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[1] The Central American volcanic front consists of several distinct volcanic lineaments or segments,
separated by right steps and/or changes in strike. Each volcanic line is rotated slightly counterclockwise
from the strike of the inclined seismic zone. Right stepping volcanic lines, oblique to the strike of the slab,
create a sawtooth pattern in the depth to the slab. Zr/Nb is the first geochemical signature with consistent
large offsets at the right steps in the volcanic front. Moreover, Zr/Nb mirrors the sawtooth variation in
depth to the slab; within a segment it increases from SE to NW, and at the right steps, separating segments,
it abruptly decreases. Unfortunately, there is no simple negative correlation between Zr/Nb and depth to the
slab because Zr/Nb also has a regional variation, similar to 8previously documented regional variations in
slab tracers in Central America (e.g., Ba/La, U/Th, and 87Sr/ 6Sr). Within a segment, Zr/Nb decreases with
increasing depth to slab. This can be explained in two ways: a Nb retaining mineral, e.g., amphibole, in the
subducting slab is breaking down gradually with increasing depth causing more Nb to be released and
consequently a smaller Nb depletion in deeper melts; alternatively, all melts have the same initial Nb
depletion which is then diluted by acquiring Nb from the surrounding mantle wedge as melts rise and react.
Deeper melts have longer paths and therefore more reaction with the mantle wedge diluting the initial Nb
depletion. Within each volcanic segment there is variation in eruptive volume. The largest volcanoes
generally occur in the middle of the segments, and the smaller volcanoes tend to be located at the ends.
Connecting the largest volcanoes in each segment suggests an axis of maximum productivity. This is likely
the surface projection of the center of the melt aggregation zone. The largest volcanoes tap the entire melt
zone. Those with shallow depths to the slab tap just the front part of the melt zone and have very large Nb
depletions. Those at greater depths tap the back part of the melt zone and have much smaller Nb
depletions.
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1. Background

[2] The Central American volcanic front has sev-
eral characteristics that have made it a focus for
geochemical studies of arc volcanism [e.g.,
Hoernle et al., 2008; Carr et al., 2007a, 2007b;
Gill et al., 2006; Feigenson et al., 2004; Carr et
al., 2003]. Recently, the most commonly remarked
feature is the large regional variation in several
element and isotope ratios thought to trace fluids
derived from the subducted slab, e.g., Ba/La and
87S1/8Sr [Carr et al., 1990]. However, the distinct
feature of the Central American volcanic front that
was first recognized is the remarkable distribution
of the volcanoes into several distinct lineaments
[Dollfus and Montserrat, 1868; Sapper, 1917].
These lineaments, called volcanic segments by
Stoiber and Carr [1973], divide the front into
seven segments separated by right steps and/or
changes in strike (Figure 1a). Carr et al. [2007b]
summarized the largely unsuccessful attempts to
find geochemical variations that reflect these struc-
tures. Although offset volcanic lines are present in
other convergent margins, the lines in Central
America are unusual in being distinct, consistently
right stepping and commonly associated with areas
of extension such as the Gulf of Fonseca, Lake
Managua and Lake Nicaragua (Figure 1a) [Stoiber
and Carr, 1973]. The origin of the volcanic seg-
mentation has been controversial. Stoiber and Carr
[1973] proposed the segments reflected structures
in the subducting plate; offsets in the subducting
slab and vertically rising conduits created volcanic
lines tracing the strike of the subducting slab.
Burkart and Self [1985] made a simpler explana-

tion for the right steps in northern Central America,
attributing them to upper plate structures related to
the strike-slip boundary crossing Guatemala that
separates the North American and Caribbean
plates. The data presented below strongly support
a similar upper plate origin for the right steps.

