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[1] Geochronologic and geological data define a 600 ka age for the current volcanic front in Costa Rica. In
Nicaragua, this age is less constrained but is likely within the range 600 ka to 330 ka. In Costa Rica, the
new geochronologic data significantly improve estimates of the volumes of the volcanoes because they
define the contact between the active volcanoes and the previous volcanic front, which is substantially
older (2.2 to 1.0 Ma). In addition, the contrast in extrusive volcanic flux between western Nicaragua (1.3 x
10'° kg/m/Myr) and central Costa Rica (2.4 x 10'° kg/m/Myr) is greatly reduced from previous estimates
and now within the range of error estimates. We estimate the subducted component of flux for Cs, Rb, Ba,
Th, U, K, La, Pb, and Sr by subtracting estimated mantle-derived contributions from the total element flux.
An incompatible element-rich OIB source for the Cordillera Central segment in Costa Rica makes the
subducted element flux there highly sensitive to small changes in the modeled mantle-derived contribution.
For the other three segments studied, the estimated errors in concentrations of highly enriched, subduction-
derived elements (Cs, Ba, K, and Pb) are less than 26%. Averaged over the time of the current episode of
volcanism, the subduction-derived fluxes of Cs, Ba, K, Pb, and Sr are not significantly different among the
four segments of the Central American volcanic front in Nicaragua and Costa Rica. The subduction-
derived fluxes of Th and La appear to increase to the SE across Nicaragua and Costa Rica, but the
estimated errors in their subduction-derived concentrations are very high, making this variation
questionable. The lack of change in the fluxes of Cs, Ba, K, Pb, and Sr argues that the well-defined
regional variation in Ba/La is the result of changes in the mode or mechanics of fluid delivery into the
mantle wedge, not the total amounts of fluids released from the slab. Concentrated or focused fluids in
Nicaragua lead to high degrees of melting. Diffuse fluids in Costa Rica cause lower degrees of melting.
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1. Introduction

[2] Although much progress has been made in
understanding magma generating processes in the
subduction factory beneath arc volcanoes, the goal
of calculating a mass balance across a convergent
margin has not been satisfactorily reached. The
main problem is the considerable difficulty in
quantifying the outputs at the forearc, volcanic
front and back arc. The largest, most easily mea-
sured output is the volcanic front. For Central
America, Patino et al. [2000] and Plank et al
[2002] estimated the flux of subducted incompat-
ible elements out of the volcanic front. However,
their age control, a few tephra units dated via
marine stratigraphy [e.g., Ledbetter, 1985], was
inadequate. We present more accurate flux deter-
minations for the volcanic front based on *°Ar/*°Ar
age determinations of lava flows.

[3] Central America (Figure 1) is an excellent
place to attempt a mass balance across a conver-
gent margin, especially for elements largely derived
from subducted sediment. There are satisfactory
physical and geochemical databases for volcanoes
[Carr and Rose, 1987], maintained at http://
www.rci.rutgers.edu/~carr/, and for the Cocos
Plate sediment section [Patino et al., 2000].
'9Be/’Be, an unambiguous tracer of sediment
input, reaches its global maximum at Masaya
volcano in Nicaragua [Morris et al., 1990], indi-
cating substantial sediment throughput. Several
geochemical tracers of subducted sources (e.g.,
10Be/?Be, 87Sr/86Sr, Ba/La, U/Th) have large and
regular geographic variations that allow compari-
son of regions of high slab signal, western and
central Nicaragua, to nearby regions of low slab
signal, the Cordillera Central of central Costa Rica
[Carr et al., 2003, and references therein]. These
areas in close geographic and tectonic proximity
share substantial geologic history, yet have very
different geochemistry. Sediment sections cored on
the Cocos Plate just offshore of Guatemala and
Costa Rica are similar, suggesting low variability

in sediment input. Furthermore, from Guatemala to
central Costa Rica, there is little sediment accretion
[von Huene and Scholl, 1991]. However, subduc-
tion erosion complicates the input. Ranero and von
Huene [2000] and Vannucchi et al. [2001] present
convincing evidence for subduction erosion off-
shore of central Costa Rica. Smaller amounts of
subduction erosion may extend across Nicaragua
[Ranero and von Huene, 2000].

[4] Geochemical tracers of subduction define a
slightly asymmetric chevron along Central Amer-
ica. Ba/La is appropriate for reviewing the regional
variation in slab signal (Figure 2a) because it is
easily measured and has a strong positive correla-
tion with '°Be/’Be [Leeman et al., 1994]. We
calculate fluxes for Nicaragua and Costa Rica,
where Ba/La ranges from 150 to 15. The high
Ba/La values are not surprising because the sedi-
ments being subducted are highly enriched in Ba
[Plank and Langmuir, 1993; Patino et al., 2000].
The subduction of these sediments suggests that
changes in the amount of subducted Ba will drive
the Ba/La variation. However, Figures 2b and 2c
make clear that the regional variation is primarily
driven by La, not Ba. Because of this, Carr et al.
[1990] and Feigenson and Carr [1993] developed
a flux focusing model for Central America in
which tectonic factors, such as slab dip, control
the delivery of flux, making it more and less
concentrated. Higher concentrations of flux lead
to higher degrees of melting. The high Ba concen-
tration in the flux is diluted as the extent of melting
increases, resulting in similar Ba concentrations
regardless of the degree of melting. La decreases
with extent of melting because the La brought in
with the flux is not sufficient to counterbalance the
diluting effect of higher extent of melting. This
model, which links flux concentration and degree
of melting, has been substantially modified and
improved [e.g., Reagan et al., 1994; Leeman et al.,
1994; Eiler et al., 2005] as additional geochemical
data and insight have been added. Carr et al.
[1990] and Feigenson and Carr [1993] implicitly
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Figure 1.
mark position of Nicaraguan Depression (ND).

assumed a constant flux across the region but this
is a soft assumption, not required by the geochem-
istry. The goal of the current work is to determine
whether or not the absolute amount of flux of
highly incompatible elements varies between
Nicaragua and Costa Rica. In other words, is the
peak in Nicaragua the result of a higher amount of
flux, a stronger focusing of a constant flux or some
combination of the two?

[s] There are substantial difficulties in making
estimates of element fluxes. On the geochemical
side, the major problem is the demonstrated com-
plexity of sources. The sub-arc mantle beneath
central Costa Rica includes an enriched ocean
island basalt (OIB) component [Malavassi, 1991;
Leeman et al., 1994; Herrstrom et al., 1995;
Feigenson et al., 2004]. The source of this OIB
input is poorly constrained and could have origi-
nated in the mantle wedge or the subducted plate.
Feigenson et al. [2004] reviewed this problem and
found that few of the several hypotheses
concerning this issue can be ruled out. Outside of
central Costa Rica, REE inverse modeling suggests
that the mantle may consist of at least two compo-

Location map for Central American volcanoes. CM marks the location of Cerro Mercedes. Dashed lines

nents, a MORB source and a less depleted source
[Feigenson and Carr, 1993]. The subducted oce-
anic crustal section adds additional complexity. An
East Pacific Rise MORB crust is subducting out-
board of Nicaragua and northwestern Costa Rica
and a Cocos-Nazca Ridge MORB crust with Gal-
apagos derived seamounts is subducting outboard
of central Costa Rica [e.g., von Huene et al., 2000].
The sedimentary stratigraphy includes two units
with large differences in geochemistry [Patino et
al., 2000], a basal carbonate section of roughly
200 m and an upper hemipelagic section of roughly
200 m. Recently, Eiler et al. [2005] defined plau-
sible depleted mantle (DM) and OIB mantle com-
positions and identified two separate slab-derived
fluxes, one with low 6'®0 and one with high §'*0O.
The former is most likely a hydrous fluid with a
strong contribution from the subducted Cocos
mantle and the latter is most likely a melt of the
subducted sediment.

