 31.20 2.60 35.78
N2 170-1039B-9H-3, 23–27 cm 1.3522 4.17 76.38 55.90 28.05 2.39 31.45
N2 344-U1414A-13H-6, 69–71 cm 1.3075 3.83 76.64 59.30 30.77 3.22 35.82
N2 334-U1378B-37X-3, 8–9 cm 1.4293 4.30 77.49 55.85 24.23 2.88 47.74
N2 334-U1378B-40X-5, 79–83 cm 1.4534 4.17 77.44 46.85 18.46 3.28 36.31
N2 334-U1378B-38X-2, 37–38 cm 1.4331 4.52 76.67 62.55 23.55 2.80 38.43
N2 334-U1378B-39X-7, 9–15 cm 1.4461 4.24 77.18 71.53 21.82 2.67 34.14
N2 334-U1378B-39X-CC, 33–38 cm 1.4469 4.32 76.78 47.58 23.35 3.20 48.18
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Table 2. (continued)

Interval Age (Ma) K2O (wt %) SiO2 (wt %) Ba/La Rb/Hf La/Nb Zr/Hf On Land Tephra Correlation

N2 334-U1378B-40X-5, 55–59 cm 1.4531 4.16 76.74 65.52 21.52 2.79 36.18
N3 344-U1414A-13H-6, 79–83 cm 1.3153 3.86 76.01 66.31 27.00 2.78 33.51
N3 202, 1242B-18H-2, 25–35 cm 1.4233 4.54 77.95
N3 202-1242A-18H-3, 117–122 cm 1.4375 4.50 78.23 63.75 39.76 2.73 33.59
N3 202-1242A-18H-3, 116–122 cm 1.4377 4.71 77.85 63.24 36.98 2.71 32.47
N3 344-U1381C-6H-5, 78–80 cm 1.3183 3.97 76.77 52.35 35.30 2.57 35.36
N3 344-U1413A-20X-8, 20–22 cm 1.4343 4.03 77.85 55.85 37.56 2.70 35.01
N3 344-U1413A-20X-8, 24–29 cm 1.4560 4.08 77.45 74.04 32.33 2.15 30.06
N3 170-1040C-29R-2, 109–114 cm 1.2904 4.34 77.34 68.31 36.35 2.62 32.75
N3 170-1039B-9H-7, 42–46 cm 1.5415 4.12 77.71 65.20 36.30 2.80 34.44
N3 334-U1378B-40X-7, 26–31 cm 1.4560 4.34 77.17 60.22 25.85 3.02 37.32
O 344-U1412C-9R-2, 11–16 cm 1.5950 4.38 77.92 68.54 43.85 2.56 36.51 Liberia Tuff
O 334-U1379C-60X-7, 41–43 cm 1.5950 4.53 76.12 47.80 17.89 3.82 36.28
O 206-1256B-3H-2, 34–36 cm 4.22 77.85
O 138-844B-3H-6, 103–120 cm 1.5950 4.12 76.98
O 170-1040C-30R-1, 91–93 cm 1.5703 4.96 74.84 52.06 23.28 2.98 38.10
O 170-1040C-30R-1, 105–107 cm 1.5750 4.54 77.05 70.94 47.51 3.03 31.07
O U1378B-43X-6, 13–15 cm 1.5600 4.11 76.96 63.91 22.88 2.49 34.68
O 170-1040C-30R-2, 87–91 cm 1.6190 4.75 76.98 52.30 42.63 2.50 37.40
O 344-U1381C-6H-7, 60–62 cm 1.5945 3.55 77.39 69.57 21.65 3.17 26.68
O 344-U1381C-6H-CC, 0–2 cm 1.5984 3.75 77.34 71.84 29.82 3.03 30.89
O U1378B-45X-1, 145–147 cm 1.5950 3.91 78.06 67.48 34.32 2.28 36.58
O 344-U1412D-2R-4, 143–145 cm 1.5941 4.34 78.08 67.40 33.95 2.56 32.56
O 344-U1413A-21X-3, 4–6 cm 1.5950 3.84 77.33 67.71 27.93 2.36 36.93
O 344-U1414A-14H-3, 12–14 cm 1.5952 3.99 77.22 71.09 30.44 2.84 34.64
O 344-U1413A-21X-3, 6–8 cm 1.5950 3.67 77.50 70.20 31.91 2.41 35.79
O 170-1041A-11X-3, 0–2 cm 1.5972 4.52 78.07 68.51 28.80 2.42 35.30
O 202-1242A-22X-1, 114–121 cm 1.6011 5.12 76.79 46.28 44.89 2.75 42.13
O 202-1242A-22X-1, 115–122 cm 1.6015 4.99 77.12 53.63 43.42 2.47 34.93
O 202-1242B-21X-6, 13–14 cm 1.6531 4.91 77.10 55.77 46.49 2.36 38.96
O 202-1242B-21X-CC, 14–19 cm 1.5881 4.92 76.75 51.40 38.09 2.65 38.39
O 170-1039B-10H-1, 29–44 cm 1.5950 3.66 76.62 57.36 15.59 2.94 36.86
O 170-1039B-10H-1, 119–121 cm 1.6183 3.06 77.26 67.42 26.60 3.18 29.72
P 334-U1379C-70X-2, 23–28 cm 1.7000 4.05 76.60 52.03 39.13 2.86 33.28 Green Layer
P 138-844B-4H-2, 130–140 cm 1.7430 4.20 77.79
P 170-1039B-10H-5, 14–16 cm 1.7479 4.48 77.77 62.38 26.61 3.01 29.41
P 170-1039B-10H-5, 50–54 cm 1.7573 4.40 76.24
P 170-1039B-10H-5, 58–70 cm 1.7594 4.38 76.01 58.75 22.02 2.39 39.82
P 334-U1378B-45X-2, 90–92 cm 1.6087 3.90 77.32 66.29 30.03 2.43 35.22
P 170-1039B-10H-5, 81–85 cm 1.7653 4.24 76.04 52.52 17.88 2.76 39.25
P 170-1039B-10H-5, 117–122 cm 1.7747 4.28 75.76 53.01 19.18 2.92 39.26
P 170-1041A-11X-3, 93–94 cm 1.6190 4.07 74.15 60.16 20.96 4.14 42.57
P 170-1041A-11X-3, 80–83 cm 1.6165 3.63 70.95 58.06 22.02 3.91 44.91
P 344-U1412D-3R-5, 43–46 cm 1.7010 3.82 76.93 74.38 26.92 3.05 28.61
P 202-1242B-24X-2, 10–12 cm 1.7657 4.24 77.16 72.88 26.95 3.93 29.51
Q 334-U1378B-50X-1, 12–13 cm 2.0600 3.47 76.22 43.33 14.98 3.26 41.43 Ca~nas Ignimbrite
Q 170-1039B-11H-6, 116–118 cm 2.0599 3.94 74.21 47.98 13.99 3.11 39.90
Q 202-1241B-5H-6, 112–114 cm 2.0419 3.38 74.64 57.16 16.84 3.53 39.45
Q 202-1241A-6H-1, 15–19 cm 2.0457 3.36 74.93
Q 170-1040C-30R-3, 45–50 cm 1.6744 3.37 75.60 64.22 18.93 3.17 41.52
Q 170-1040C-30R-4, 108–113 cm 1.9829 3.86 74.40 48.59 13.31 3.07 38.48
Q 344-U1414A-15H-3, 121–123 cm 2.0602 4.05 74.04 50.33 12.86 2.69 39.57