[3] Stoiber and Carr [1973] and Carr et al. [2003,
2007a] measured the volumes of extrusive vol-
canics comprising the volcanic front, including
both volcanic massifs and well determined tephra
volumes, expressed as dry rock equivalent vol-
umes. Kutterolf et al. [2008] greatly improved the
measured tephra volumes in Central America,
especially the distal volumes. Table 1 has newly
revised volumes of the volcanic centers in Central
America using the results of Kutterolf et al. [2008]
and Carr et al. [2007a]. We obtain edifice volumes
by subtracting our older tephra volumes from our
published volumes of volcanic centers [Carr et al.,
2003, 2007a]. We convert the tephra masses from
Kutterolf et al. [2008] to km® using a density of
2800 kg/m® and add them to edifice volumes to
obtain total volumes. The result, Figure 1b, is a
reasonable estimate for the spatial variation in
measurable extrusives. Carr et al. [2007a] estimat-
ed an extrusive flux based on basal ages of 600 Ka
in Costa Rica and 330 Ka in Nicaragua. They
implicitly assumed that the appropriate units were
the extrusive mass of an entire volcanic segment
and the time since the beginning of the current
episode of robust activity. Kutterolf et al. [2008]
estimate fluxes for individual centers based on the
age of first eruptions of individual centers. Large
variations in age lead to large variations in flux. We
prefer to avoid the many assumptions needed to
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7 T a (Figure 2b) suggests that the regional variation is
GUATEMALA e By fundamentally a variation in degree of melting that
e = / Wio HONDURAS N~ i . is caused by differential delivery of slab fluid [Carr
N A‘T\.. = » \ et al., 2007b]. The regional variation in slab dip
~—I e % ' NIGARABUA (Figure 2c¢) is consistent with the model proposed
R 1 by Carr et al. [1990], in which a steeper dip in
\*\ Nicaragua focuses the flow of slab fluid through a
i smaller volume that melts to a higher degree. By
K contrast, in the flanking regions of El Salvador and
NW Costa Rica, the dip is shallower, the volume
Cocos Plate J
Table 1. Volumes of Volcanic Centers in Central
' America®
b Volcanic Center Edifice Tephra Total
400 v T * T T T T - T
Atign Santa Ana ' Trazd) Tacana? 20 20
280 4 1 | 1 Tajumulco® 45 45
= [\ f\ Santa Marla/Santlagulto/ 25 25
S . | Rineon Cerro Quemado
E I | Tecapa Masaya g 4 Atitlan/Toliman/ 79 168 247
b f | ' T f Al ! San Pedro/Caldera”
e s TR [ /\ v | | ';. [ Fueg(])j/Acatenangob 135 135
* LN S N T A AN \ | Agua 68 68
Vg I'-h_.\__.: v N/ N L] A Pacaya/Amatli)tlanb 17 61 78
0 TR TR S . . Tecuamburro 39 39
. 500 1000 Moyuta® 15 15
Distance along arc in Km Santa Ana® 351 13 364
Boqueronb 63 1 64
Figure 1. (a) Map of the volcanic front of Central  Ilopango® 1 33 34
America. The labeled volcanic centers are as follows: ~ San Vicente/Apastapaque” 60 60
AT, Atitlan; SA, Santa Ana; TE, Tecapa; C, Cosigiiina; Tec?pa/usu‘“ta“/l?erh“/ 168 33 201
SC, San Cristébal; M, Masaya; R, Rincén de la Vieja; Tigre/Taburete b
A, Arenal; I-T, Irazu-Turrialba. (b) Plot of eruptive gan Mlgue{)/Chmameca 68 16 84
. . 3 . onchagua 27 27
volume of each volcanic center in km~ versus distance Conchaguita® 1 |
along the volcanic front in km. Left-lateral faults across  \feanguera® 3 3
central Guatemala are the Caribbean—North American Cosiguina® 57 9 66
plate boundary. San Cristobal® 109 109
Telica® 29 29
Rota® 7 7
estimate fluxes by using a basic measurement, the ifﬁﬂi;%ﬁrcm Negro %g %g
actual volumes of the active volcanoes. The erup-  Apoyeque-Nejapa® 18 11 29
tive volumes of the centers comprising the volcanic =~ Masaya-Las Sierras-Apoyo* 198 40 238
front are highly variable (Figure 1b). In many  Mombacho and Granada® 36 36
cases, large volcanoes are flanked by progressively éapatem. . ? ?
. oncepcion 31 3 34
smaller volcanoes on each side. Maderas® 30 30
[¢] The well documented regional variation in slab ~ Orosi® 76 76
signal along the Central American volcanic front — Rincon de la Vieja® 102 102
[e.g., Patino et al., 2000] is independent of both the %ﬁz\rlﬁles gg gg
volcanic segments and the volume distribution.  Arepal 11 1 12
The variations in trace elements are well described  Platanar® 84 3 87
by Ba/La and La/Yb (or Yb/La used below). Ba/La  Poas* 97 1 98
is a proxy for fluid from the subducted slab and Barba® . 197 18 215
Irazu-Turrialba’ 372 372