[6] The mass flux at the volcanic front consists of
the existing volcanic edifices, distal tephras, earlier
volcanic units, sediments derived by erosion, and a
wide range of intrusives including mafic cumu-
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Figure 2. Subduction signal, Ba/La, and its two
components along the volcanic front. Symbols mark
segments defined primarily by right stepping jogs in the
volcanic front. Filled symbols are the volcanics with
HFSE depletions. Open symbols are the HFSE-rich
suites in Nicaragua and Costa Rica. Black symbols and
arrows are estimated mantle contributions.

lates, which are likely near the Moho [e.g.,
Herzberg et al., 1983], gabbroic to granitic bodies
within the crust, and shallow dikes. Obtaining a
flux requires defining a volume of igneous output
and identifying the time interval over which it was
produced. A bottom-up or long-term approach can
be achieved in an island arc by measuring the total
volume of arc-derived crust and determining the

onset of arc—related igneous activity. However,
pauses in magmatic activity may generate a long-
term rate that is inappropriate for magmatically
active periods. We apply a top-down or short-term
approach here, by focusing on volcanic output that
can be quantified from geologic mapping of lavas
and tephras. This restricted approach captures a fair
snapshot of the ongoing magmatic process. How-
ever, it does not measure total magmatic output
because intrusives and eroded materials are not
included. Our top-down approach provides a par-
tial extrusive volcanic flux because we have not yet
determined appropriate erosion rates.

[7] To provide more accurate estimates of extru-
sive volcanic fluxes, we report new *°Ar/*°Ar ages
on lava and pyroclastic flows that geologic map-
ping and geomorphic expression indicate are crit-
ical for understanding the rate of cone construction
in Costa Rica and Nicaragua. Our results add to a
growing body of geochronological data. Ehrenborg
[1996] and Plank et al. [2002] recently summa-
rized and added to the previous geochronological
work in Nicaragua. Alvarado et al. [1992] summa-
rized the geochronology of Costa Rican volcanics
and Gillot et al. [1994] provided several new K-Ar
ages and estimates of the volume of the major
volcanic units. Vogel et al. [2004] and Pérez et al.
[2006] defined the age framework of several Costa
Rican ignimbrite sheets. A substantial number of
new “°Ar”°Ar ages allowed Gans et al. [2002,
2003] to propose that a series of discrete volcanic
episodes has constructed the volcanic provinces of
Costa Rica.

2. Data

2.1. “Ar/*°Ar Age Determinations

[s] Table 1 provides new ages on 45 samples from
Nicaragua and Costa Rica. The sample preparation
and data analysis procedures used, as well as a
table providing the results of the individual step
heating experiments, are in auxiliary material Text
SI." A typical example of a 4°Ar/*°Ar age deter-
mination is provided in Figure 3.

2.2. Volumes of Volcanic Edifices

[s] The volume of each volcanic center was cal-
culated using digitized areas within 100 m contour
intervals on topographic maps. Many volcanoes

'Auxiliary material data sets are available at ftp://ftp.agu.org/
apend/gc/2006gc001396. Other auxiliary material files are in the
HTML.
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Table 1. (continued)
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o é have irregular bases that required adding in wedge
8 g or slab like volumes. Some volcanoes have
° = = produced ashflow sheets that extend beyond the
T x x Nx x x 3 S . . . .
£ c% current topographic limits of the volcanic edifice.
All of the ashflow units with ages of 600 ka or less
o and whose volumes have been determined have
E - been included in the volumes. The Alto Palomo
tephra near Platanar volcano in Costa Rica
= [Villegas, 2004; Vogel et al., 2004] has an
8 appropriate age but lacks a well-determined
= TS ESE . volume and was not included. The ashflow sheets
E|@2onnadxsas | & near Malpaisillo, Nicaragua are not included in any
ﬁ 5 volume because the source, the Malpaisillo Cal-
o £ dera, proposed by van Wyk De Vries [1993], has
i} not been proven and the age is thought to be late
§ N 0Oy — s N — O B Tertiary. Table 2 lists the calculated volumes and
2 STeETETTeTTe s the raw data are in auxiliary material Text S2.
=]
g [10] Volumes critically depend on the determina-
58 TETINLANTNT ] & tion of the pre-volcanic base which relies heavily
2 0] SRR g on geologic understanding. For example, Stoiber
JE|OFoaaaaaanal g and Carr [1973] estimated a volume of only 11 km®
N N o for Masaya volcano, based on the size of the most
2 recent caldera. Subsequently, van Wyk de Vries
£ g FoERgR=Eg=2=| E [1993] recognized that the Masaya caldera was
HAHHHSHAH H H s . : g
£ g ooern o o a g oo - part of a large3 ignimbrite shield Wl'Fh a volume (_)f
<] daa g = 22| g over 200 km”, the Masaya/Las Sierras volcanic
= center. We are currently trying to obtain reliable
g ages for large ignimbrites at the base of the Las
Zg| 7@ == o ierras. The current volume assumes an age of less
s RIS I than 600 ka for the entire complex, which may well
22I8AFT BIvwEEE| g be wrong. These changes in the volume of Masaya
= are the result of improved geologic understanding,
2 not fluctuations from random error.
SAaA ALY oONX =
Z . TAHHHT T HHHHH g
2R | Pl e nITER 2 2.3. Trace Element Analysis
.E‘:’ < SEake AR =6 % B I3
° [11] Many previously published geochemical data
Z for Central America [e.g., Patino et al., 2000] were
Elrrszrzaenes @ = re-determined after powdering the samples in alu-
S| g ‘é g ‘é g ‘é kS “é g &l B mina containers. These samples, collected from
S| E EESES 5 1972-1990, were originally powdered in tungsten
& carbide vessels, rendering their Nb and Ta analyses
. \20 g § 5 5 5 § g Ef s 3 suspect or completely misleading. HR-ICP-MS
| FF Frhcnchenen £ trace element analyses, used here, follow the pro-
— | 00 00 00 00 00 O 0O O O e
T T T T M cedures of Bolge et al. [2006].
3
/8223322327 | £ 3. Resulss
H|l oS Sadaaad 5 &
é 2 [12] We determine an extrusive volcanic flux
PE by measuring the volumes of volcanic centers
=) = = e S”cﬁ (Table 2) and deterrnining4 0the 3sgtart of the current
2| AT ddaddddd | B episode of volcanism. The *“Ar/"” Ar ages in Table 1
S oI | L ith additional “°Ar/>°A fi Vooel et al
% égbgbuuﬁﬁuuuu EZO wit a.ll.Ona T r ages Irom Ogeeq.
D Ypppp g |50 [2004] indicate a well-defined pulse of volcanic
COUUUUUUUUO
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Figure 3. Step heating spectra for sample CR-RV-04-12 from Rincon de la Vieja volcano. The heating steps, in
watts, are written below Ar release steps in the plateau diagram and adjacent to the error ellipses in the inverse
isochron diagram. Steps 2 and 4 watts not included in isochron.

activity in Costa Rica beginning at about 600 ka
(Figure 4) and continuing to the present. In Nicar-
agua, the start of the current episode of volcanism
is not well determined.

