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[1] Sediment gravity cores collected from the Pacific seafloor offshore Central America contain numerous
distal ash layers from plinian-type eruptions at the Central American Volcanic Arc dating back to more
than 200 ka. In part 1 of this contribution we have correlated many of those ash layers between cores and
with 26 tephras on land. The marine ash layers cover areas of up to 10° km? in the Pacific Ocean and
represent a major fraction (60—90%) of the erupted tephra volumes because the Pacific coast lies within a
few tens of kilometers downwind from the volcanic arc. Combining our own mapping efforts on land and
published mapping results with our marine data yields erupted volumes of all major tephras along the arc
that range from ~1 to 420 km®. Recalculated to erupted magma mass, the widespread tephras account for
65% of the total magma output at the arc. Complementing our tephra data with published volumes of the
arc volcanic edifices and volcano ages, we calculate the long-term average magma eruption rates for each
volcano. Moreover, we use incompatible element variations to calculate the cumulate masses that were
fractionated during variable degrees of differentiation. This yields a minimum estimate of long-term
average magma production rate at each volcano, because intrusives without surface expression and losses
by erosion are not accounted for. Peak magma production rates increase from Costa Rica to Guatemala, but
there is considerable scatter within each region and large differences even between neighboring volcanoes.
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1. Introduction

[2] Ash plumes of numerous plinian, phreatopli-
nian and ignimbrite-forming eruptions from calde-
ras and stratocones along the Central American
Volcanic Arc (CAVA) were dispersed westward
across the Pacific at stratospheric heights [Kutterolf
et al., 2007a, 2008]. The resulting marine ash
layers cover areas of up to 10° km? in the Pacific
Ocean (Figure 1) and represent a major fraction of
the erupted tephra volumes because the CAVA
volcanoes lie within a few tens of kilometers east
of the Pacific coast (Figure 1).

[3] Inpart1weused ourdatabase of bulk-rock, glass
and mineral major and trace element compositions,
petrographic and lithologic characteristics, and erup-
tion ages of all plinian and comparatively large,
Pleistocene to recent tephras of the CAVA from
Costa Rica to Guatemala to correlate ash layers in
the Pacific seafloor with 26 tephras on land and
thereby obtained a tephrostratigraphic framework
for 1100 km length of the CAVA [Kutterolf et al.,
2008]. In this second part of our contribution, we use
these correlations, our mapping results on land, and
published isopach maps to better constrain erupted
volumes of the widespread tephras and thus the
magnitudes of the large eruptions that occurred at
the CAVA during the past 200 ka.

[4] A fundamental problem with subduction zones
is the budgeting of material input versus material
output. The most significant output is the flux of
magma through the volcanic arc, because this also
largely determines the associated output fluxes of
water and other volatiles. Previous attempts to
determine magma fluxes at the CAVA considered
magma masses stored in the volcanic edifices. Here
we improve such estimates by including the mag-
ma masses represented by the widespread tephras
which, as will be shown below, constitute a large
part of the total magma output.

2. Geological Setting

[s] The Central American Volcanic Arc (CAVA)
extends from Panama to Guatemala and runs

roughly parallel to, and 150—200 km away from,
the deep-sea trench. This middle America trench
results from the subduction of the Cocos plate
beneath the Caribbean plate at a convergence rate
of 70-90 mm/a [Barckhausen et al., 2001;
DeMets, 2001]. The volcanic arc resulting from
this subduction is one of the most active arcs on
Earth and produced numerous plinian eruptions in
the last several hundred thousand years. Easterly
winds prevailing in the lower stratosphere distrib-
uted the ash across the Pacific Ocean where result-
ing ash layers provide marker beds in the mostly
non-erosive submarine environment.

[6] The observations of numerous active bend
faults across the outer rise of the Cocos plate
penetrating the crust and uppermost mantle
[Ranero et al., 2003], and the anomalous heat flow
and seismic velocities indicative of substantial
hydration by seawater invading the faults
[Grevemeyer et al., 2005], suggest hydrated crust
and serpentinized mantle as major carriers of water
that ultimately drives melting in the mantle wedge
and arc volcanism [Riipke et al., 2002]. The vol-
canic front in Nicaragua shifted to its present
position about 8 Ma ago probably in response to
re-arrangement of the subduction angles
[Barckhausen et al., 2001; DeMets, 2001;
Ehrenborg, 1996] whereas it has had a more or
less stable position in Costa Rica and Guatemala.
The arc is tectonically segmented by Caribbean
tectonic structures as well as by strike-slip tecton-
ics caused by slightly oblique subduction [DeMets,
2001; Ranero et al., 2005]. Slab dip varies between
40° and 75° along the subduction zone [Cruciani et
al., 2005; Protti et al., 1995; Syracuse and Abers,
2006].