Yb/La is a proxy for degree of melting. Both of
these ratios are highest in Nicaragua and decrease
outward to Costa Rica and El Salvador (Figures 2a
and 2b). The apparent positive correlation between
slab signal (Figure 2a) and degree of melting

#Edifice volumes are the published volcanic center volumes minus the
tephra volumes. Tephra volumes from Kutterolf et al. [2008] calculated
frogn their Tephra Magma Mass using a density of 2800 kg/m®.

From Carr et al. [2003].

“From Carr et al. [2007a].
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Figure 2. Regional geochemical variation along the
Central American volcanic front from El Salvador
through Costa Rica. The horizontal axis is distance
along the volcanic front in km. Different symbols are
given for each volcanic segment. El Salvador, blue
squares; northern Nicaragua, pink diamonds; southern
Nicaragua, orange pluses; northern Costa Rica, blue
crosses; Arenal, green crosses; central Costa Rica,
purple pluses. Filled symbols represent samples depleted
in HFSE. Open symbols represent samples that lack
strong HFSE depletion. Back-arc samples from Yojoa
and Utila in Honduras (green triangles) provide a
reference of asthenospheric melt with minimal to zero
subducted component. (a) Ba/La, a slab signal, is
maximum in Nicaragua. Ba/La does not consistently
change at the right steps marked by changes in symbol
type. (b) Yb/La, a proxy for degree of melting, has
the same regional variation as Ba/La and also does not
change consistently at the right steps separating the
segments. (c) Dip of the slab between 100 and 200 km
depth derived from the isobaths in the work by Syracuse
and Abers [2006].

intersected by rising slab fluid is greater and the
overall extent of melting is lower. In central Costa
Rica, a subducted Galdpagos component greatly
changes the geochemistry [Feigenson et al., 2004;

Hoernle et al., 2008] so this segment is in not
readily compared to the others.

[s] Although most samples from Central American
volcanoes have the typical geochemical character-
istics of arc volcanism, there is a minority that
has unusual characteristics, the most distinctive of
which is a small depletion in high field strength
elements (HFSE) or no depletion at all [e.g.,
Reagan and Gill, 1989]. We refer to these here as
HFSE rich lavas because they lack the large HFSE
depletions which are characteristic of arc lavas.
The most extreme ones, from the Nejapa and
Granada alignments in Nicaragua, were initially
recognized by Ui [1972]. These basaltic lavas,
called NG basalts by Walker [1984], have very
low K,O contents and TiO, contents between 1.0
and 2.0 wt %, rather than the low TiO, contents
typical in arcs. Although very low K,O contents
occur primarily among the NG basalts, there is a
broader distribution of basalts with TiO, contents
greater than 1.0 wt %, compared to the 0.6 to 0.9
wt % found in the dominant group [ Walker, 1984].
The distribution of basalts with >1.0 wt % TiO, is
discontinuous. Carr et al. [2007b] used histograms
of TiO, content to identify the areas where these
lavas occur along the volcanic front; southeastern
Guatemala [Cameron et al., 2003], western and
eastern Nicaragua and central Costa Rica. The
eruptive volumes of these unusual magmas, esti-
mated by Carr et al. [2007a], range from less than
5% in the two segments in Nicaragua to 30% in
central Costa Rica. The high abundance of these
lavas in central Costa Rica appears related to the
incorporation of subducted Galapagos seamounts
that have an enriched OIB signature [Hoernle et
al., 2008].