Bagaces Formation
R1 170-1039B-12X-2, 79–86 cm 2.1264 4.00 69.65 49.63 13.61 2.76 39.49 R�ıo Colorado Ignimbrite
R1 344-U1414A-15H-4, 5–7 cm 2.0836 4.07 73.81 47.19 12.28 3.08 39.11
R1 202-1241B-6H-1, 7–9 cm 2.0961 4.19 71.55
R2 170-1040C-31R-2, 45–55 cm 2.4806 4.24 70.41 40.23 13.49 3.01 40.57
R2 170-1039B-13X-1, 61–66 cm 2.2288 4.12 71.32 41.13 13.58 3.26 38.60 Ignimbrite at Meco Plantal

MP2 (sample CR13-17)
R2 170-1039B-13X-5, 31–33 cm 2.3499 4.12 70.08 40.99 14.24 2.59 41.64
R3 344-U1414A-15H-6, 76–78 cm 2.3391 3.56 74.70 55.24 17.67 3.50 40.65
R3 U1378B-54X-2, 0–3 cm 2.6239 4.05 75.86 60.20 25.91 2.63 35.97
R4 170-1040B-15X-4, 64–70 cm 2.7810 3.22 72.89 65.67 23.07 4.82 42.00 Ignimbrite at Meco Plantal