[7] Variations in the nature of the incoming plate
[Hoernle et al., 2002], in crustal thickness and
composition [Carr, 1984] and the tectonic setting,
are paralleled by along-arc variations in the com-
position of the volcanic rocks [Carr et al., 2003,
2007a; Carr, 1984; Feigenson and Carr, 1986;
Feigenson et al., 2004; Hoernle et al., 2002;
Patino et al., 1997, 2000] and the magnitudes of
eruptions [Rose et al., 1999]. In addition, variable
degrees of magmatic differentiation led to compo-
sitions ranging from basalt through rhyolite. Such
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Figure 1. Shaded and colored SRTM elevation model of Central America (NASA/JPL/NGA, 2000) and high-
resolution bathymetry along the Middle America Trench (MAT) from Ranero et al. [2005]. The line of Central
American arc volcanoes runs through the two large lakes and parallel to the trench at about 200 km distance. Names
of numbered volcanoes are listed at the bottom left, also giving major tephras: WFT, W-fall Tephra; LCY, Los
Chocoyos Tephra; LFT, L-fall Tephra; EFT, E-fall Tephra; MFT, Mixta Tephra; PAT, Pinos Altos Tephra; ACT, Arce
Tephra; CGT, Congo Tephra; CCT, Conacaste Tephra; OPI, Older pumice llopango; TB4, Terra Blanca 4 Tephra;
TBJ, Terra Blanca Joven Tephra; BRT, Blanca Rosa Tephra; TT/AT, Twins/A-fall Tephra; MCO1-3, Mafic Cosigiiina
tephras; Laq, Lower Apoyeque Tephra; Uaq, Upper Apoyeque Tephra; CT, Chiltepe Tephra; FT, Fontana Tephra;
SAT, San Antonio Tephra; MTL/LCT, Masaya Triple Layer/La Concepcion Tephra; MT/TIL, Masaya Tuft/
Ticuantepe Lapilli; LAT, Lower Apoyo Tephra; UAT, Upper Apoyo Tephra; UOT, Upper Ometepe Tephra. Dots
show core positions of R/'V METEOR cruises M66/3a + b and M54/2 and R/V SONNE cruise SO173/3 along and
across the trench.
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compositional variations greatly assisted the geo-
chemical correlations with marine ash beds pre-
sented in part 1 [Kutterolf et al., 2008].

3. CAVA Tephrostratigraphy

[s] A number of publications have investigated
tephrostratigraphic successions in middle to north-
ern Central America [e.g., Commision Ejecutiva
Hidroelectrica del Rio Lempa [CEL] 1992; CEL,
1995; Drexler et al., 1980; Freundt et al., 2006;
Hart, 1983; Koch and McLean, 1975; Kutterolf et
al., 2007b; Newhall, 1987; Pérez and Freundt,
2006; Peterson and Rose, 1985; Pullinger, 1998;
Rose, 1987; Rose et al., 1999; Wehrmann et al.,
2006; Wundermann and Rose, 1984, Scott et al.,
2006; Self et al., 1989].

[v] As described in part 1, we have used these
studies to collect samples for our compositional
data-base in Central America, and extended earlier
studies in El Salvador and Nicaragua by own
mapping and stratigraphic work in collaboration
with the local geological services (SNET, San Sal-
vador; INETER, Managua; INSIVUMEH, Guate-
mala City).

[10] Upper Pleistocene (since ~500 ka) to Holocene
arc volcanism of Central America formed a number
of large caldera volcanoes which produced large-
magnitude eruptions of highly evolved, silicic mag-
mas [Rose et al., 1999]. Although large calderas are
less common in Nicaragua and Costa Rica, volca-
noes that generated major plinian eruptions were
frequently active in Nicaragua since the Upper
Pleistocene. Therefore the Pacific submarine sedi-
ment successions sampled offshore Central America
contain ash layers from particularly large eruptions
at the Ayarza, Amatitlin and Atitlan calderas in
Guatemala, the Berlin-Chinameca complex, Ilo-
pango Caldera, and Coatepeque Caldera in El Sal-
vador and Apoyo Caldera, Masaya Caldera,
Chiltepe volcanic complex, and Cosigiiina volcano
in Nicaragua (Figure 1). The cores offshore southern
Nicaragua and Costa Rica show mostly ash layers
from particularly large eruptions at Concepcion
volcano, as well as eruptions of Barva volcano in
Costa Rica.

4. Methods

4.1. Marine Ash Layer Correlations

[11] During R/'V METEOR cruises M54/2 and
M66/3 as well as R/V SONNE cruise SO173/3,

we collected 56 sediment gravity cores offshore
Central America. These cores were located be-
tween 9°12'N/84°39’E and 12°15'N/91°30'E on
the oceanic plate and the continental slope, at dis-
tances of 150—530 km from the CAVA (Figure 1).
The cores contain 213 ash horizons including pri-
mary ash layers and slightly reworked ash that
retained its compositional integrity and stratigraphic
position. Criteria identifying primary and variably
reworked ash horizons, and the methods employed
to correlate them with deposits on land are described
and discussed in part 1 [Kutterolf et al., 2008].

4.2. Tephra Distribution, Volumes, and
Masses

[12] To construct the isopach maps of the tephra
layers onshore, we logged ~100 outcrops in El
Salvador and Guatemala to complement thickness
data from earlier studies [CEL, 1992, 1995; Rose et
al., 1987; Wundermann, 1982; Wundermann and
Rose, 1984] (Figure 2). We also include unpub-
lished thickness data collected and kindly provided
by Carlos Pullinger, Dolors Ferres and Walter
Hernandez of the Servicio Nacional de Estudios
Territoriales (SNET) in El Salvador. In west-central
Nicaragua, we have revised and extended earlier
work by Bice [1985], identified and dated tephras
not previously recognized, and constructed isopach
and isopleth maps of all these deposits [Freund? et
al., 2006; Kutterolf et al., 2007b; Pérez and
Freundt, 2006; Wehrmann et al., 2006].

[13] Here we further extend land-based results by
including the offshore data. Since the offshore
thickness data is sparse, the shape of the distal
isopachs can only be estimated and introduces
some error into the volume calculations. Total
tephra volumes are obtained by fitting straight lines
to data on plots of In [isopach thickness] versus
square root [isopach area] following Pyle [1989]
and Fierstein and Nathenson [1992] and integrat-
ing to infinity. In most cases, the data required two
straight-line segments to fit proximal to medial and
distal data separately. We use the point of intersec-
tion of these line segments to distinguish between
the volume contributions from proximal to medial
and distal facies.