[6] We used TiO, and K,O contents to identify the
scarce HFSE rich samples and included several for
comparison. They are identified with open symbols
in Figures 2—7. If we do not identify the HFSE rich
samples using different symbols, the along strike
pattern in Zr/Nb, described below, becomes less
convincing in Nicaragua. However, the distinctive
geochemistry of the HFSE rich lavas has been
obvious since they were first described [Ui,
1972]. We agree with Cameron et al. [2003] that
most of these lavas are decompression melts with a
small subduction component. On the basis of Be
and Th isotopic data, Reagan et al. [1994] suggest
that the subduction component is substantially
older. The primary trace element differences in
the two magma types are shown in Figure 3. The
dominant lava type is highly depleted in Nb and
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Figure 3. Spider plot with a HFSE-depleted sample, Cos5 (the filled diamonds), and a nondepleted sample, NE12

(the open pluses).

Ta, moderately depleted in Zr and Ti and enriched
in Cs, Ba, U, K, Pb and Sr. The HFSE rich lava
type lacks HFSE depletions and has much smaller
enrichments in Cs, Ba, U, K, Pb, and Sr.

[7] Although we have systematically sought ways
to link geochemical variations to the volcanic seg-
ments, no relationship has been demonstrated on a
margin-wide basis. Because the relative depletion
of Nb is a primary and nearly ubiquitous feature of
arc volcanism it is a good candidate for revealing
geochemical changes related to the right-stepping
segments. Therefore, we made new trace element
analyses with the goal of obtaining high-quality Nb
and Ta data. The primary result is that Zr/Nb
emerged as the first geochemical signature that
clearly reflects the segmentation of the Central
American volcanic front. In this paper we focus
on the volcanic front from El Salvador through
Costa Rica, which consists of the five segments we
have extensively sampled. We show that Zr/Nb, a
proxy for the extent of the Nb depletion, reflects
the segmentation. We propose a model of melt
generation and release that links the variation in Nb
depletion to both segmentation and the volumes of
the volcanoes.

2. Data Collection

[8] Our collection of Central American samples
began in 1970. Until 1990, powders were prepared
using either alumina or tungsten carbide vessels.
Because the older samples powdered in tungsten

carbide were improperly prepared for Nb and Ta,
we made new powders, using only alumina vessels.
We then used established HR-ICP-MS techniques
to upgrade the Central American data set. The
samples reported in this study were chosen to be
representative of the mafic component of the
Central American volcanic front. Samples with
SiO, between 45 and 60 wt % were chosen in an
attempt to reduce the effects of shallow fraction-
ation and assimilation. The new analyses are a mix
of samples that had never been analyzed for trace
elements by ICP-MS and samples that were already
well characterized, except for Nb and Ta.

[s] All samples were analyzed for major and trace
element compositions (auxiliary material).! Major
element data were obtained by different methods,
but primarily by DCP-AES (direct current plasma
atomic emissions spectrometer) or XRF (X-ray
fluorescence). DCP-AES analyses were performed
in the Department of Geological Sciences at
Rutgers University. XRF analyses were made by
the Department of Geological Sciences at Michigan
State University. DCP-AES analyses report FeO
total, while XRF analyses report Fe,O3 total. The
reader is referred to Feigenson and Carr [1985]
for methods used for the DCP-AES analyses. For
XRF methods, the reader is referred to Vogel et al.
[2006].

'Auxiliary material data sets are available at ftp://ftp.agu.org/
apend/ge/2009gc002704. Other auxiliary materials are in the HTML.
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Figure 4. Sawtooth patterns in geochemical and
geophysical parameters along the Central American
volcanic front. The horizontal axis is distance along the
volcanic front in km. (a) Zr/Nb defines a sawtooth
pattern that corresponds with right steps separating the
volcanic segments. (b) Slab depth in km shows the same
sawtooth pattern. Slab depths are taken from Syracuse
and Abers [2006]. (¢) Zr/Nb-Ba/La both normalized to
the back-arc sample Utila to remove the region variation
from Zr/Nb. Symbols are the same as Figure 2.