MP1 (sample CR13-18)
R4 170-1040B-15X-4, 102–117 cm 2.7896 3.33 72.75 63.49 22.31 5.01 41.80
R5 170-1040B-16X-2, 64–71 cm 2.9115 3.54 72.35 46.01 25.23 4.43 42.51
R6 170-1041A-18X-1, 30–33 cm 2.8871 5.03 72.34 71.95 11.02 1.91 41.10 (Similar to sample CR13-20)
R6 170-1040B 17X-2, 89–94 cm 3.1518 3.28 70.98 65.49 16.68 4.06 37.63
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between K1 and K2 that correlates to the Platanar volcanic complex. Moreover, a marine ash bed below K2
at site 1039 at �0.6 Ma (Figure 8) also has the typical Chocosuela chemistry. Hence, the marine ashes sug-
gest there were both precursor and intermediary eruptions of the Alto Palomo Tuffs that had not yet clearly
been identified on land.
4.3.1.4. Tenorio Volcano
Tenorio volcano is only known for its effusive phases between 0.74–0.54, 0.37–0.26, and 0.26–0.09 Ma
[Alvarado and Gans, 2012] but during our fieldwork we sampled the several meters thick so-called Canal/
Tenorio ignimbrite (sample CR13-15) between Miravalles and Tenorio volcano. The ignimbrite consists of
two flow units; its source and age are unknown. Marine tephra layer I (�0.4–0.45 Ma) agrees geochemically
with samples taken from the upper part of this ignimbrite, but overlapping tephra compositions leave cor-
relations of marine ashes to either Miravalles or Tenorio volcano ambiguous. The two marine tephra layers
s6 and s11 (Sites U1378, 1040, and 1039), which are �0.25 and �0.39 Ma old, have very similar, although
slightly different, compositions (Figures (7 and 9), and S3) that suggest their relation to these volcanoes. A
�0.5 Ma old single marine ash bed in Site 1039 matches the first and second effusive phases of Tenorio [cf.
Alvarado and Gans, 2012].
4.3.1.5. Miravalles, Rinc�on de la Vieja, and Their Precursor Systems
The stratigraphic framework in the northern part of Costa Rica with overlapping deposits from the Miravalles
and the Rinc�on de la Vieja systems and their respective precursor calderas (Guayabo and Ca~nas Dulces)
including Pliocene and Miocene eruptive centers of unknown locations has not yet been completely resolved
but contains the two prominent Bagaces and Liberia formations (Figure 2) [Alvarado and Gans, 2012; Chiesa,
1991; Zamora et al., 2004; Alvarado et al., 1992; Gillot et al., 1994; Vogel et al., 2004]. The <8–2.02 Ma old Baga-
ces Formation contains the Carbonal lava flow (8.05 6 0.09 Ma), Alto Mirador Ignimbrite (4.87 6 0.07 Ma), Low-
er Sandillal Ignimbrite (4.15 6 0.02 Ma), Upper Sandillal Ignimbrite (4.1 6 0.02 Ma), Pan de Az�ucar Ignimbrite
(3.64 6 0.066 Ma), Abomal Fall (3.21 6 0.06 Ma), Abomal Ignimbrite (2.97 6 0.03 Ma), R�ıo Colorado Ignimbrite
(2.08 6 0.01Ma), and Ca~nas Ignimbrite (2.06 6 0.02 Ma). The Papagayo Tuff [Szymanski et al., 2013] (Papa corre-
lation field in Figures 5e, 6g, 6h, S1, and S2), a welded ignimbrite with basal contact to the Carbonal lava flow
(�8 Ma; Figure 2) [Alvarado and Gans, 2012]), may correspond to the R�ıo Colorado Ignimbrite.

The �1.6–0.6 Ma old Liberia Formation comprises the Green Layer (�1.8 Ma), the Liberia Tuff dated at
1.595 6 0.02 Ma by Alvarado and Gans [2012] and at 1.43 6 0.09 Ma by Molina et al. [2014], the Salitral

Table 2. (continued)

Interval Age (Ma) K2O (wt %) SiO2 (wt %) Ba/La Rb/Hf La/Nb Zr/Hf On Land Tephra Correlation

R7 202-1241C-5H-2, 45–49 cm 3.1473 4.12 76.28 44.73 12.52 2.43 37.13
R7 202-1241A-8H-5, 146–148 cm 3.1483 4.07 76.26 41.60 15.54 2.63 42.75
R7 202-1241B-8H-5, 41–43 cm 3.1486 4.05 76.43 44.14 12.58 2.49 38.70
R7 202-1241A-8H-5, 145–150 cm 3.1490 4.08 76.85 44.17 13.99 2.44 37.66
R7 205-1254A-3R-3, 97–100 cm 3.2431 3.81 77.53
R7 170-1039B-15X-1, 36–42 cm 3.3855 3.93 76.22 43.14 12.43 2.51 38.81
R7 344-U1414A-17H-5, 124–130 cm 3.3500 3.87 75.67 49.62 14.68 2.61 35.63
R7 170-1040C-32R-6, 18–25 cm 3.3821 5.04 75.28 43.90 34.10 2.89 36.35
R8 334-U1378B-61X-1, 109–111 cm 3.5851 4.09 77.90 68.60 27.48 3.41 29.89
R8 334-U1378B-62X-2, 83–85 cm 3.6668 4.31 76.90 52.80 15.51 3.71 27.31
R8 205-1254A-3R-5, 41–45 cm 3.7287 2.92 77.64 57.14 11.80 2.53 27.19
R9 170-1040B-20X-3, 65–70 cm 3.8380 3.06 75.37 56.71 20.61 3.72 38.64
R9 170-1040B-20X-3, 127–132 cm 3.8511 2.91 75.40 49.10 15.78 3.61 36.54
R9 170-1040C-1R-5, 102–123 cm 3.8647 3.00 75.21 58.99 17.84 3.43 40.73
R9 170-1039B-15X-6, 27–29 cm 3.9647 3.64 74.51 48.86 12.18 2.88 40.14
S 170-1039B-15X-7, 20–25 cm

(Data from Clift et al., 2005)
4.0842 3.24 69.06 35.41 3.91 Upper Sandillal Ignimbrite