[14] We also use different approaches to convert
tephra volume to magma mass over proximal to
medial and distal regions. The proximal to medial
volume of each tephra was reduced by 50% to
account for interparticle pore space (space between
pumice clasts) and lithic contents. Measured bulk
densities of pumice and scoria lapilli range from
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Figure 2. Selected isopach maps for the Tiribi Tuff, Upper Apoyo Tephra (UAT), and Congo Tephra (CGT), with
isopachs on land taken from the references mentioned in the text. For clarity, we do not distinguish between well-
constrained and poorly constrained isopach sections but note that the pattern of offshore isopachs is constrained by a
few available data only. Isopach maps of every correlated tephra can be found in auxiliary material Figure S1.

400 to 810 kg/m’ [e.g., Kutterolf et al., 2007b],
depending on composition. We used average val-
ues of 600 kg/m® for felsic and 800 kg/m® for
mafic tephras to convert the remaining volume to
magma mass.

[15] In the distal, marine region primary ash layers
have a sharp base but gradually change into mix-
tures of ash and pelagic sediment at the top. From
analyses of such mixed sediments we conclude

that, on average, 20% should be added to the
primary ash layer thickness. Balancing this with
the interparticle space (space between glass shards
filled with water; measured average of ~40%) to
be subtracted, we have reduced distal tephra vol-
umes by an average of ~30% (25-35% per
tephra). Measured average ash-particle densities
of 2100 kg/m? for felsic and 2400 kg/m® for mafic
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Figure 3. Natural logarithm of isopach thickness
versus square root of isopach area for three selected
tephras: Fontana tephra (FT), Congo Tephra (CGT), and
L-fall Tephra (LFT). For all other mapped tephras, see
auxiliary material Figure S2. As in the examples, most
tephra data can be fitted by two line segments.

marine tephras are used to convert distal volumes
to magma masses.

5. Tephra Volumes and Magma Masses

[16] Selected isopach maps and In (thickness) ver-
sus square root (isopach area) variations are shown
in Figures 2 and 3. The respective figures, Figures
S1 and S2, for the remaining tephras are available
as auxiliary material.' Single tephra volumes are
summarized in Table 1 and are shown schemati-
cally along the CAVA in Figure 4, according age
and regional distribution. Very fine ash from large
eruptions is transported to much larger distances
than investigated here and may even circle the
globe. Such very distal deposits may produce a
still shallower slope in In (thickness) versus square
root (isopach area) diagrams such that the volumes
and masses we have determined are still minimum
estimates. We now discuss every tephra according
to the source volcanic centers in geographic order
from north to south, using the correlations to
marine ash layers established in part 1 [Kutterolf
et al., 2008].

5.1. Atitlan Caldera

[17] Atitlan Caldera is the source of an at least
200 ka old tephra succession comprising from old
to young W-fall and flow tephra, Los Chocoyos H-

'Auxiliary material data sets are available at fip://ftp.agu.org/
apend/gc/2007gc001791. Other auxiliary material files are in the
HTML.

fall and flow tephra, D-fall deposits, F-fall depos-
its, and I-fall deposits [Rose et al., 1987]. We
recognized two of these tephras in the Pacific
record. The W-tephra on land comprises fall and
pyroclastic flow deposits extending across
~10,000 km? with an estimated volume of 12
km® tephra (9 km?® fall, 3 km® flow) [Rose et al.,
1999]. Correlation of 4 cm thick marine tephra C22
and an ash layer in the near-by core RC-12-32 of
Bowles et al. [1973] to the 158 + 3 ka old W-tephra
enlarges the minimum distribution area (up to 5 cm
isopach) to 6x10* km® and the erupted tephra
volume to ~23.3 km® or ~1.8x10" kg magma
mass, respectively (Figures 4, S1, and S2 and
Table 1).

[18] The 84 £ 0.5 ka old Los Chocoyos eruption
produced the largest known Quaternary tephra in
Central America with a tephra volume of 420 km®
(200 km® flow and 220 km® fall), i.e., 280 km®
DRE, that covers an minimum area of ~6 X
10° km? extending from the Pacific to the Gulf
of Mexico [e.g., Drexler et al., 1980; Rose et al.,
1987, 1999]. Our new data of correlated ash layer
C21 to Los Chocoyos tephra confirms, but does not
extend, these estimates and emphasizes the useful-
ness of this layer as a marker bed across the whole
region (Figure 4 and Table 1).