[13] We estimate element flux by multiplying the
extrusive volcanic flux by the subduction-derived
component of the average lava. The subduction
component is the difference between the mean lava
composition and an estimated melt composition

generated from a flux-free mantle wedge. To esti-
mate the contribution from the mantle wedge, we
use, with minor modification, the melt model,
mineral mode and partition coefficients of Eiler
et al. [2005]. Because of the unusual geochemistry
of Cordillera Central lavas, Eiler et al. [2005]
estimated an enriched or OIB source for Central
American magmas. Oxygen isotope constraints
allowed FEiler et al. [2005] to invert lava composi-
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Table 2. Mass Fluxes for Nicaragua and Costa Rica

Volcanic Center Fraction of

Volume Flux, Mass Flux,”

(Subgroup) Volume Volume,?* km® Length, km  Age, Ma km?*/km/Myr 10" kg/m/Myr
Cosigiiina 1.00 57 - - - 0.29
San Cristobal 1.00 109 - - - 0.56
Telica (high U/La) 0.43 12 - - - 0.06

Telica (high Ba/Th) 0.43 12 - - - 0.06

Telica (HFSE-rich) 0.14 4 - - - 0.02
Rota 1.00 7 - - - 0.04
Las Pilas-Cerro Negro 0.82 23 - - - 0.12

Las Pilas (HFSE-rich) 0.18 5 - - - 0.03
Momotombo 1.00 17 - - - 0.09
Apoyeque 1.00 12 - - - 0.06
Western Nicaragua totals 259 166 0.33 4.7 1.32
Error estimate in % 15 5 40 43 43
Nejapa 0.75 2 - - - 0.01

Nejapa (HFSE-rich) 0.25 1 - - - 0.00
Masaya-Las Sierras-Apoyo 1.00 203 - - - 1.04
Mombacho 0.95 34 - - - 0.17

Granada (HFSE-rich) 0.05 2 - - - 0.01
Zapatera 1.00 9 - - - 0.05
Concepcion 1.00 31 - - - 0.16
Maderas 1.00 30 - - - 0.15
Eastern Nicaragua totals 312 137 0.33 6.9 1.59
Error estimate in % 30 5 40 50 50
Orosi 1.00 76 - - - 0.39
Rincoén de la Vieja 1.00 102 - - - 0.52
Miravalles 1.00 62 - - - 0.31
Tenorio 1.00 53 - - - 0.27
Guanacaste totals 293 92 0.60 53 1.49
Error estimate in % 20 10 10 24 24
Arenal 1.00 11 - - - 0.03
Platanar 1.00 84 - - - 0.26
Poas 1.00 97 - - - 0.30
Barba 0.50 99 - - - 0.31
Barba (HFSE-rich) 0.50 99 - - - 0.31
Iraza-Sapper 0.50 130 - - - 0.40
Irazu-Haya (HFSE-rich) 0.50 130 - - - 0.40
Turrialba 1.00 112 - - - 0.35
Cordillera Central totals 761 150 0.60 8.5 2.37
Error estimate in % 25 15 10 31 31

#Total volumes for each center with subgroups can be obtained by summing the groups.
Density assumed to be 2800 kg/m®>. Length and age factors of flux taken from segment totals.

tions to obtain the compositions of two fluid fluxes
from the slab as well as the degree of melting and
the proportions of the four sources; DM, OIB, low-
6'0 fluid and high-6'*0 fluid. Our modeling is
much simpler, we use two mantle wedge sources,
DM and OIB to match the compositions of Nb, Ta
and the HREEs. We derive different compositions
for DM and OIB (Figure 9), but obtain similar
proportions of the mantle wedge sources and
similar degrees of melting (Table 4).

3.1. Extrusive Volcanic Flux for Costa Rica

[14] In Costa Rica, a rich background of geochro-
nologic work [Alvarado et al., 1992; Gillot et al.,

1994; Gans et al., 2003; Vogel et al., 2004] and
geologic mapping [Tournon and Alvarado, 1997]
guided our sampling, allowing us to select critical
areas not addressed by previous work. The exten-
sive geochronologic survey of the Costa Rican
volcanic belt by Gans et al. [2003] suggested
several post-Miocene peaks of volcanic activity
separated by apparent lulls: with peaks at 6—
4 Ma, 2—1 Ma, 600—400 ka and 100-0 ka. We
designed our sampling to better define the bound-
aries between these age peaks, especially the con-
tact mapped by Tournon and Alvarado [1997]
between the 2—1 Ma volcanics and the volcanics
younger than 600 ka. The 2—1 Ma volcanics will
be referred to here as the Monteverde volcanic
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Figure 4. Histogram of “°Ar/°Ar ages for Costa
Rican and Nicaraguan volcanics.

front (VF) and the 600 ka and younger volcanics
will be referred to as the active VFE.

[15] Since the 1997 map of Tournon and Alvarado
[1997], geochronologic work and mapping by G. E.
Alvarado and co-workers from the Central Amer-
ican School of Geology at the University of Costa
Rica have increased the extent of the Monteverde
VF at the expense of the active volcanoes. Figure 5
sketches the currently recognized boundaries and
shows that the active volcanoes primarily occur in
two major ranges, the Cordillera de Guanacaste

and the Cordillera Central. In the Cordillera de
Guanacaste, our “’Ar/*°Ar results aided this map-
ping by obtaining ages for flows on either side of
the contact. Four samples (with ages of 1.13 Ma,
1.60 Ma, 2.16 Ma and 2.18 Ma) better define the
Monteverde VF and slightly extend its range to
2.2 Ma. At Rincon de la Vieja volcano we obtained
an age of 564 ka on a flank lava selected for its
high degree of erosion. Similarly, at Miravalles and
Tenorio volcanoes we obtained ages of 548 (coin-
cidentally equal) on eroded flow fields from the
lower flanks. These data verify the presence of the
600-400 ka peak in the Guanacaste region. Be-
cause the contact between the active VF and the
Monteverde VF can be mapped throughout the
Guanacaste segment, we estimate a small error in
volume (20%).

[16] In the Cordillera Central, the recognition of
older volcanics and sediments at roughly 1500 m
elevations throughout the Cordillera decreases the
estimated volumes of these volcanic centers. The
basal lavas at Irazd in the valley of the Rio
Reventazdén outcrop at 1500 m. Miocene sediments
and Pliocene lavas comprise the lower SE flank of
Turrialba volcano with uppermost outcrops that
just reach the 1500 contour. At Barva volcano
recent fieldwork uncovered sediments on the SE
flank that extend from 700 to 1500 m. At Platanar
volcano, older volcanics crop out on the SW flank
at elevations as high as 2000 m. Therefore the
active volcanoes (600 ka and younger volcanics) of
the Cordillera Central nearly obscure an older
volcanic and sedimentary massif that extends the
length of the Cordillera and has a summit elevation
of roughly 1500 m.

I:I < 0.6 Ma Active Volcanoes

l:] 1.0 to 2.2 Ma Monteverde

Figure 5. Map of active volcanic front and Monteverde volcanic front in Costa Rica.
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[17] Volumes estimated for the Cordillera Central
have two components; the larger component (75%)
includes all the topography above 1500 m and the
smaller component comes from the NE side of the
Cordillera, where young volcanics outcrop as low
as 300 m. Field work indicates that these flank
lavas and tephras are a thin cover on a buried
massif of older volcanics and sediments. We esti-
mated volumes of this cover using a thickness
of 100 m for the lower flank (elevations below
1000 m) and a thickness of 200 m for the upper
flank (elevations between 1500 and 1000 m).
These flank veneers comprise 25% of the total
volume of the active volcanoes of the Cordillera
Central and we use that percentage as the error
estimate for the Cordillera Central volumes.