[10] Trace element analyses were performed on a
Finnigan MAT High Resolution Inductively Cou-
pled Plasma Mass Spectrometer (HR-ICP-MS) at
the Institute of Marine and Coastal Sciences at
Rutgers University. The back-arc Yojoa and Utila
samples were analyzed at a later date on a VG PQ
Excel Quadrupole Inductively Coupled Plasma
Mass Spectrometer at the Department of Earth
Sciences at Boston University. The same analytical
techniques were used for both sample sets. The
only differences between the two analytical proce-
dures are a few interference corrections that were
performed on the quadrupole ICPMS data. Unlike

the HR-ICPMS, the quadrupole cannot resolve
isobaric interferences.

[11] Samples prepared for trace element analyses
were digested using a HF/8 N HNO; mixture,
followed by additional fluxes of 8 N HNO;. For
more detailed methods, the reader is referred to
Bolge et al. [2006] or Bolge [2005]. Along with
each batch of 12—15 samples a digestion blank and
a USGS rock standard, either BHVO-1 or AGV-1,
was also digested to check any possible contami-
nation as well as the precision and accuracy of the
digestion process. These USGS standards were
selected because these encompass the chemical
range of the samples. Standard addition curves
consisted of four points and had R2 values of
0.999 or better. Average slopes of the standard
curves were used to calculate concentrations. An
average digestion blank for each run was also
calculated and subtracted from all the samples.
The digestion blanks were generally low and
constant from blank to blank. Replicate digests of
samples and USGS standards measured the preci-
sion of the entire digestion/preparation process.
The USGS standards were also used to measure
the accuracy of the analyses. Since there is no clear
consensus on which preferred values are used for
many of the trace elements, different labs tend to
use their own accepted values for these rock stand-

Zr/Nb

Figure 5. MgO versus Zr/Nb. Central Costa Rican
samples have a narrow range between 7 and 10, whereas
other segments of the margin have substantially larger
ranges. The central Costa Rican samples have similar
values consistent with a Galdpagos component with
minor subsequent Nb depletions. The rest of Central
America has a Zr/Nb range of 10 to 60 which could
result from mixing of a MORB component, a Galapagos
component, and an additional component with elevated
Zr/Nb most likely from subduction derived fluids.
Symbols are the same as Figure 2.
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Figure 6. HFSE depletions versus distance along the
volcanic front. Nb* is estimated using the values of U
and K and primitive mantle normalization factors U =
0.21 ppm, K = 250 ppm, and Nb = 0.73 ppm [Sun and
McDonough, 1989]. Zr* is estimated using the values of
Nd and Sm and primitive mantle normalization factors
Nd = 7.3 ppm, Sm = 2.63 ppm, and Zr = 74 ppm [Sun
and McDonough, 1989]. Nb depletions are much greater
than Zr depletions. The three sharp increases in Nb*/Nb,
in NW Nicaragua, central Nicaragua, and NW Costa
Rica, correspond to the increases seen in Zr/Nb. In
combination these plots indicate that the sawtooth
pattern in Zr/Nb is primarily caused by changing Nb
depletion. Symbols are the same as Figure 2.

ards. By using synthetic multielement standards
rather than USGS rock standards to standardize,
the USGS rock concentrations we measured can be
used by others to normalize this data set to what-
ever their individual preferred values are. The
measured values for these USGS rock standards
along with their precision and the average blanks
are listed in the auxiliary material. For all geo-
chemical plots the error bars on each element or
elemental ratio is smaller than the symbol size.