5.2. Amatitlan Caldera

[19] Amatitlan Caldera is the source of at least six
tephras which are from bottom to top the L-flow
and fall, Z-falls, T-flow and fall, C-fall, E-fall and
J-falls [Koch and McLean, 1975; Wundermann,
1982; Wundermann and Rose, 1984]. L-tephra is
found in our marine cores as correlated ash layer
C23 and, using documented compositional data,
also in DSDP Leg 67 as well as in cores of Bowles
et al. [1973]. The 191 £ 11 ka old L-tephra on land
[Rose et al., 1999] has a total tephra volume of 30—
40 km® estimated by Wundermann and Rose
[1984] and includes 12 km® DRE pyroclastic flow
and 6 km® DRE fall deposits. It is spread out over
an area of 1600 km?. With the marine addition, we
now estimate a minimum distribution area 7 x
10° km? (up to 2 cm isopach), corresponding to a
tephra volume of 63.2 km® and a magma mass of
7.5 x 10" kg including the flow volume
(Figures 4, S1, and S2 and Table 1). Correlation
of 119 ka old T-Fall Tephra to ash layers in DSDP
core (Leg 66/493B-1-3) lead also to very rough
estimates of ~17 km® and corresponding magma
mass of ~3.7 x 10" kg.
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Table 1. Summary of Correlated Tephras With Core Positions, Ages, Maximum Distance to Source, and Volume
Estimations of Investigated Fallout Tephras
Proximal Total Estimated  Approx.
Distance Tephra Distal Fallout Flow Total
to Fallout Tephra Tephra Volumes Magma
Correlation Source, Volume, Volume,  Volume, After Mass,
Tephra Age® Number km km?® km? km?® Literature 10" kg
TBJ 1.6 ka; D Cl 390 32 38,6 70,6 (na) 6.6
MT/TIL 1.8 ka; S C2 200 4.8 1.8 6.6 - 0.5
CT 1.9 ka; S C3 570 3.9 14 17.9 - 2.2
MTL/LCT 2.1 ka; D C4 170 0.8 2.6 34 - 0.5
SAT 6 ka; S C5 330 0.5 13 13.5 - 2.2
Uaq 12.4 ka; D Co6 300 2.2 2.1 43 - 0.4
LAq 17 ka; S Cc7 210 0.8" 3,1 3.9 - 0.5
uoT 19 ka; S C8 280 29" 2.3 5.2 - 0.4
MCO 21-23 ka; S Cc9 220 1.5" 4.5 6 - 0.4
UAT 24.5 ka; D C10 530 7.2 35.7 429 8 720
LAT 25 ka; D Cl1 270 3 3.5 6.5 - 0.6
PAT 23 ka; D 460 —® —® 2® - 0.3
TB4 ~36 ka; §(228) CGT Cl12 380 25,9 10,4 36,3 - 2.3
MFT 39 ka after S(228) CGT C13 940 29 6,1 9 - 1
CCT ~51 ka; S(228) Cl4 320 - - 11,2 1 0.3
EFT 51 ka; S (D-3; Bowles) 860 5 40 45 - 6
CGT ~53 ka; D Cl15 320 5.5 12.6 18.1 5 ~2
FT 60 ka; S Clé6 330 1.3 1.4 2.7 - 0.3
TT/AT 60 ka; S(222) C17 270 1 9.4 10.4 - 1.4
ACT 75 ka; D C18 320 9.6 6.6 16.2 10 1.3
BRT 75 ka; D C19 200 1.9 2.7 4.6 2 0.7
OPI 75-84 ka; S C20 470 (na) (na) (na) (na) (na)
LCY 84 ka; D 21 1900 (na) (na) 420 200 5900
TFT 119 ka; D 940 ~8) 9 (na) 17 3.7
WET 158 ka; D C22 560 13.6 9.7 233 3 1.8
LFT 191 ka; D C23 810 18.5 44.7 63.2 12 7.5
Tiribi 322 ka; D 230 35@ 42 78 2.2

D, dating field tephra; S, dating from sedimentation rates.

[20] The E-tephra is a coarse grained reversely
graded fall of white pumice clasts distributed
across an area of ~1300km? on land, cor-
responding to a tephra volume of >5 km?
(2.5 km® DRE) [Wundermann, 1982; Wundermann
and Rose, 1984]. Correlations based on published
data of an ash layer at DSDP Leg 84 (570-2-3), the
D3 ash layer of Bowles et al. [1973] as well as the
Y5 ash layer in the Gulf of Mexico documented by
Rabek et al. [1985], which all have the E-tephra
glass composition [Kutterolf et al., 2008], yield a
minimum distribution area (up to 1 cm isopach) of
6.3 x 10° km?* (Figure S1), corresponding to a
tephra volume of 45 km® (Figures 4 and S2 and
Table 1; 6 x 10" kg magma mass).

5.3. Ayarza Caldera

[21] Two nested calderas characterize the Ayarza
Caldera in the south of Guatemala and produced
the 27 + 1.6 ka old Mixta Tephra, the Pinos Altos
Tephra, and the younger (23 +0.5 ka) Tapalapa

Tephra [Peterson and Rose, 1985] (Table 1). The
Mixta Tephra is a compositionally zoned tephra
with pale brown to black and banded pumice
clasts. Outcrops limited to near the source poorly
constrain a volume of 0.1 km® DRE [Peterson and
Rose, 1985]. Correlation to ash layer C12 in our
core M66/3-228, to glass composition data of the
C-layer of Bowles et al. [1973] reported by Drexler
et al. [1980] as well as to glass composition data
from DSDP Leg 84 (570-2-1/141) of an ash layer
at 621 cm bsf, yield a new minimum distribution
(up to 1 cm isopach) of 1.3 x 10° km? (Figure S1)
and a tephra volume of ~9 km?® (Figures 2, 4, and
S2 and Table 1), which corresponds to 9.9 x
10'? kg erupted magma mass for the Mixta Tephra.

[22] The Pinos Altos Tephra is a thick pumice fall
deposit, and Peterson and Rose [1985] estimated
the erupted volume as at least 2 km®> DRE on the
basis of its identification at two distal sites on land
and in marine core RC12-32 from the Pacific
Ocean. Our trace element data confirm the corre-
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Figure 4. Composite tephrostratigraphy of Central America showing the position of source volcanoes along the arc
versus age of tephras as in Kutterolf et al. [2008] but with violet symbol size scaled to erupted volume (diameter of
volume-scaled sphere). Numbers next to each circle give the age of the tephra. See Figure 1 for acronyms. Green
circles above each volcanic center represent the cumulative tephra volumes, the arrow indicating an increase

northward.

lation with an ash layer 50 cm bsf in core RC12-32
of Bowles et al. [1973] but we did not find Pinos
Altos Tephra in our cores.