[18] We sought to define a boundary separating the
600—-400 ka and 100—0 ka peaks proposed by
Gans et al. [2003]. However, we obtained nine
new ages between 400 ka and 100 ka. Therefore
we doubt there was a pause in extrusive volcanic
activity between 400 ka and 100 ka. Geomorpho-
logical differences, apparent on topographic maps
and satellite images, suggest pauses at individual
volcanoes, but the new ages indicate that such
pauses are local, not segment wide. In contrast,
we were successful in using geomorphology to
locate the oldest flows; six samples yielded ages
between 548 and 598 ka. We agree with Gans et al.
[2003] that a substantial outpouring of lava began
about 600 ka.

[19] Two of our Costa Rican samples have ages in
the lull between the Monteverde VF and 600 ka.
One, a lava from Tenorio volcano, has an age of
740 ka. The other is the San Jerénimo ash flow tuff
with an age of 855 ka. We sampled this welded tuff
because geologic mapping [Krushensky, 1972;
Alvarado et al., 2006] places it beneath the basaltic
and andesitic lavas that comprise the lower flanks
of Irazu volcano. These two ages clearly show that
volcanism did not entirely cease between 1 Ma and
600 ka.

[20] The two major volcanic ranges, the Cordillera
de Guanacaste and the Cordillera Central (Figure 5)
are separated by a volcanic gap of 80 km that is
interrupted only by the small Arenal volcanic
center. This gap was not present as recently as
1 Myr ago [Gillot et al., 1994]. The location of the
Monteverde volcanic front is similar to that of the
present volcanic front in the Cordillera de Guana-
caste and the Cordillera Central, but profoundly
different in the intervening region. In the area of
the gap, pierced only by the small Arenal volcanic

center, the Monteverde VF makes a large ridge
whose axis is about 15 km trenchward of Arenal.
The cessation of activity in the area between the
Cordillera de Guanacaste and the Cordillera Cen-
tral marks a substantial change in the Costa Rican
volcanic front after about 1 Ma. Furthermore, when
volcanism resumed near Arenal about 100 ka ago
[Gillot et al., 1994], it was located 10 to 15 km NE
of its former axis.

[21] Our new *°Ar/*’Ar ages confirm the proposed
peak in volcanic activity starting at about 600 ka.
With the exception of Arenal, the Costa Rican
volcanic centers all have lava fields in the 600—
500 ka age range [Gans et al., 2003, Gillot et al.,
1994; Alvarado et al., 1992; this work]. The peak,
starting at 600 ka, followed a reorganization of the
volcanic front; specifically, the near cessation of
volcanism and the repositioning of the volcanic
front in the 80 km region, centered on Arenal.
These two factors lead us to use 600 ka as the
datum for estimating an extrusive volcanic flux for
Costa Rica.

3.2. Extrusive Volcanic Flux for Nicaragua

[22] Patino et al. [2000] estimated ages for several
segments of the volcanic front in Central America,
primarily using the ages of large pyroclastic depos-
its assumed to predate all the active volcanoes. The
Nicaraguan estimate (135 ka) was based on the J1
tephra [Ledbetter, 1985] whose distinctly high FeO
content makes the Masaya-Las Sierras complex the
likely source [Walker et al., 1993]. Toward the
Pacific coast from Masaya volcano, the initial
volcanic deposits, which rest on Plio-Pleistocene
marine sediments, are thick andesitic to dacitic
pyroclastic flows. The J1 tephra was assumed to
be a fall deposit associated with these flows and the
entire Nicaraguan volcanic front was assumed to be
younger than the J1 tephra. This obviously weak
chain of assumptions was a primary motivation for
our current work.

[23] The Nicaraguan volcanic front is roughly
parallel to and within the Nicaraguan Depression
(Figures 1 and 6). The major Nicaraguan lakes and
the Gulf of Fonseca, separating Nicaragua from
Honduras and El Salvador, also lie within the
Depression, suggesting active subsidence. However,
most shallow earthquakes occur along the volcanic
axis, rather than along either the NE or SW side of
the Depression. The flat topography of the Depres-
sion simplifies measurement of the volumes of
volcanoes. However, alluvial and lacustrine sedi-
mentation has buried the earliest lavas of the active
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Nicaragua

Figure 6. Map of post-Miocene volcanics in Nicaragua. Dashed lines are borders of Nicaraguan Depression.

volcanoes, making it difficult to determine a time
of onset. Because the flanks of the Nicaraguan
volcanoes, with the exception of SW side of the
Masaya volcanic center, merge into alluvial and
lacustrine sediments and tephra deposits, the con-
tact between the earliest lavas of the active volca-
noes and the previous generation of volcanic
deposits is not exposed. Therefore additional
assumptions are needed to calculate rates of extru-
sive volcanic flux.

[24] Our new “°Ar/*°Ar ages for Nicaraguan lavas
and tephra fall into four groups. Two samples, with
ages 0f 9.5 Ma and 7.1 Ma, are from the NE border
of the Nicaraguan Depression and within the 7—
9 Ma age band of Plank et al. [2002]. One sample,
with an age of 3.5 Ma, is from an eroded volcanic
terrain outcropping along the volcanic front be-
tween San Cristobal and Cosigiiina volcanoes
(Figure 6). Two samples with ages of 1.13 and
1.48 Ma are from partially buried volcanic rem-
nants located between the Miocene volcanics on
the NE border of the Nicaraguan Depression and
the active volcanic front (Figure 6). These ages are
within the range of the Monteverde VF in Costa
Rica. The remaining eight samples are lavas col-
lected from the most eroded sectors of the active
volcanoes. Topographic maps and satellite images
reveal few highly dissected areas that are likely to
expose old lavas. Figure 7 shows the ages obtained
from the highly dissected sector of Telica volcano.
The eroded area between the three samples was

more altered than the flanks and did not yield a
reliable age. The *°Ar/*’Ar ages we obtained from
the oldest available sectors of the active volcanoes
range from 65 to 330 ka. The oldest lava sampled
is slightly more than half as old as the 600 ka
datum we determined for Costa Rica.

[2s] The existing age data for Nicaragua are con-
sistent with the volcanic history of Costa Rica
during the last 2.2 million years. Just NE of the
current volcanic axis are two Nicaraguan samples
with ages of 1.13 and 1.48 Ma, within to 2.2 to
1.0 Ma age extent of the Monteverde VF. The
Nicaraguan ages younger than 1.0 Ma (Figure 4)
are within the pulse of activity that began around
600 ka in Costa Rica, but skewed to the younger
side of the range.

[26] Because the bases of the active Nicaraguan
volcanoes are covered by sediments, we cannot
locate and sample the contact with older volcanics
that would provide both age control and volume
control. We can calculate reasonably precise vol-
ume measurements of the active volcanoes, using
the surrounding plain as the base level. We then
estimate an extrusive volcanic flux using the age of
the oldest Nicaraguan lava sampled to date, 330 ka.
This approach gives extrusive volume fluxes (in
units of km*/km/Myr) for western Nicaragua (4.7)
and eastern Nicaragua (6.9) that bracket the vol-
ume flux for the Cordillera de Guanacaste (5.3) and
are slightly less than the flux for the Cordillera
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Figure 7. Satellite image of Telica volcano, Nicaragua, from NASA MrSID image N-16-10 2000.