3. Results

3.1. Segmented Regional Geochemical
Variation of Zr/Nb

[12] Zr/Nb defines five distinct segments from
central Costa Rica northwestward through El Sal-
vador (filled symbols in Figure 4a). The unusual

lavas that lack the typical HFSE depletion (open
symbols) do not show the segmented pattern. The
sawtooth pattern defined by Zr/Nb is similar to the
distribution of depths to the seismic zone (Figure 4b)
published by Syracuse and Abers [2006]. In
central Costa Rica, Zr/Nb is constant and at a
typical OIB value (10 = 3); in NW Costa Rica,
SE Nicaragua, NW Nicaragua and El Salvador,
there are gradual northwestward increases in Zr/Nb
separated by large and abrupt drops. Abrupt drops
occur at each of the segment boundaries noted by
Stoiber and Carr [1973]. The break between cen-
tral Costa Rica and northern Costa Rica was
proposed by Liaw and Matumoto [1980] on the
basis of an apparent offset in seismicity near
Arenal volcano. However, Protti et al. [1995] did
not find an offset there. Arenal, a young (less than
100 Ka) volcanic complex, occurs in the center of
what is otherwise the widest volcanic gap in
Central America but there is no offset or change
in strike of the volcanic line. Arenal is a geochem-
ical intermediate between NW Costa Rica and
central Costa Rica and therefore is not grouped
with either segment. Similarly, there is no offset in
Zr/Nb at this break. The Zr/Nb sawtooth and the
sawtooth pattern of depths to the seismic zone are
similar in having offsets at the same places and by
systematically varying within each segment. They
differ in scale and the overall regional shape
differs, and so there is no linear correlation between
Zr/Nb and depth.

[13] All of the segment boundaries with large off-
sets in Zr/Nb also have right steps in the volcanic
front (Figure la). Above the smoothly varying
subducted slab, the abrupt right steps in the volca-
nic front result in abrupt increases in depth to the
slab on the NW side. The corresponding large
decreases in Zr/Nb indicate a reduction in the
degree of Nb depletion with depth to the subducted
slab. Similarly, the gradual decreases in Zr/Nb to
the SE within a segment correlate with increasing
depths to the slab and corresponding decreases in
Nb depletion.

[14] For the margin as a whole, there is no corre-
lation between depth to the slab and Zr/Nb because
there is margin-wide regional variation in Zr/Nb
with the highest values in Nicaragua. This regional
variation is similar to those noted by Patino et al.
[2000] for slab fluid tracers, such as Ba/La (Figure 2a)
and U/Th. Although Zr/Nb has an overall positive
correlation with these slab tracers, the correlation
arises from intersegment variation. Within an indi-
vidual segment, there is no correlation between
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Figure 7. Nb/Ta and identification of HFSE retaining mineral. (a) Zt/Nb versus Nb/Ta. From Nicaragua to NW
Costa Rica, there is substantial variation in Zr/Nb but not in Nb/Ta with most ratios between 15 and 19. NW Costa
Rica and SE Nicaragua have samples that span the range covered by central Costa Rica, suggesting that at least some
of the subducted seamount component is reaching these areas. Over a large range of Nb depletion, Nb/Ta essentially
maintains a mantle value. In contrast, there is a negative correlation between Zr/Nb and Nb/Ta in El Salvador.
(b) Histogram of estimated Dy,/Dr, using the back-arc sample, Utila, as the mantle composition. Experimental
ranges of Dyy/Dr, for possible Nb retaining minerals are from Green and Pearson [1987], Klemme et al. [2005],
and Tiepolo et al. [2002, 2000]. Major minerals, such as olivine, orthopyroxene, clinopyroxene, and garnet, were
not included in this plot because these minerals do not contain large enough amounts of Nb or Ta to cause the

depletions.

Zr/Nb and Ba/La, Yb/La or U/Th but there are
moderate negative correlations between slab depth
and Zr/Nb within the segments.