5.4. Coatepeque Caldera

[23] A tephra succession of four widespread teph-
ras can be found at Coatepeque Caldera in northern
El Salvador starting with the Bellavista eruption at
77 £ 2 ka [Rose et al., 1999] and followed by the
72 + 3 ka old Arce Tephra, the Congo Tephra (53 +
3 ka; own radiocarbon dating) and the ~51 ka old
Conacaste Tephra. The Arce tephra is the largest of
the four Coatepeque tephras and includes plinian

fall beds and ignimbrite. Mapping for a geothermal
reconnaissance project [CEL, 1992] yielded a dis-
tribution area of 2000 km? and a total tephra
volume of ~40 km® (17 km® DRE). Correlation
to ash layer C18 in our cores gives the new
minimum distribution area (up to 2 cm isopach)
of 1 x 10° km?, and the minimum tephra fall
volume is 16.2 km® (~1.3 x 10" kg magma mass)
(Figures 4, S1, and S2 and Table 1) to which the
volume of the ignimbrite (>10 km®), which we
continue to map, must be added. Compositional
data of ash beds sampled in the Caribbean by
Rabek et al. [1985] (K131-446 cm bsf; TR126-22
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321 cm bsf) suggests that these are also distal Arce
Tephra but we presently cannot validate this cor-
relation with certainty. If these correlations were
true, the Arce tephra volume would be ~70 km”.

[24] The Congo Tephra is a complex succession of
plinian fall, ignimbrite and surge deposits and
reconnaissance studies of this tephra suggested a
distribution area of ~900 km? and a tephra volume
of ~15 km® (6 km® DRE [CEL, 1992]). We
correlate ash layer C15 of our cores and an ash
layer at DSDP Leg 84 [Pouclet et al., 1985] with
the Congo Tephra, which leads to 2.8 x 10> km?
area of minimum distribution (up to 1 cm isopach;
Figure 2) and a total tephra volume of 18.1 km®,
which corresponds to 2 x 10" kg magma mass
(Figures 3 and 4 and Table 1). Again, the volume
of the ignimbrite and surge deposits, which we
continue to map, has to be added to this fall
volume.

[25] The newly described Conacaste Tephra com-
prises a lower fall section of two pumice lapilli
beds bracketing a central fine ash fall extremely
rich in accretionary lapilli, and an upper surge
package, which were produced by a phreatoplinian
eruption. Ash layer C14 in our cores can be
correlated to Conacaste Tephra. We still need to
map the Conacaste Tephra in more detail; prelim-
inary estimates including the offshore data suggest
a minimum distribution (up to 1 cm isopach) of 6 x
10* km? and a tephra volume of 11.2 km’
corresponding to 3.4 x 10'? kg magma mass
(Figures 4, S1, and S2 and Table 1).

5.5. Ilopango Caldera

[26] At least five tephra deposits were produced by
the central El Salvadorian Ilopango caldera since
the Upper Pleistocene. From youngest to oldest,
these are the Tierra Blanca Joven (TBJ) and the
TB2, TB3 and TB4 Tephras [Rose et al., 1999]; in
addition, there are remains of a deposit from an
older eruption at the shore of the caldera lake
[Mann et al., 2004]. The A.D. 429 + 107 old Terra
Blanca Joven eruption (TBJ) [Dull et al., 2001]
comprises a succession of fall, ignimbrite and surge
deposits [Hart and Steen-MclIntyre, 1983]. These
authors estimated a distribution area of 10,000 km?
and a volume of 18 km®> DRE. The TBJ Tephra can
be correlated to ash layer C1 in the upper few
decimeters of our Pacific sediment cores and we
also recognized it in the core data of Bowles et al.
[1973]. Combining the onshore and offshore thick-
ness data we obtain a tephra volume of 70.6 km>,
which corresponds to a magma mass of 6.6 x 10"

kg that is distributed across an minimum area
minimum (up to 3 cm isopach) of 3 x 10° km?
(Figures 4, S1, and S2 and Table 1).

[27] The ~36 ka old TB4 Tephra is a prominent
white massive pumice lapilli fall deposit widely
distributed over El Salvador. We identified ash
layer C12 in our cores and ash layers at DSDP
Leg 67 as the distal equivalent of TB4. Using
reconnaissance mapping on land by CEL [1992],
unpublished data by SNET, and the marine data,
the TB4 tephra volume becomes 36.3 km® (2.3 x
10" kg magma mass; Tablel and Figures 4 and
S2) distributed across an minimum area (up to 5 cm
isopach) of 7 x 10* km? (Figure S1).

[28] Additionally we found a thin ash layer in core
226 which has the composition of the older pumice
deposit inside Ilopango caldera described by Mann
et al. [2004]. These two far-apart data points do not
allow us to estimate the tephra volume but do
demonstrate that this was another large eruption
that occurred at Ilopango between 73—84 ka ago
[Kutterolf et al., 2008].

5.6. Berlin-Pacayal-Volcan Group

[29] Ian Nairn and coworkers of DSIR, New Zea-
land, performed a stratigraphic study of the volca-
nic deposits from this group of volcanoes in
southern El Salvador [CEL, 1995] and identified
six major tephras in the Upper Pleistocene succes-
sion. These are from old to young: the Blanca Rosa
Tephra (75 £ 10 ka), Twins/A-Tephra (~61 ka),
Pacayal 1 Tephra, Volcan Tephra and Pacayal 3
Tephra, but we only could correlate the Blanca
Rosa and Twins/A-tephra to Pacific sediment
cores. The Twins and A tephras have been previ-
ously described as three separate units but Kutterolf
et al. [2008] interpret the three layers as the
deposits of one eruption producing three thick fall
lapilli beds as well as a pyroclastic flow deposit.
Nairn and coworkers have estimated the areal
distribution as 900 km? with a total tephra volume
of 12 km® (~6 km® DRE). Since Layer C17 in our
cores correlates to Twins/A-Tephra the minimum
distribution area (up to 3 cm isopach) becomes 1 x
10> km® (Figure S1) and the tephra volume
accounts for 10.4 km® (1.4 x 10" kg magma
mass; Table 1 and Figures 4 and S2).