Central (8.5). We expect that further efforts in
geochronology will discover lavas somewhat older
than the oldest current sample but expect that the
oldest lavas will not be recovered except by
drilling. We estimate the error in age as half the
difference between the 600 ka datum from Costa
Rica and the age of our oldest current sample. This
gives an error estimate of 40%. The resulting
extrusive volcanic flux errors for the two Nicar-
aguan segments are larger than those of the Costa
Rican segments, even though the errors in the
Nicaraguan volumes are lower.

[27] We test the reasonableness of the extrusive
volcanic flux rates for Nicaragua by assuming a
600 ka date for the beginning of current cone
construction and adding volume to the cones based
on the depth to the pre-volcanic surface, following
the estimates of van Wyk de Vries [1993]. Two
arguments indicate that the depth to the base of the
current volcanoes is not great. The first is a drill
hole at the geothermal field on Momotombo vol-
cano that intersected a dacitic ash flow, thought to

be the top to the Tertiary volcanics, at a depth of
only 150 m below the present surface [van Wyk de
Vries, 1993]. The second argument is the presence,
within 15 km NE of the current volcanic front, of
volcanic remnants whose ages are the same as the
Monteverde volcanic front. Similarly, in the Nicar-
aguan Depression between San Cristobal and
Cosigiiina volcanoes, there are low hills made of
Tertiary volcanics, so that the depth of cover there
is zero. Therefore we agree with van Wyk de Vries
[1993] that the sediments that obscure the bases of
the active volcanoes do not appear to be deep. We
choose the drilling result at Momotombo volcano
as the most reliable basis for estimating the depth
to the bases of the volcanoes. We assume an
interfingering relationship between the volcanic
deposits and sediments, implying a cylindrical
shape. We estimated the volumes representing the
time between 600 ka and the current topographic
base of the volcano by multiplying the area within
the outer boundary of each volcano by 150 meters,
the depth determined by drilling at Momotombo.
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These assumptions add 176 km® to the volumes of
western Nicaraguan volcanoes and 212 km® to the
volumes of eastern Nicaraguan volcanoes. The
resulting volume fluxes are 4.4 km®/km/Myr for
western Nicaragua and 6.4 for eastern Nicaragua,
slightly reduced from our preferred estimates in
Table 2 but clearly consistent with them. To
achieve the same flux rate for both the 330 ka
datum and the 600 ka datum, the depth to the pre-
volcanic surface needs to be increased by only
30 m.

3.3. Does the Extrusive Volcanic Flux Vary
Along Nicaragua and Costa Rica?

[28] Carr et al. [1990] reported a paradoxical
inverse correlation between degree of melting and
volcano size in Central America. Degree of melt-
ing, inferred from rare earth element data, was high
in Nicaragua and low in Costa Rica but the
volumes of Nicaraguan volcanoes were small com-
pared to Costa Rica. The recognition of a substan-
tial late Pliocene to early Quaternary volcanic front
in Costa Rica, the Monteverde VF, reduces the
Costa Rican volumes and removes most of the
disparity in size between Nicaragua and Costa
Rica. The Nicaraguan magmas still appear to have
formed from a higher degree of melting than the
Costa Rican magmas but that difference may
involve regional differences in the source of the
magmas, specifically the general agreement now
that the source in the Cordillera Central of Costa
Rica is more enriched [e.g., Malavassi, 1991;
Herrstrom et al., 1995; Feigenson et al., 2004].

[20] Although new geochronologic and geologic
data have reduced the extrusive volcanic flux
estimate for the Cordillera Central of Costa Rica,
it remains larger than the flux estimates for the two
Nicaraguan segments and the Cordillera de Gua-
nacaste (Table 2 and Figure 8). However, the errors
estimated for the calculation of extrusive volcanic
flux (encompassing both volcano volume error and
basal age uncertainties) are large enough to cover
the remaining disparity. Thus the extrusive volca-
nic flux is considered constant along the volcanic
front of Nicaragua and Costa Rica.

3.4. Average Compositions of Volcanic
Centers and Groups

[30] Many studies have shown that two or more
distinct magmas are sometimes present within the
same volcanic center in Central America, even
erupting from the same vent [e.g., Ui, 1972;
Walker, 1984; Reagan and Gill, 1989; Alvarado

Volcanic flux
in 10"%g/m/My

NW Nicaragua I
Nicaragua -“

Costa Rica

Figure 8. Extrusive volcanic flux by segment. The
NW Costa Rica segment of the volcanic front includes
the Cordillera de Guanacaste volcanoes. The central
Costa Rica segment includes Arenal volcano and the
Cordillera Central volcanoes.

and Carr, 1993; Patino et al., 2000; Carr et al.,
2003; Alvarado et al., 2006]. Therefore we decided
to base our geochemical averages on individual
volcanic centers and individual magma groups
within a volcanic center. To calculate a flux for
each center we made averages for each magma
group at the center and then estimated the percent-
age of the total volume each group represented
(Table 2). In most cases there was just one magma
group. Patino et al. [2000] and Plank et al. [2002]
took a simpler route and used average values for
entire segments of the volcanic front.

[31] Although most of the samples used to deter-
mine average values were mafic, the resulting
averages vary in SiO, and MgO content. To
minimize any bias from this variation, we made a
fractionation correction. Least squares fractional
crystallization modeling of representative lava
suites showed that a change of 1 wt% SiO,
required 5% crystallization. We picked the least
silicic average composition in each segment as the
reference for that region and adjusted the other
averages to it on the basis of the difference in SiO,
contents.

3.5. Models of Mantle Sources

[32] The total flux of an incompatible element at an
arc volcano consists of a mantle contribution and a
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Figure 9. Sources for Central American volcanics.
Open symbols from Eiler et al. [2005].

subducted contribution. Separating these two is not
straightforward, because the mantle contribution is
poorly constrained, both in its initial concentration
and in the melting model to which it is subjected.
Patino et al. [2000] estimated a source by inverting
the EMORB values of Sun and McDonough [1989]
using 15% batch melting. Plank et al. [2002] used
the NMORB of Sun and McDonough [1989]
divided by 3 as the mantle source. Neither of these
studies concerned the Cordillera Central, where a
more enriched source is present. Eiler et al. [2005]
derived an enriched or OIB source by assuming
that a Turrialba lava with minimal evidence of slab
contribution was a 5% batch melt of a mantle
composed of 51.6% olivine, 28.7% orthopyroxene,
16% clinopyroxene and 3.7% spinel. Because we
examine a larger set of elements, we repeated that
procedure using a similar lava (CR-1Z-D5) and the
same mineral mode and extent of melting. Partition
coefficients for missing REEs were interpolated
from adjacent REEs. Rb partition coefficients were
assumed equal to K, Cs equal to K/2, P equal to Sr
and Ta equal to Nb. Despite these assumptions, our
OIB source (Figure 9 and Table 3) is very similar
to that of Eiler et al. [2005].