S 84-565*-10R-7, 26–30 cm 4.0999 2.86 69.75 41.39 16.06 2.83 38.30
S 138-844B-4H-4, 92-102–10 cm 4.1230 4.14 70.44
T 138-844B-4H-4, 92–102 1 cm 4.1230 4.12 77.74 Lower Sandillal Ignimbrite
T 344-U1414A-18H-5, 104–108 cm 4.1501 3.87 78.01 76.33 24.24 2.71 35.82
T 170-1039B-16X-1, 64–74 cm 4.1499 3.59 77.55 87.98 31.22 3.61 37.09
T 170-1039B-16X-1, 100–101 cm 4.1703 3.43 77.78 82.04 25.47 4.04 39.41
T 170-1040C-3R-1, 80–88 cm 4.1355 4.19 76.50 59.05 27.83 3.99 33.82
T 205-1254A-5R-7, 32–36 cm 4.1343 3.49 78.16 67.04 33.08 3.31 38.44
T 205-1254A-5R-8, 14–21 cm 4.1500 4.19 76.40 59.46 22.41 3.88 34.59

aAges are calculated with sedimentation rates or ages from literature (references are given in the text).
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Ignimbrite (1.36 6 0.02 Ma), the Buena Vista Ignimbrites (1.311 6 0.02 and 1.456 6 0.036 Ma), Ca�ıda Pumice
(1.18 6 0.02 Ma), and the La Ese Ignimbrites (0.89 6 0.03 to 0.620 6 0.01 Ma).

Bagaces Formation on the Seafloor. Tephra layer Q comprises ash beds from five sites that were chemically
correlated to the Ca~nas Ignimbrite (Figures 5e, 6g, 6h, 9, S1, and S2). Tephra layers S (at Sites 1039, 565, and
844) and T (at Sites U1414, 1254, 1040, 1039, and 844) compositionally correlate to the Upper Sandillal
Ignimbrite and Lower Sandillal Ignimbrite, respectively (Figures 5e, 6g, 6h, S1, and S2). The compositional
overlap of Bagaces Formation units between Ca~nas Ignimbrite and Sandillal Ignimbrites complicates correla-
tions to individual eruptions. We found at least nine tephra layers (R1–R9) that fit this age interval and have
glass compositions typical for the Bagaces Formation. R1 through R9 are found mainly in Sites 1039, 1040,
and 1041 offshore the Nicoya Peninsula (Figure 9). Tephra layer R1 has a calculated age of �2.1 Ma that fits
the age of the widely distributed R�ıo Colorado Ignimbrite (2.08 6 0.01 Ma) [Alvarado and Gans, 2012].
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Figure 7. Comparison of glass compositions of ash beds correlated between multiple sites (tephra layers s1–s32) with Zr/Nb, La/Sm, Nb/
Ta, Ba/Th, Rb/Nd, and 208Pb/204Pb variations along the CAVA as discussed in the text. 208Pb/204Pb variations include all obtained analyses.
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Table 3. Site to Site Correlationsa

Correlation Intervals Age (Ma) Provenance

s1 U1378B-3H-6, 29–30 cm, U1378B-3H-6, 33–34 cm,
205-1255A-3R-2, 30–32 cm

0.006–0.027 N-Costa Rica (870–930 km, Rinc�on,
Miravalles, Tenorio)

s2 334-U1378B-5H-4, 106–108 cm, 344-U1413A-3H-2, 64–65 cm 0.071–0.075 C-Costa Rica (1000–1050 km, Platanar, Po�as)
s3 205-1255A-3R-3, 63–65 cm, 170-1039A-2H-3, 20–25 cm,

344-U1381C-2H-3, 39–41cm, 205-1255A-3R-3, 65–69 cm,
205-1254A-16R-CC, 5–7 cm, 170-1039A-2H-3, 20–25 cm,
170-1039B-3H-2, 41–44 cm, 344-U1414A-5H-1, 106–108 cm

0.095–0.162 C-Nicaragua (680–740 km, Las Sierras)

s4 344-U1381C-2H-6, 136–138 cm, 202-1242C-3H-5,
101–103 cm, 202-1242B-3H-6, 62–64 cm

0.174–0.195 Central Nicaragua (�700 km, Malpaisillo)

s5 344-U1413A-5H-3, 75–77 cm, 334-U1378B-9H-5,
3–5 cm, 334-U1378B-9H-5, 3–5 cm

0.216–0.249 N-Costa Rica (870–930 km,
Rinc�on, Miravalles, Tenorio) or C-Costa
Rica (1000 km, Platanar, Po�as)

s6 334-U1378B-9H-5, 34–36 cm, 170-1039A-3H-3, 23–28 cm 0.251–0.262 N-Costa Rica (�920–950 km, Tenorio, Arenal)
s7 344-U1413A-10H-7, 58–66 cm, 170-1040A-1H-5, 67–80 cm,

170-1039A-3H-3, 105–112 cm
0.272 N-Costa Rica (�880 km, Rinc�on)

s8 170-1039A-3H-4, 7–13 cm, 170-1039A-3H-4, 15–19 cm,
170-1039A-3H-4, 71–75 cm, 170-1040C-25R-1, 19–26 cm,
170-1039A-3H-4, 75–77 cm