[15] We sought a geochemical method to subtract
Ba/La from Zr/Nb and thereby remove the regional
variation. Because these ratios have very different
means and ranges we recast all four elements as
multiples of a lava from Utila Island (Figure 1a)
that appears completely free of slab contribution.
This island is off the north coast of Honduras and
near the strike-slip boundary between the North
American and Caribbean plates. Ba/Lar is
(Ba/Ba(utila))/(La/La(utila)). This works out to
be Ba/La divided by 12.3. Similarly, Zr/Nbyr) is
Zr/Nb divided by 3.4. The difference, Zr/Nbyr)-
Ba/Lagyr) in Figure 4c, is an attempt to see just
the depth-dependent variation in Zr/Nb. This
manipulation removes much but not all of the
regional variation, resulting in an along strike
variation that is somewhat closer to the variation
in depths to the seismic zone. This attempt does
demonstrate that Zr/Nb is not a simple function of
depth to the seismic zone.

3.2. High Field Strength Element

Correlations

[16] Zr and Nb are relatively insoluble in aqueous
liquids [Woodhead et al., 1993] but incompatible

during melting of common mantle minerals. HFSE
in arc magmas are commonly depleted relative to
other elements with similar incompatibilities, but
such depletions are not seen in MORB or OIB
magmas. Depletions in HFSE™ (Nb, Ta) are gen-
erally more pronounced than depletions in HFSE™
(Zr, Hf, Mo and W). In Central America there is
high correlation between HFSE with the same
valence, especially Nb versus Ta and Zr versus
Hf. However, two distinctive distributions of
HFSE" versus HFSE™ (e.g., Zt/Nb) occur: central
Costa Rican samples plot near Zr/Nb = 10 with a
narrow range between 7 and 10, whereas other
segments of the margin have substantially larger
ranges. El Salvador (squares in Figure 5) has the
second narrowest range for 32 to 47. The low and
near constant Zr/Nb in central Costa Rica suggests
a different process or source. Galapagos hot spot
volcanics have Zr/Nb ratios of approximately 4 to
9 [Kamber and Collerson, 2000]. The central
Costa Rican samples have similar values consistent
with a Galdpagos component with minor subse-
quent Nb depletions. The Pb isotopic character-
istics of these volcanoes strongly argue for a
Galdpagos component in the source [Feigenson et
al., 2004; Hoernle et al., 2008]. The rest of Central
America has a Zr/Nb range of 10 to 60 which could
result from mixing of a MORB component and a
Galapagos component. However, some of the Zr/Nb
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compositions are well above both of these compo-
sitions, therefore an additional component with
elevated Zr/Nb must be present. This component
must come from subduction derived fluids.

[17] Lower Zr/Nb values are also present in the
unusual HFSE rich samples from Nicaragua.
Klemme et al. [2002, and references therein]
showed that Ti solubility is substantially higher at
higher temperatures and pressures leading to an
elimination of negative HFSE anomalies. The
HFSE-rich samples from Nicaragua may result
from magma coming from a deeper hotter region
of the mantle. Most of central Costa Rican sam-
ples have a small Nb depletion and so the high-
temperature explanation cannot explain these small
but real depletions.

[18] Both Zr and Nb are depleted in the typical
volcanic front samples (e.g., Figure 3, diamonds).
We estimated depletions of Nb and Zr using Nb*/
Nb and Zr*/Zr (Figure 6). Nb depletions are much
greater than Zr depletions. The three sharp
increases in Nb*/Nb, in NW Nicaragua, central
Nicaragua and NW Costa Rica correspond to the
increases seen in Zr/Nb. Comparison of the Nb*/
Nb and Zr*/Zr plots in Figure 6 indicates the that
the sawtooth pattern in Zr/Nb is primarily caused
by changes in Nb depletion.

4. Discussion

4.1. What Mineral Is Controlling
the HFSE Depletions?

[19] There are two explanations for the HFSE
depletions in arc magmas: (1) a mineral/fluid
partitioning process in the mantle wedge sequesters
the HFSE and (2) fluid or melt from the subducting
slab preferentially adds to the wedge all incompat-
ible elements except HFSE which are retained in
the subducting crust. A major difference between
the two theories is the location of the HFSE
depletion event; in the subducted crust as it releases
an incompatible element-rich but HFSE-poor fluid,
or in the mantle wedge as a melt forms and then
rises to the surface. For both theories, one or more
minerals are responsible for holding onto the
HFSE. Some possible HFSE retaining minerals
are Ti bearing oxides such as rutile, sphene, mag-
netite and ilmenite or Ti-rich amphiboles and
micas.