Table 3. Composition of Mantle Sources

[33] The cleanest window into the unmodified
Central American mantle comes from alkaline
volcanoes, Utila and Yojoa, that erupted along
faults generated by the Caribbean-North America
plate boundary (Figure 1). At Yojoa, there are
small Ba and Pb enrichments, consistent with
O-isotope data indicating a minor slab contribution
[Eiler et al., 2005]. Therefore we chose Utila (Hon-
UT-1) as the basis for DM. Employing the same
mantle mode and partition coefficients used to
derive the OIB source, we obtain DM, assuming
that the Utila lava was the result of 0.5% batch
melt. Because Hon-UT-1 lacks values for Nb, Ta
and Pr, we estimated them by interpolation from
adjacent elements on the spider diagram. The DM,
derived from Utila, has about 10 times the Ba
concentration as the DM of FEiler et al. [2005]
(Figure 9). This seemingly radical difference has
minimal effect on the subduction-derived Ba flux
because the mantle contribution to Ba in Nicaragua,
where this source is primarily used, is only 2 to 4%
of the total. Using the lower Ba value from FEiler et
al. [2005] would make the mantle contribution
much smaller but only slightly increase the already
large subduction-derived contribution.

3.6. Estimating Mantle Contributions

[34] We estimated the mantle contribution to the
total incompatible element flux using mixtures of
the two mantle sources and variable degrees of
melting. For seven magma groups we had an initial
model (Table 4), the source percentages and
degrees of melting determined by FEiler et al.
[2005]. With these models as starting points, we
varied the proportions of the two mantle sources
and the degrees of melting to fit the HREEs and the
lowest elements on the spider diagrams, usually Nb
and Ta. Examples of modeled mantle contributions
are shown in Figures 10 and 11. Table 4 lists the
mantle source percentages and the best fitting
extents of melting for each group. The modeling
also assumed the partition coefficients and mantle
mode of FEiler et al. [2005] and batch melting.

Cs Rb Ba Th U Nb Ta K,O La Ce Pb Pr Sr
DM 0.002 0.21 2.03 0.032 0.006 0.25 0.014 0.013 0.42 1.08 0.029 0.18 16.3
OIB 0.006 1.22 32.13 0.271 0.093 1.21 0.060 0.066 2.10 5.07 0.220 0.70 52.9
P,Os Nd Zr Sm Eu Gd TiO, Tb Dy Y Yb Lu

DM 0.015 0.75 8.69 0.24 0.12 0.25
OIB 0.028 2.66 12.18 0.64 0.20 0.52

0.25 0.15 0.66 5.68 0.60 0.11
0.20 0.14 0.75 5.01 0.48 0.08
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Table 4. Models of Mantle Contribution

Eiler et al. [2005]

Mantle Source

Melt % DM OIB

Volcanic Center or Group DM OIB Melt %
Cosigliina 100 15.0
San Cristobal 95 5 15 100 10.0
Telica (high U/La group) 100 13 100 15.0

Telica (high Ba/Th group) 100 25.0

Telica (HFSE-rich group) 95 5 10.0
Rota 100 15.0
Las Pilas-Cerro Negro 100 25 100 20.0

Las Pilas (HFSE-rich group) 95 5 7.5
Momotombo and Apoyeque 100 15.0
Nejapa 100 25.0

Nejapa (HFSE-rich group) 100 12 95 5 10.0
Masaya 100 7.5
Mombacho and Zapatera 80 20 7.5

Granada (HFSE-rich group) 100 12 100 15.0
Concepcion 50 50 10.0
Maderas 50 50 10.0
Orosi 80 20 10.0
Rincoén de la Vieja 80 20 10.0
Miravalles 80 20 7.5
Tenorio 80 20 7 80 20 15.0
Arenal 50 50 20.0
Platanar 100 10.0
Poas 100 10.0
Barba 100 10.0
Barba (HFSE-rich group) 100 6 100 4.5
Iraza-Sapper 100 10.0
Irazd-Haya (HFSE-rich group) 100 6 100 4.0
Turrialba 100 10.0

[35] Many of the magma groups listed in Tables 2
and 4 have very similar patterns on spider diagrams
and effectively define clusters. In Nicaragua, the
groups modeled with a pure DM source have
nearly identical trace element patterns with the
exception of Masaya, Granada and the Telica group
with high Ba/Th. The peak in the regional Ba/La
variation occurs in the western Nicaragua cluster
(Figure 10a), which consists of seven groups that
differ primarily in extent of melting, with a range
from 10 to 25%. The mantle contribution model
appropriate for the Cerro Negro-Las Pilas group, a
20% melt of DM, is included in Figure 10a. The
spider diagram and the fitted mantle contribution
model for Masaya (Figure 10c) suggests a lower
extent of pure DM melting but this is likely an
artifact. Masaya has a well-defined pattern of open-
system magma evolution with at least two distinct
inputs [Walker et al., 1993]. The increase in in-
compatible element contents at constant SiO, con-
tent caused by open system fractionation makes the
HREE contents higher and our simple model sees
that as a lower extent of melting. The Telica group
with high Ba/Th cannot be closely fit using any

combination of the two current mantle models.
This misfit and similar problems for three of the
HFSE-rich groups (discussed below) indicate that
the OIB mantle is not be an appropriate enriched
mantle source for western Nicaragua. The Granada
HFSE-rich group has a notable lack of Nb and Ta
depletion, no enrichment in K or Rb and moderate
enrichments in Cs, Ba, U, Pb and Sr. The baseline
is reasonably well fit as a 15% melt of DM.

[36] The groups that required an OIB component in
the mantle source are shown in Figure 11. The
groups with the poorest fits are the HFSE-rich groups
from Telica, Las Pilas and Nejapa (Figure 11a).
These groups differ from Granada by having
enrichments in K and Rb. They differ from the
other western Nicaragua groups by lacking Nb or
Ta depletions and by having no suggestion of Zr or
Ti depletions. The two Costa Rican clusters,
Guanacaste and Cordillera Central are easily fit.
This is not surprising given that the OIB source
was derived from a lava from the Cordillera
Central. The most plausible fit to the Concepcion
and Maderas cluster (Figure 10b) has a mantle
source derived equally from DM and OIB.
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Figure 10. Spider diagrams of Nicaraguan volcanoes, whose modeled mantle-derived components are derived
solely from DM. Selected models of mantle-derived component shown in black.

[37] The change in mantle source composition is
not smooth along the volcanic front. The volcanic
groups in Table 4 are ordered from NW to SE. In
western Nicaragua the major source is DM but a
more enriched source is likely always present but
only revealed in low degree melts (HFSE-rich
samples) that erupt before mixing into large magma
chambers dominated by high degree melts. Pro-
ceeding southeast, the proportion of OIB source
increases at Mombacho and then increases even
more at Concepcion and Maderas. The Guanacaste
segment follows the large trenchward step in the
volcanic front after Maderas and here the OIB
component decreases. These results favor the com-
plex intermingling of different sources in eastern
Nicaragua and the Guanacaste proposed by Reagan
et al. [1994] on the basis of U-series isotopes,
rather than the abrupt transition at Tenorio volcano
proposed by Feigenson et al. [2004] on the basis of
Pb isotope variations.

[33] Our modeled mantle contributions primarily
fit Nb and the HREESs, implicitly assuming that Nb,
Ta and the heavy REEs are derived almost entirely
from the mantle. For this assumption to hold, the
fluids metasomatizing the mantle should have low

Nb contents or La/Nb of about 20. The high 6'%0
slab phase of Eiler et al. [2005] has these character-
istics but the low §'®0 slab phase has too much
Nb. Most of the samples with low 6'%0 are from
Nicaragua and several of these are HFSE-rich
lavas. The HFSE-rich lavas were not treated as a
separate group and including them with the other
Nicaraguan samples may have biased the calculated
Nb for the low §'®0 phase. Furthermore, the Nb
values available at that time were two to three times
higher than our new data based on re-powdering the
rocks.