0.279–0.299 N-Costa Rica (�880–900 km, Rinc�on, Miravalles)

s9 344-U1414A-8H-6, 19–20 cm, 170-1040C-25R-4, 5–8 cm 0.334–0.357 C-Nicaragua (680–740 km, Las Sierras)
s10 202-1242A-5H-3, 123–126 cm, 344-U1381C-4H-4, 0–2 cm 0.377–0.391 C-Nicaragua (680–740 km, Las Sierras)
s11 170-1039B-4H-6, 123–125 cm, 170-1040C-25R-4, 71–73 cm 0.366–0.397 N-Costa Rica (920 km, Miravalles, Tenorio)
s12 344-U1381C-5H-2, 148–150 cm, 344-U1412A-17X-3, 46–50 cm 0.505–0.620 Central Costa Rica (�1000 km, Platanar)
s13 202-1242A-7H-6, 120–121 cm, 344-U1381C-5H-5, 93–95 cm,

170-1039B-6H-2, 106–113 cm
0.595–0.621 N-Costa Rica (�900 km, Miravalles/Tenorio)

s14 202-1241A-2H-6,126–135 cm, 202-1241A-2H-6, 130–138 cm,
202-1242A-8H-4, 125–127 cm,
170-1039B-6H-5, 7–9 cm, 202-1241B-2H-4, 72–77 cm,
344-U1414A-12H-1, 22–28 cm

0.652–0.76 C-Costa Rica (1020–1050 km, Po�as, Barva)

s15 170-1040C-27R-5, 28–30 cm, 202-1242D-7H-4, 70–78 cm 0.712–0.788 C-Nicaragua (680–740 km, Las Sierras)
s16 202-1242C-11H-1, 47–48 cm, 202-1242C-11H-1, 77–78 cm,

344-U1413A-19X-5, 70–78 cm
0.960 S-Nicaragua (750–800 km)

s17 202-1242A-11H-3, 112–126 cm, 202-1242B-11H2, 116–128 cm,
202-1241A-3H-3, 88–90 cm, 202-1242A-11H-4, 0–9 cm,
344-U1381C-6H-3, 63–65 cm, 170-1039B-7H-7, 31–37 cm

0.903–1.03 C-Costa Rica (1020–1050 km, Po�as, Barva)

s18 202-1241B-3H-1, 54–56 cm, 202-1241A-3H-4, 27–33 cm,
202-1242C-11H-3, 119–132 cm, 202-1242A-11H-7, 26–31 cm,
202-1242A-11H-7, 6–20 cm, 170-1039B-8H-2, 6–14 cm

0.949–1.069 C-Costa Rica (1020–1050 km, Po�as, Barva)

s19 344-U1413C-16R-6, 91–94 cm, 344-U1412C-7R-1, 102–105 cm,
334-U1378B-26X-3, 18–20 cm, 334-U1378B-26X-3, 40–42 cm,
334-U1378B-26X-3, 140–142 cm, 334-U1378B-26X-3, 105–110 cm,
334-U1379C-42X-1, 18–22 cm, 334-U1379C-42X-3, 90–110 cm,
334-U1379C-42X-4, 95–127 cm, 334-U1379C-42X-5, 31–34 cm,
334-U1378B-26X-5, 121–124 cm, 334-U1378B-26X-6, 93–96 cm,
202-1242A-12H-4, 108–109 cm, 202-1242C-12H-1, 68–70 cm

1.046–1.124 N-Costa Rica

s20 344-U1381C-6H-4, 12–14 cm, 170-1039B-8H-4, 53–67 cm 1.107–1.143 C-Costa Rica (1020–1050 km, Po�as, Barva)
s21 138-844B-2H-6, 145–150 cm, 170-1041A-9X-1, 73–75 cm,

138-844B-3H-2, 13–25 cm
0.949–1.197 N-Guatemala (�140 km, Atitl�an)

s22 344-U1412D-2R-3, 88–94 cm, 202-1242C-15H-7, 22–29 cm,
202-1242B-15-CC, 14–26 cm, 202-1242A 16H-4, 130–138,
202-1242B 16H-1, 22–27 cm

1.311–1.348 N-Costa Rica (�880 km), or
N-Guatemala (140 km, Atitl�an)

s23 170-1041A-10X-2, 98–102 cm, 202-1242A-19H-1, 23–32 cm,
202-1242B-19X-1, 18–22 cm

1.410–1.467 N-Costa Rica (�880–920 km,
Guayabo, Ca~nas Dulces)

s24 334-U1379C-60X-2, 89–94 cm, 344-U1414A-14H-1, 7–9 cm,
344-U1414A-14H-1, 31–33 cm

1.403–1.528 C-Nicaragua (690–770 km)

s25 170-1039B-11H-3, 16–20 cm, 202-1241A-5H-5, 10–15 cm 1.854–1.917 N-Costa Rica (�880–920 km,
Guayabo, Ca~nas Dulces)

s26 344-U1414A-15H-2, 76–79 cm, 334-U1380A-5R-5, 31–33 cm 1.980 N-Costa Rica (�880 km, Oros�ı, Guayabo)
s27 170-1039B-16X-7, 0–5 cm, 170-1039B-16X-CC, 16–21 cm,