[30] Additionally major element glass composi-
tions suggest that an ash layer in core SO173/3-
18 may correlate with the Blanca Rosa Tephra,
which would lead to an minimum aerial distribu-
tion (up to 5 cm isopach) of 2.5 x 10* km* and a
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total fall volume of 4.6 km®, yielding 6.5 x 10'* kg
magma mass, when proximal pyroclastic flow
deposits are included (Figures 4, S1, and S2 and
Table 1).

5.7. Cosigiiina Caldera

[31] Cosigiiina volcano at the northern end of the
Nicaraguan volcanic arc produced several wide-
spread tephras prior to the last plinian eruption in
A.D. 1835 which is the only one studied [Williams,
1952; Self et al., 1989; Scott et al., 2006]. We
sampled three mafic fall tephras (MCO1 to MCO3)
and two overlying dacitic falls, the Lower and
Upper Cosigiiina tephras (LCO and UCO), but
could correlate marine ashes only to the mafic
falls. Ash layer C9 in our cores offshore Nicaragua
and Southern Salvador correlate compositionally
with the ~21 to 23 ka old MCO tephras. Using
also compositional data of cores V-15-26 (510 and
539 c¢m bsf) and V-15-22 (112 cm bsf) documented
by Bowles et al. [1973] extends the minimum
distribution (up to 1 cm isopach) of those tephras
200 km to the west and 180 km to the south of
Cosigiiina volcano (6 x 10* km?) but, due to the
few available thickness data, only allows a very
rough estimate of the tephra volume as around 6
km’ (4 x 10'? kg magma mass) at least for the
uppermost tephra MCO1 (Figure 4 and Table 1).

5.8. Chiltepe Volcanic Complex

[32] The Chiltepe volcanic complex includes
Apoyeque stratocone, the Xiloa maar, at least two
more, now hidden, vents of plinian eruptions and
several basaltic cinder cones and maars [Kutterolf
et al., 2007b]. During the past 15 ka, six
(phreato-)plinian dacitic tephras erupted from this
area: the Lower (~17 ka) and Upper Apoyeque
(12.4 ka) tephras, the 6.1 ka Xiloa Tephra, the
Mateare and Los Cedros tephras, and finally the
1.9 ka old Chiltepe Tephra. In part 1 we have been
able to correlate ash layer C3 in the pacific sedi-
ment cores and an ash layer 75 cm bsf in core V-
15-26 of Bowles et al. [1973] to the Chiltepe
Tephra. Considering these dlstal thickness data,
the tephra volume of 4 km® estimated from on-
land data by Kutterolf et al. [2007b] must now be
increased to 17.9 km® corresponding to 2.2 x 10"
kg magma mass, distributed across an mlmmum
area (up to 1 cm isopach) of 1.7 x 10° km?
(Figures 4, S1, and S2 and Table 1).

[33] The 12.4 ka old, coarse grained, reversely
graded Upper Apoyeque Tephra pumice fall is
correlated to reworked ash pods (ash layer C6)

and it probably correlates also with a >1-cm-thick
ash layer 580 cm bsf in core V-15-26 of Bowles et
al. [1973]. The minimum dlstrlbutlon area (up to 1
cm isopach) thus is 5 x 10* km? and the teghra
volume of 4.3 km® corresponds to 3.7 x 10'* k

magma mass (Figures 4, S1, and S2 and Table 1)

[34] The Lower Apoyeque Tephra compositionally
corresponds to ash layer C7 which allows a
minimum estimate of 3.9 km® (Table 1 and Figures
4 and S2) of erupted tephra volume corresponding
to 5.4 x 10'? kg magma mass distributed across an
minimum area (up to 1 cm isopach) of 5 x 10* km?

(Figure S1).

5.9. Masaya Caldera

[35] The Masaya Caldera is a volcano that has
produced large-magnitude plinian and phreatomag-
matic eruptions of mafic composition [Bice, 1980,
1985; Williams, 1983]. The Fontana Tephra (FT) is
a layered sequence of scoria lapilli fall beds that
have a wide, plinian dispersal and erupted from a
vent northwest of the Masaya Caldera [ Wehrmann
et al., 2006] about 60 ka ago [Kutterolf et al.,
2008]. Vents within Masaya Caldera erupted the
plinian to phreatomagmatic San Antonio Tephra
(SAT, ~6 ka), the Masaya Triple Layer/La Con-
cepcidon Tephra (MTL/LCT; 2.1 ka), and finally the
Masaya Tuff/Ticuantepe Lapilli (MT/TIL), the
product of a huge surtseyan eruption 1.8 ka ago
that ended in a plinian phase [Kutterolf et al.,
2007b; Pérez and Freundt, 2006]. Correlations of
marine ash layer C2 to MT/TIL facilitate the
extension from 2 x 10° km? to 4.3 x 10* km?

minimum distribution area (up to 1 cm isopach) by
including the distal data This ?fleld a new tephra
volume of ~6.6 km® (~5 x 10'* kg magma mass;

Table 1 and Figures 4, S1, and S2).

[36] The MTL/LCT plinian deposit onshore can be
correlated to marine mafic ash layer C4 which
leads to a minimum distribution area (up to 3 cm
isopach) of 2.2 x 10* km? and new total tephra
volume of 3.4 km® (~4.8 x 10'* kg magma mass;
Table 1 and Figures 4, S1, and S2).