3.7. Flux of Subducted Components From
the Volcanic Front

[39] The contribution from the subducted slab is
the difference between the modeled mantle contri-
bution and the mean analysis. These values were
adjusted for fractionation in a procedure that was
the reverse of the fractionation correction described
above. In this case, the mean SiO, that was
adjusted to was not the mean for the relatively
few analyses with high quality trace element data
but the mean for the entire available major element
suite, which is more representative of the volcano’s
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Spider diagrams of Nicaraguan and Costa Rican volcanoes, whose modeled mantle-derived components

are derived from mixtures of DM and OIB or from pure OIB. Selected models of mantle-derived component shown in

black.

actual composition. The fractionation corrected
data were then multiplied by the mass flux, the
last column of Table 2. The resulting subduction-
derived element flux values are in the top section
of Table 5. All of the compositions and calculations
used are available in auxiliary material Table SI.

[40] The error involved in calculating a subduction-
derived element concentration requires propagating
errors from a large number of assumptions that are
not easily quantified. Instead, we estimate percent-
age errors in concentration from the sensitivity of
the subduction-derived element flux to assumptions
about the mantle contribution. Our preferred sub-
ducted element fluxes are the top section of Table 5.
We estimate maximum subduction-derived fluxes as
the total fluxes (second section of Table 5). We
define a first estimate of concentration error as one
half of the difference between maximum flux and
our preferred flux. We estimate a minimum sub-
duction-derived flux by assuming that a line
through the Th and Zr values on a spider diagram
defines the mantle contribution. The values for the
mantle component obtained this way are analogous
to the Eu* parameter often used to define europium

enrichment or depletion on a REE plot. We did not
extrapolate beyond Ba. We define a second esti-
mate of concentration error as the differences
between our preferred flux and the flux estimated
relative to the Th-Zr line. We propagate the largest
of these two concentration errors with the mass
error to obtain a flux error.

[41] The concentration errors (Table 5) are large for
the Cordillera Central, where the source is pure
OIB. These errors may be caused, in part, by the
awkwardness of our sensitivity approach. Never-
theless, we consider the subduction-derived ele-
ment concentrations for the Cordillera Central
poorly determined. Outside of the Cordillera Cen-
tral, the concentration errors are small for the
elements strongly enriched above the modeled
mantle contribution (Cs, Rb, Ba, U, K, Pb). The
errors for La, Th and, to a lesser extent, Sr are
substantially larger.

[42] The errors in element flux, obtained by com-
bining the mass flux errors (Table 2) and the largest
of the two concentration errors, range from 24% to
155% of the totals for each element and each
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Table 5. Fluxes and Error Estimates®

Element
Segment (Mass Error) Cs Rb Ba Th U K,0 La Pb Sr
Subducted Element Flux
NW Nicaragua 0.80 19.2 878 0.88 0.97 1.13 4.1 3.64 552
SE Nicaragua 1.04 25.0 1076 1.60 1.75 1.40 7.2 4.48 392
C. Guanacaste 0.73 27.4 892 1.75 1.14 1.42 9.6 3.55 554
C. Central 1.01 44.8 755 6.88 2.25 1.70 22.5 5.21 523
Total Flux (Maximum)
NW Nicaragua 0.83 21.9 904 1.26 1.04 1.29 8.9 3.97 719
SE Nicaragua 1.09 32.2 1201 2.90 2.11 1.82 19.6 5.53 745
C. Guanacaste 0.78 343 1028 3.07 1.53 1.81 21.4 4.61 877
C. Central 1.24 89.1 1900 16.51 5.61 4.11 90.8 12.46 1948
Subducted Flux From Th-Zr (Minimum)
NW Nicaragua 800 0.75 0.92 1.1 3.23 510
SE Nicaragua 962 1.44 1.03 2.8 4.00 321
C. Guanacaste 775 0.84 1.05 5.6 3.24 505
C. Central 578 2.08 0.82 25.9 7.42 650
Concentration Error in % (Total Flux-Subducted Flux)/(2*Subducted Flux)
NW Nicaragua 1 7 1 22 4 7 58 5 15
SE Nicaragua 2 14 6 41 10 15 87 12 45
C. Guanacaste 3 13 8 38 17 14 61 15 29
C. Central 11 49 76 70 75 71 152 70 136
Concentration Error in % (ThZr Base-Subducted Flux)/(Subducted Flux)
NW Nicaragua 9 23 19 73 11 8
SE Nicaragua 11 18 26 61 11 18
C. Guanacaste 13 26 26 42 9 9
C. Central 23 8 52 —15 —43 —24
Flux Error in % (Mass Error and Largest Concentration Error)

NW Nicaragua (43%) 43 44 44 48 49 47 85 44 46
SE Nicaragua (50%) 50 52 51 65 53 57 100 51 64
C. Guanacaste (24%) 24 27 27 45 36 35 66 28 38
C. Central (31%) 33 58 82 77 81 77 155 76 140

*Fluxes in units of 10* kg/m/Myr, except K,O, which is in units of 10® kg/m/Myr.

segment (bottom section of Table 5). These are
generous errors because the inter-segment varia-
tions in subduction-derived flux are small for Cs,
Ba, K and Pb and Sr (top section of Table 5). In
fact, the standard deviations of the inter-segment
variations for these elements are less than 20% of
the means, substantially less than the estimated
flux errors.

[43] If the regional variation in subduction signal,
e.g., Ba/La (Figure 2), is the result of variations in
flux, then the fluxes of highly enriched elements
(top section of Table 5) should decrease from the
NW Nicaragua segment to the Cordillera Central
segment. Furthermore, the decrease should be
substantial because Ba/La decreases by a factor
of 10 across this region. However, the Ba fluxes do
not decrease across the region and, in fact, do not

significantly change. Other highly enriched ele-
ments, whose fluxes show no regional variation,
include Cs, K, Pb and Sr. What does change is the
flux of Th and La, which increases from NW to SE.
The La flux variation is roughly a factor of 5,
similar to the range for Ba/La. However, the large
errors estimated for the La and Th concentrations
make us doubt that the regional variation in these
modestly enriched elements is real. For these
elements, a small decrease in extent of melting
raises the mantle concentration and substantially
reduces the subducted concentration. Alternatively,
the southeastward increases in Th and La are real
and reflect changes in the subduction component
caused by additions of Galapagos derived vol-
canics that are highly enriched in incompatible
elements. These inputs could be from seamounts
or volcaniclastic sediments on the subducting slab
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or from subduction erosion of the Costa Rican
forearc [Goss and Kay, 2006].

4. Discussion

4.1. Magmatic Flux Versus Extrusive
Volcanic Flux

[44] A bottom-up or long-term approach, applied
to the Aleutian arc, yields an astonishingly high
magma production rate of 110—205 km?/km/Myr
[Jicha et al., 2006] or a slightly lower rate of
82 km’/km/Myr [Holbrook et al., 1999]. Clift
and Vannucchi [2004] estimate a global magmatic
arc productivity rate of 90 km?/km/Myr, enough to
replenish the crust they estimate is lost via subduc-
tion erosion. Their rate for Costa Rica, derived by
adjusting the global rate to account for differences
in the rates of plate convergence, is 108 km®/km/
Myr. In contrast, we estimate extrusive volcanic
fluxes in Central America between 5 to 9 km®/km/
Myr, about a factor of 10 less than the means of
various fluxes compiled by White et al. [2006].
However, most of the much higher flux estimates
are total magmatic fluxes, averaged over very long
time periods. Expanding the top-down approach,
taken here, toward a total magmatic flux can begin
with measurements of rates of erosion and volca-
niclastic sedimentation. The mass of cumulates
required to make the basaltic andesites and ande-
sites most common at the volcanoes can be inferred
from fractional crystallization modeling. Geophys-
ics and structural geology may allow estimates of
intrusive masses and a better determination of the
depth to buried volcanic material along the active
volcanic front in Nicaragua. The substantial gap
between total magmatic flux and extrusive volcanic
flux needs to be addressed.