205-1254A-8R-8, 50–65 cm
4.620–4.709 C-Nicaragua (700 km)

s28 170-1039B 19X-CC, 20–26 cm, 344-U1414A-23X-5, 2–7 cm 6.271–6.389 C-Nicaragua (�700 km)
s29 170-1039B 20X-1, 37–40 cm, 344-U1414A-24X-3, 26–32 cm,

344-U1414A-24X-3, 56–60 cm
6.291–6.725 C-Nicaragua (�700 km)

s30 170-1041C-1R-1, 27–30 cm, 170-1041C-1R-3, 74–86 cm,
344-U1414A-24X-4, 0–3 cm

6.58–6.75 N-Costa Rica (880–930 km, Orosi,
Guayabo, Ca~nas Dulces, Tenorio)

s31 170-1039B 20X-2 9–12 cm, 344-U1414A-24X-6, 61–63 cm,
344-U1414A-24X-6, 33–36 cm

6.359–6.902 C-Nicaragua (700 km), or Honduras

s32 170-1039B 20X-5, 121–123 cm, 344-U1414A-25X-6, 68–70 cm 6.675–7.391 C-Nicaragua (650–750 km)

a127 ash beds can be correlated between sites and form the 32 tephra layers called s1–s32. Ages are calculated using sedimentation rates.
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We correlate marine tephra layers R2 and R4 to two ignimbrite flow units that we sampled close to Meco
Plantel near Bagaces city (MP1 and MP2; Figures 5e, 6g, 6h, 9, S1, and S2), while tephra layer R6 fits the geo-
chemical composition of another, yet unnamed ignimbrite (sample CR13-20). The along-arc provenance
plots suggest widespread tephra layer s30 (Sites U1414 and 1041; Figures 7 and S3) also relates to the Baga-
ces Formation, as well as two ash beds (Intervals 170-1040C-8R-4, 3–5 cm; 170-1039B-23X-1, 15–17 cm)
between 2 and 6 Ma (Figure 8). The occurrence of at least nine Bagaces tephra layers on the seafloor that
complement the number of Bagaces ignimbrites on land [e.g., Semm and Alvarado, 2007; Szymanski et al.,
2013], and the strong compositional similarity between all these deposits, suggests that the formation rep-
resents repeated large-magnitude, probably caldera-forming eruptions from a huge magma system that
operated in a near-steady state from 4 to 2 Ma in northern Costa Rica.

Liberia Formation on the Seafloor. The Liberia Tuff is one of the most prominent Quaternary tephra units on land
[Chiesa, 1991; Alvarado and Gans, 2012] and correspondingly its marine equivalents can be identified in 12
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marine sites (tephra layer O; Figures
5d, 6e, 6f, S1, S2, and 9; U1414, U1413,
U1412, U1381, U1379, U1378, 1242,
1256, 844, 1041, 1040, and 1039) by
chemical fingerprinting and the char-
acteristic biotite-rich nature of the
tephra layer. Closely associated to the
Liberia Tuff is the ‘‘Green Layer,’’ a
thick pumice fallout below the Liberia
Tuff that has similar juvenile composi-
tion (Figure 3) and has consistent
sedimentation-rate-derived ages of
�1.7 Ma at all sites, which are sup-
ported by a new Ar/Ar age of
1.81 6 0.11 Ma (170-1039B-10H-5, 58–
70 cm; Table 1). Glass compositions
from marine tephra layer P that occurs
in seven sites (Figure 9; Sites U1412,
U1379, U1378, 1242, 1041, 1039, and
844) correlate with ‘‘Green Layer’’
compositions (Figures 5d, 6e, 6f, S1,
and S2).

Three marine tephra layers (N1, N2,
and N3) have the geochemical signa-
ture of the Buena Vista Ignimbrite
(Figures 5c, 6d, 9, S1, and S2) that
presumably contains at least two
flow and four fall units [Alvarado and
Gans, 2012; Gillot et al., 1994; Chiesa
et al., 1992; Deering et al., 2007]. We
did not find traces of the Salitral
Ignimbrite that is of similar age
(1.36 6 0.02 Ma) as the Buena Vista
Ignimbrite.

The Ca�ıda Pumice and the La Ese
lgnimbrites are related to collapses
of the 1.17–1.0 Ma old Guayabo Cal-
dera that hosts the later Miravalles
and Zapote volcanoes [Alvarado and
Gans, 2012]. We found marine tephra
layers with the geochemical signa-
ture of the La Ese Ignimbrites (L1-L3
Upper La Ese, L4 Lower La Ese; Fig-
ures 5b, 6c, S1, and S2) in seven sites
(Figure 9; Sites U1412, U1381, U1379,
U1378, 1242, 1040, and 1039). We
distinguish four layers, L1–L4,
because there are several distinct
horizons of that composition per
hole. We interpret that each of the
four layers represents one eruption
from Guayabo Caldera. L1 through
L4 ages calculated from
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Figure 9. (continued).
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Figure 9. Compositionally correlated tephra layers A through T provide chronostratigraphic links between the 12 drill sites offshore southern CAVA arranged from South (right) to North
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sedimentation rates overlap completely with the Ar/Ar ages for the La Ese Ignimbrites. Our along-arc prove-
nance analysis shows that tephra layer s13 (�0.62 Ma) and four single marine ash beds between 0.8 and
1.85 Ma (Figure 9; Sites U1378, 1041, 1242, and 1039; Figures (7 and 8), and S3 and Table 3) have geochemi-
cal compositions similar to the La Ese Ignimbrites.