[37] The Wldespread San Antonio Tephra onshore
(~8500 km?) is a sequence of black scoria falls
overlain by surge deposits. A tephra volume of
~0.5 km® has been estimated by Pérez and
Freundt [2006]. Geochemical fingerprinting shows
that marine ash layer C5 and additionally a >1-cm-
thick ash layer 270 cm bsf in core V-15-26 of
Bowles et al. [1973] is equivalent to the SAT. The
corresponding new minimum distribution (up to
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Figure 5. K,O versus SiO, diagram showing the compositional range of the CAVA volcanic rocks from basalt
through rhyolite due to different extents of fractional crystallization (XRF data from Carr et al. database; Patino et al.
[2000] and Carr et al. [2003] (gray dots); and own data (colored dots)). Incompatible K,O increases linearly to higher
silica contents within magmatic series as indicated by the lines. Vertical blue line at SiO, = 50 wt% intersects K,O

contents used to determine fractionation factors.

3 cm isopach) is then 1.2 x 10° km? (Figure S1).
The erupted tephra volume of 13.5 km® corre-
sponds to 2.2 x 10" kg magma mass for the
San Antonio Tephra, which thus represents one
of the biggest mafic eruptions in Central America
since the Upper Pleistocene (Table 1 and Figures 4
and S2).

[38] The Fontana Tephra compositionally corre-
sponds to marine ash layer C16 in the Pacific
sediment cores. This allows a minimum estimate
of 2.7 km® (Figures 4 and S1) of erupted tephra
volume, which doubles the previous estimate by
Wehrmann et al. [2006] and corresponds to 2.9 x
10'* kg magma mass distributed across an mini-
mum area (up to 1 cm isopach) of 3.4 x 10* km?
(Figure 3).

5.10. Apoyo Caldera

[39] Apoyo Caldera, in Central Western Nicaragua,
generated two large plinian eruptions in rapid
succession 24.5 ka ago, the Lower (LAT) and

Upper (UAT) Apoyo tephras which are separated
by an incipient paleosol [Kutterolf et al., 2007b].
The LAT is a pumice fall deposit, the UAT also
comprises coarse-grained pyroclastic surge depos-
its and about 8 km® of ignimbrite distributed
mainly to the east of the caldera and into Lake
Nicaragua [Sussman, 1985]. The UAT correlates
with marine ash layer C10 as well as with ash beds
in cores V-15-27, 18, 22 and 26 of Bowles et al.
[1973] offshore Central America. The resulting
UAT fall tephra volume is 42.9 km® (Table 1 and
Figures 4 and S2) distributed across an minimum
area (up to 3 cm isopach) of at least 3.7 x 10° km?
(Figure 2). Including also the 8 km® proximal
ignimbrite and its density of 2200 kg/m® estimated
by Sussman g1985] gives an erupted magma mass
of 7.2 x 10" kg.

[40] The Lower Apoyo Tephra correlates with
marine ash layer C11 which extends its minimum
distribution (up to 1 cm isopach) across 5 x 10*
km? (Figure S1) resulting in a total tephra volume
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of 6.5 km® (~6 x 10'* kg magma mass; Table 1
and Figures 4 and S2).

5.11. Concepciéon Volcano

[41] Concepcion on Ometepe island produced sev-
eral basaltic to dacitic pyroclastic tephras [Borgia
and van Wyk de Vries, 2003]. One of those, the
~19 ka old Upper Ometepe Tephra, is correlated to
marine ash layer C8 offshore Nicaragua and can
also be found in cores V-15-18, 27 and 19 of
Bowles et al. [1973]. The resulting UOT minimum
aerial distribution (up to 1 cm isopach) of 7 X
10* km? (Figure S1) and the tephra volume of
5.2 km® (~4.2 x 10'? kg magma mass; Table 1
and Figures 4 and S2) are mainly based on offshore
data since exposure on land is poor.

5.12. Tiribi Tuff From Costa Rica

[42] The Tiribi Tuff, the largest Costa Rican erup-
tion in the last 350 ka, has erupted from Barva
volcano. Compared to other CAVA rocks, it has a
unique chemical composition [Pérez et al., 2006]
which makes it easy to correlate with marine ash
beds. We find the distal ash of the Tiribi Tuff in
core M66/3a-147 and also as the I6-Layer of
Ledbetter [1985)]. Peréz et al. [2006] estimated a
tephra volume of 35 km® DRE on the basis of land
data, which is now increased to ~80 km® tephra
volume (2,2 x 10" kg magma mass; Figures 4 and
S2 and Table 1) considering the offshore minimum
distribution (up to 1 cm isopach) of 3.6 x 10° km?
(Figure 2).

6. Erupted Masses and Mass Fluxes
Along the CAVA

[43] Previously, erupted masses along the Central
American volcanic arc have been calculated from
the volumes of volcano edifices [Carr, 1984]. This
approach has been revised by Carr et al. [1990,
2007b], who already calculated magma mass
fluxes but without including the volumes of wide-
spread tephras. We extend this approach by adding
erupted masses of the widespread tephras to those
volcanoes that produced them. Moreover, while
average edifice compositions are basaltic to andes-
itic, tephras mostly have dacitic to rhyolitic com-
positions and we calculate the masses of
fractionated cumulates trapped in the crust to
estimate the total magma production for each
volcano. Using the edifice volumes determined
by Carr et al. [1990, 2007b], we calculated the
corresponding magma masses using a density of

2800 kg/m’ assuming that the edifice material is
well compacted; this actually yields maximum
estimates of the edifice magma masses while the
tephra masses added tend to be minimum
estimates.