4.2. Subduction-Derived Flux of Highly
Enriched Elements

[45] Our primary result is that the fluxes of highly
fluid mobile elements, Cs, Ba, K, Pb, and Sr are
not significantly different along the Central Amer-
ican volcanic front from Nicaragua to Costa Rica.
This constant flux is easy to reconcile with the
similar rates of plate convergence and sediment
thickness along the Middle America Trench. If the
regional variation in slab signal (e.g., Ba/La in
Figure 2) was caused by variation in the amount of
a subduction-derived fluid, then the fluxes of Cs,
Ba, K, Pb and Sr would be substantially greater for
Nicaragua than for Costa Rica. This is not the case
and the range of error in flux is small compared to

the large variation in slab signal. Alternatively,
there may be variations in subduction-derived
fluids for the denominators in the slab signal ratios.
La and Th flux would be substantially lower in
Nicaragua than in Costa Rica. This is consistent
with our estimates but the concentrations errors for
La and Th are very large. The uncertainty in the Th
and La fluxes could be substantially reduced by
expanding our work to the northwestern half of the
margin into El Salvador and Guatemala. The main
difficulty with Th and La fluxes arises at the
Cordillera Central segment in Costa Rica, where
an OIB-rich source component, either in the mantle
[Feigenson et al., 2004] or from subduction [Goss
and Kay, 2006], greatly complicates the problem of
determining elemental fluxes. Present isotopic and
trace element evidence shows that this complica-
tion is not present across El Salvador and into
southeast Guatemala [Carr et al., 2003].

[46] In Figure 2, the mantle contributions estimated
from the parameters in Tables 3 and 4 are plotted as
black crosses. Outside of the Cordillera Central in
Costa Rica, the Ba contribution from the mantle is
minimal and has little effect on the Ba/La ratio. La,
however, is substantially derived from the mantle
and the estimated mantle contributions overlap
with the higher end of the range of 1/La values
(Table 2b). This strengthens the argument that the
Ba/La variation is derived primarily from La,
whose concentration, in turn, varies with degree
of melting and mantle wedge source composition.

[47] The chemical stratigraphy of the Cocos Plate
sediments features an uppermost 100 meters of
hemipelagic sediment that contains modest
amounts of Ba but nearly all of the inventory of
19%Be and U [Morris et al., 2002; Patino et al.,
2000]. The Ba flux will be modestly affected by
sequestering part of this section but the '’Be/’Be
signal will be greatly reduced. Therefore the re-
gional variations in 1°Be/’Be might be explained
by differential subduction of the uppermost hemi-
pelagic sediments. Subduction of the entire hemi-
pelagic section offshore of Nicaragua and
sequestering of the '°Be-rich uppermost sediments
offshore of Costa Rica are what is required. This
possibility is well within the errors in our Ba and U
flux estimates.

[4s] Several weaknesses qualify our conclusion
that the subduction-derived flux of highly fluid
mobile elements is roughly constant along the
margin. The first is the lack of any estimate of
three prominent outputs from the volcanic front;
the dispersed ashes, the eroded volcanics, making
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their way to the Caribbean and the Pacific, and the
masses of intrusives. However, it is unlikely that
differences in these unmeasured parameters would
be just the right size to greatly increase the flux in
Nicaragua over Costa Rica. A second weakness is
the appropriateness, or lack thereof, of the time
frame we chose. We calculate the extrusive volca-
nic flux of the current generation of volcanoes.
This approach includes an assumption that there
are different generations of volcanics, that volcanic
activity is episodic. Episodicity is the clear impres-
sion from field geology and it is the conclusion
reached by detailed studies of Costa Rican geo-
chronology and geology [Alvarado et al., 1992,
Gillot et al., 1994; Gans et al., 2003]. The larger
problem is to measure the volcanic output over
several volcanic pulses and calculate maximum,
minimum and long-term rates. Goss and Kay
[2006] estimated a long-term flux (over a 6 Myr
period) for Pb and Th using the magmatic produc-
tivity rate of Clift and Vannucchi [2004]. Their
fluxes are far higher than the ones we estimate
because the magmatic productivity rate they start
from is 15 times the volcanic flux we start from.
The contrast between these two approaches makes
clear that much work remains to be done.

[49] The largest geochemical problem is the appro-
priateness, or lack thereof, of the mantle-derived
component of total flux. Following Eiler et al.
[2005], we used one depleted and one enriched
(OIB) mantle end-member, however the enriched
component most likely varies along the arc. Away
from Costa Rica, fits using OIB (estimated from a
Cordillera Central lava) were generally poor. Good
places to seek an enriched component, appropriate
for Nicaragua, are the Granada and Nejapa volca-
nic lineaments in central Nicaragua. Volcanics
from the back-arc, such as the alkaline cones near
Pearl Lagoon on Nicaragua’s Caribbean coast, are
the best candidates for finding a clear window into
the mantle beneath Nicaragua.

[so] We implicitly assumed that all elements are
coursing through the system at the same rate and
storage within the mantle wedge is not a factor.
U-Series isotopes clearly show types of disequilibrium
that suggest storage of some elements in the mantle
wedge [Reagan et al., 1994; Thomas et al., 2002].

[s1] We provide no constraint on the flux of water
and so it may well vary along the lines proposed by
Ruepke et al. [2002], Ranero et al. [2003], Patino
et al. [2000], and Abers et al. [2003]. Water with a
low inventory of highly incompatible elements,
released from deep in the subducted plate, could

lead to a larger quantity of a more dilute fluid
beneath Nicaragua. If so, then the water contents of
Nicaraguan magmas should be higher. However,
Sadofsky et al. [2005] presented melt inclusion
results that argue for no change in the flux of water
along the Central American margin.

5. Conclusions

[s2] New geochronologic and geological data
make a strong case for a 600 ka age for the
beginning of the current volcanic front in Costa
Rica. The primary change at that time was a near
cessation of volcanic activity in the gap between
the Cordillera de Guanacaste and the Cordillera
Central. A basal age of 330 ka is suggested for the
two volcanic segments in Nicaragua. This datum is
not well established.

[s3] The flux of extrusive volcanics along Nicara-
gua and Costa Rica varies between 1.3 and 2.4 x
10" kg/m/Myr. These extrusive fluxes are about a
factor of 10 lower than flux estimates published for
other convergent margins, but most of these are total
magmatic fluxes which are expected to be higher.

[s4] Uncertainty over the trace element character-
istics of the mantle beneath Central America make
the calculated subduction-derived component of
flux unreliable for elements that are only slightly
or moderately enriched, such as Th and La. How-
ever, for Ba and other elements with very large
enrichments over plausible unmodified mantle
compositions, the uncertainly about the actual
mantle composition becomes a relatively small
factor in calculating the element flux.

[ss] The subduction component of the fluxes of the
highly fluid mobile elements Cs, Ba, K, Pb, and Sr
are not significantly different along the Central
American volcanic front from Nicaragua to Costa
Rica.
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