Stratigraphically deeper we found marine tephra layer M that we infer to probably be the equivalent of the
1.18 Ma old Ca�ıda Pumice (Figure 9). Although the chemical correlation is ambiguous (Figures 5c, 6d, S1,
and S2), the stratigraphic order (Figure 2) and ages between 1.16 and 1.29 Ma, calculated with sedimenta-
tion rates, support this correlation.

Comparison with along-arc compositional variations suggests that five marine tephra layers (s26, s25, s23, s22,
s19; 202-1242A-19H-4, 84–89 cm; Figures 7–9 and S3; also at Sites U1414, U1412, U1413, U1378, 1039, 1041,
1241, and 1242) and one local ash bed with ages between �1 and 2 Ma could be associated with the Ca~nas
Dulces Caldera, a precursor to Rinc�on de la Vieja that destroyed and replaced the former Alc�antaro Volcano
(2.17–1.78 Ma) [Alvarado and Gans, 2012; Molina et al., 2014]. Accepting that Rinc�on de la Viej�a volcano is youn-
ger than 0.56 Ma, we can identify four tephra layers (s8, s7, s5, s1; U1378B-9H-6, 88–91 cm; also at Sites U1413,
U1378, 1039, 1040, 1254; Figures 7–9 and S3 and Table 3) in the Pacific marine sediments that probably derive
from this volcano. Tephra layer A in the uppermost centimeters of Site U1378 (Figures 5a, 6a, 6b, 9, S1, and S2)
can be unambiguously correlated to the�3.5 ka Rinc�on de la Vieja Tephra (RT) [e.g., Soto et al., 2003].
4.3.2. Nicaraguan Provenance
Widespread tephra layer s4 (Figure 9; Sites U1381 and 1242, �180 ka) and seven individual marine ash beds
younger than �0.6 Ma (Figure 9; Sites 1039, U1378, 1242; Figures 7 and S3 and Table 3) have unique
potassium-poor, silica-rich compositions, as well as characteristic trace element ratios that fit an origin from
Central Nicaragua, most probably precursor systems of the Apoyo Caldera and Chiltepe volcanic complex.
Other marine tephras relate to the following three volcanic systems.
4.3.2.1. Neogene Coyol Arc
Seven tephra layers (Figure 9; s16, s24, s27–s29, s31, and s32; Sites U1413, U1414, U1379, 1241, 1242, 1254/
55, 1039, 1041, and 565) from �1 to �7 Ma, and 25 individual marine ash beds between �1 and �9 Ma,
possess similar chemical compositions like pyroclastic deposits sampled from the Neogene Coyol arc
(Figures (7 and 8), and S3). These compositions also agree with those of marine ash beds found in the Carib-
bean and stand out by trace element ratios indicative of continental crust influence on magma evolution
(e.g., K/Rb, Th/Nb, Rb/Nd, Rb/Hf, Ba/La, and Ba/Th) [Wark, 1991; Vogel et al., 2004; Walker et al., 2007; Jordan
et al., 2006, 2007a, 2007b]. According to Jordan et al. [2006, 2007a, 2007b] rocks of such compositions cover
the 27–4.8 Ma age range but Saginor et al. [2011a, 2011b] and Alvarado et al. [2007] imply major gaps in the
Coyol arc lavas between 12 and 7 Ma and 6 and 3.5 Ma. Our marine tephra layers cover the age range from
1 to 9 Ma and thus support the view of Jordan et al. [2007a, 2007b] of rather continuous Coyol magmatism
and extend the activity at the Coyol arc to at least <2 Ma (Figures 7 and 8, and S3).
4.3.2.2. Las Sierras-Masaya Volcanic Complex
The Las Sierras Formation is a succession of mafic tephras, lahars, and lavas, including local phreatomagmatic
tuffs and scoria deposits as well as widespread ignimbrites that may be related to formation of the Las Nubes
caldera [Girard and Van Wyk de Vries, 2005]. The age of the Las Sierras-Masaya volcanic complex is uncertain; it
may have started to form in the early Quaternary or even the Pliocene [McBirney and Williams, 1965] or just
�330 ka ago [Carr et al., 2007b]. The youngest dated unit is a 34 ka old mafic ignimbrite at the west flank of
the complex [Kutterolf et al., 2007a]. A prominent product of a vent in the Las Nubes caldera is the 60 ka Fon-
tana Tephra, a mafic Plinian fall deposit [Williams, 1983; Wehrmann et al., 2006]. The younger Masaya caldera
produced at least three large magmatic and phreatomagmatic eruptions between 6 and 1.8 ka prior to growth
of the active Masaya volcano [Bice, 1985; Kutterolf et al., 2007a; P�erez and Freundt, 2006; P�erez et al., 2009].