[44] The wide compositional range of the CAVA
volcanic rocks from basalt through rhyolite is
largely due to different extents of fractional crys-
tallization. Incompatible elements thus typically
increase linearly to higher silica contents although
the gradients vary between magmatic series. We
use the variations of K,O with silica (Figure 5)
because this has been analyzed in all samples but
other incompatible elements give similar results.
Employing our own compositional data (Table S1)
and that of Carr and coworkers [Carr et al., 2003;
Patino et al., 2000] compiled at http://www.rci.
rutgers.edu/~carr/, we determine an average ratio
of observed K,O content to the K,O content at 50
wt% SiO, for each tephra as well as an average
value for all samples available from each volcanic
edifice. These average fractionation factors of 1.2—
4.8 for the tephras and 0.7-3.8 for the edifices
allow us to calculate fractionated cumulate masses
from erupted magma masses for differentiation to
>50 wt% Si0,, which is a minimum estimate
because we ignore the significant cumulate mass
produced during fractionation from primitive com-
positions which, however, are not easily
determined.

[4s] The resulting total magma masses produced
vary greatly between volcanoes, which reflects
different modes of eruption and volcano ages.
Edifice ages range up to 600 ka (Table 2) while
the tephras we have studied cover the last 200 ka
(except Tiribi Tuff at 320 ka). The tephra ages are
well known but many of the edifice ages are not
well constrained. We follow Carr et al. [2007b] in
using 600 ka and 350 ka ages of undated volcanoes
in Costa Rica and Nicaragua, respectively. Unpub-
lished age data available to the Servicio Nacional
de Estudios Territoriales (SNET) suggest 230 ka as
a reasonable maximum age of undated volcanoes
in El Salvador (C. Pullinger, SNET, personal
communication, 2007). For Guatemala, we make
the conservative assumption that undated volcano
ages are equal to the oldest age yet determined
(240 ka at Agua volcano [Wundermann, 1982]).

[46] Dividing the magma mass produced by each
volcano by its lifetime yields long-term average
magma fluxes. Figure 6 compares flux values
obtained from edifice volumes alone, from com-
bining edifice and tephra volumes, and from in-
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assessment, the long-term behavior is the more
important in studying how arc volcanism relates
to subduction processes. The long-term magma
fluxes determined here are a prerequisite to deter-
mine elemental fluxes through the volcanic arc
such as those of H,O and other volatiles which,
in turn, can be compared with subduction input
fluxes to better understand the transfer processes
operating in the subduction zone.

[4s] However, the magma mass fluxes we have
determined suffer from a number of uncertainties.
The ages of some of the CAVA volcanoes are only
poorly constrained. The known tephra record does
not cover the entire lifetime of some volcanoes
because older tephras or poorly exposed or pre-
served. More important, however, are two other
factors. First, the total magma flux should also
include intrusive magmas that never reached the
surface. Intrusive bodies may eventually be visu-
alized by geophysical methods but still their ages
and compositions would remain unknown. Surface
deformation measured by satellite radar interfer-
ometry can provide information on crustal inflation
by intruding magmas and allows to determine
magma flow rates [Pritchard and Simons, 2004]
but such momentary data may not be representative
of the long-term arc evolution as indicated by the
Arenal example mentioned above. If there is some
constant ratio between extrusive and intrusive
magma flux, the absolute values but not the pattern
of along-arc variation shown in Figure 6 would
change. The second factor not accounted for is
erosion which can be substantial during volcano
lifetimes of order 10° years. Volcaniclastic detritus
eroded from the CAVA is ultimately delivered into
the Pacific Ocean. From a reconnaissance study of
forearc sediments sampled in our gravity cores
offshore Nicaragua we estimate that a minimum
of 30% should be added to the long-term magma
fluxes to account for the erosive losses. However,
more detailed work on the marine and terrestrial
volcaniclastic sediments is needed to really quan-
tify erosion rates and their variation along the
CAVA which rises to greater elevations above sea
level northward.

7. Summary

[49] Using the correlations of marine tephras to
onshore eruptions from partl, we have constructed
isopach maps of the widespread tephras produced
at the CAVA during the last 200 ka. The offshore
thickness data allowed us to determine more real-
istic volumes of these correlated tephras than was

possible from on-land exposures. In Central Amer-
ica, where the volcanic arc lies only a few tens of
kilometers upwind from the Pacific coast, the
tephra volume emplaced in the ocean, on average,
makes up 60% of the total erupted volume which is
still a minimum estimate since we only considered
isopachs of >1 cm thickness. The largest single
eruptions, such as those of the Los Chocoyos ash
and L-Tephra in Guatemala, occurred at the north-
ern part of the CAVA but are not as frequent as the
eruptions from Nicaragua and Southern Salvador
with an overall smaller magnitude (Figure 4). This
is also reflected in the greater thickness and coarser
grain size of the Pacific ash layers offshore Gua-
temala and Northern El Salvador compared to
those near Nicaragua and Costa Rica.

[so] We have integrated tephra volumes and pub-
lished volumes of the volcanic edifices, and we
have calculated the associated masses of fraction-
ated cumulates from chemical compositions to
determine the total magma mass produced by each
CAVA volcano during its lifetime. Division by
volcano ages yielded the long-term average magma
flux at each volcano. The resulting data show that,
averaged over the CAVA, highly explosive erup-
tions generating widespread tephras account for at
least 65% of the total magma output. Magma
fluxes of neighboring volcanoes are often vastly
different and peak fluxes increase northward along
the CAVA. Compared to estimates of global aver-
age volcanic magma fluxes, the long-term fluxes of
CAVA volcanoes reach comparable magma fluxes
regarding oceanic island arcs and slightly lower
values for continental arcs. The magma flux values
we have compiled here form a useful basis to
calculate elemental fluxes of volcanic output as
an important aspect in the overall flux budget of
the Central American subduction zone.
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