The mafic tephras of the Las Sierras Formation have overlapping major-element glass compositions and
very similar modal compositions (3–5% minerals; plagioclase>pyroxene> olivine [Kutterolf et al., 2008a]),
and the internal stratigraphy of the formation has yet to be established. Marine tephras therefore can only
be compositionally related to the Las Sierras Formation in general. An exception is the correlation of marine
tephra layer D from Sites U1381 and 1254 to the Fontana Tephra (FT), not only by glass composition (Fig-
ures 5a, 6a, 6b, 9, S1, and S2), but also by the outstanding high sideromelane/tachylite ratio and the age of
�56 ka estimated from sedimentation rates, which is very close to the age of �60 ka that had been deter-
mined from sedimentation rates in gravity cores [Kutterolf et al., 2008a].
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The glass geochemistry of the Las Sierras Formation is found in widespread tephra layers s3, s9, s10, and s15
(Figure 9; Sites 1254/55, 1039, 1040, 1242, U1381, and U1414), which cover the �150 to �750 ka age range,
as well as in five individual marine ash beds of Sites U1381, U1378, and 1039 from �60 to �545 ka (Figures
(7 and 8), and S3 and Table 3). These data show that the Las Sierras Formation dates much further back in
time (>700 ka) than previously thought.
4.3.2.3. Malpaisillo Caldera
A thick pile of rhyolitic fallout deposits and ignimbrites surrounds the 10 km wide Malpaisillo Caldera, locat-
ed ca. 50 km northwest of Managua (Figures 1 and 2). According to Stoppa [2015], this succession was
emplaced between �290 and �610 ka, and comprises at least six major tephra units (Figure 2; LaPT 5 La
Paz Centro Tephra, LaFT 5 La Fuente Tephra, ST 5 Sabanettas Tephra, TolT 5 Tolapa Tephra, LMN 5 Lower
Maderas Negras Tephra, and UMT 5 Upper Maderas Negras Tephra). The individual tephras can be distin-
guished by their alkali contents (K2O 5 2.32–3.93 wt %; Na2O 5 3.6–5.3 wt %) and are all significantly more
potassium-rich than other Pleistocene to Holocene Nicaraguan tephras. This allowed us to correlate tephra
layers G1 and G2 in Sites 1039 and 1040 to the Malpaisillo caldera (Figures 5a, 6a, 6b, S1, and S2). The
sedimentation-rate derived ages of the G1 and G2 layers are �280 and �380 ka, respectively, and they may
relate to the large TolT and LaFT deposits.
4.3.3. Northern CAVA Provenance
The Early Pleistocene and older tephrostratigraphic successions of El Salvador and Guatemala are poorly
known, but the Late Pleistocene through Holocene stratigraphy of major tephras is fairly well known [e.g.,
Koch and McLean, 1975; Newhall, 1981; Petersen and Rose, 1985; Rose et al., 1987, 1999], and a geochemical
data set for these major tephras is available [Kutterolf et al., 2008a]. Thus, we are able to correlate one ash
bed from Site U1378 (correlation B1) to the 36 ka old Terra Blanca 4 (TB4) tephra and one ash bed from Site
1040 (B2) to the older ‘‘A3/A5’’ tephras [Kwasnitschka, 2009], all from Ilopango Caldera in El Salvador (Figure
9). The marine tephra layer E (Figure 9; Sites 844, 1039, 1241, 1254, and 1255) correlates with the 84 ka Los
Chocoyos tephra (LCY) [Rose et al., 1999] from Atitl�an Caldera (Figure S4). The LCY has been widely found in
Pacific and Caribbean marine sediment cores [Hahn et al., 1979; Drexler et al., 1980; Kutterolf et al., 2008a].
Tephra layer F (Figure 9; Sites 1242 and U1378) relates to the 191 6 11 ka L-Fall Tephra (LFT) [Rose et al.,
1999], from the Amatil�an Caldera in Guatemala (Figure S4). The LCY and LFT ashes found in our cores were
emplaced �800–1000 km away from their source volcano.

5. Conclusions

We have established a new and consistent tephrochronostratigraphy, which describes the occurrence of
large explosive eruptions from southern CAVA volcanoes (Figure 9). Major widespread tephra layers, e.g., D,
G, H, O, P, T, facilitate correlations between Nicaragua and Costa Rica, but also to northern CAVA tephra suc-
cessions (e.g., B, E, and F; Guatemala and El Salvador). We have provided a stratigraphically classified tephra
database of glass compositions of large-magnitude Quaternary and Neogene explosive eruptions. We have
correlated marine tephra layers to their terrestrial counterparts, or along-arc provenance, and used the
gathered information from previously dated terrestrial samples [e.g., Alvarado and Gans, 2012] and newly
acquired Ar/Ar ages of marine tephra deposits to build an overall chronotephrostratigraphy for the south-
ern CAVA. These data provide new insights into the overall lifetime and the number of major eruptions of
the major volcanic complexes.
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