[20] The HFSE ratios Zr/Nb and Nb/Ta behave
very differently (Figure 7a) and there is no corre-
lation between them except in El Salvador (filled

squares in Figure 7a). For most of the margin there
is wide variation in Zr/Nb and limited variation in
Nb/Ta, which has a mean of 17.1, very close to the
nominal mantle value [Green, 1995]. Samples from
central Costa Rica (purple pluses in Figure 7a)
have a very different distribution, with limited
variation in Zr/Nb and a wide range in Nb/Ta from
13.5 to 22. Because this area has a subduction
derived Galdpagos component and since the
Galapagos islands have a substantial range in Nb/Ta,
from at least 9.5 to 18 [Geist et al., 2006; Kurz and
Geist, 1999], we attribute much of this range to
the input of subducted Galapagos seamounts. The
upper end of the range is similar to the Nb/Ta ratios
found at Utila and Yojoa in Honduras (Figure 1a),
suggesting a mantle contribution as well. These
alkaline basalts presumably sample the continental
lithosphere or the enriched veins in the mantle
inferred by Feigenson and Carr [1993] from REE
data. An additional complication in central Costa
Rica is that Sr/Y reaches 55 and more than half the
samples have Sr/Y ratios greater than 30, implying
that the subducted seamount contribution is a melt
with residual garnet and not a fluid. These samples
have the same positive correlation between Zr/Sm
and Nb/La and negative correlation of Zr/Sm
and Nb/Ta that Miinker et al. [2004] found for
samples in the western Aleutians and north-central
Kamchatka that are considered derived from slab
melts. These systematics indicate variable propor-
tions of amphibole and rutile in the sources of
the slab melts [Miinker et al., 2004].

[21] From Nicaragua to NW Costa Rica, there is
substantial variation in Zr/Nb but a limited disper-
sion of Nb/Ta, with most ratios between 15 and 19.
NW Costa Rica and SE Nicaragua have samples
that span the range covered by central Costa Rica,
suggesting that at least some of the subducted
seamount component is reaching these areas
[Hoernle et al., 2008]. It is surprising that over a
large range of Nb depletion, Nb/Ta essentially
maintains a mantle value. In contrast, there is a
negative correlation between Zr/Nb and Nb/Ta El
Salvador (blue squares in Figure 7a). Abers et al.
[2003] provides seismic evidence that there is an
unusually wet slab beneath Nicaragua. Eiler et al.
[2005] found low oxygen isotopes in Nicaragua,
consistent with fluids derived from serpentine. It is
not clear that greater amounts of fluid would
directly change the Nb/Ta ratio but different fluid
fluxes could change the temperatures, pressures
and mineral stabilities controlling fluid release
from the slab and wedge melting between El
Salvador and Nicaragua.
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[22] The negative correlation of Nb/Ta and Zr/Nb
in El Salvador suggests that a mineral retains Nb
and Ta differentially; with increasing retention of
Nb, Nb/Ta decreases, implying Dy/Dt, > 1.0. In
Figure 7b we estimate the residue’s Dyy/Dt. for
each sample by assuming batch melting, a melt
proportion (F) and a source composition. At F =0,
the batch melting equation C et = Cresiquat/(F + D
(1 — F)), simplifies to Cerr = Cresiqual/D and Dygy/
Dr, becomes (Nb/Ta)pante times (Ta/Nb)ye;. The
back-arc lava, UT1, was used to represent the
mantle composition with Nb/Ta of 22. This ratio
is appropriate for the subcontinental lithosphere of
Honduras but may be too high for the volcanic
front samples. Using a Nb/Ta value of 22 for the
mantle, most estimated Dy,/D, ratios are between
1.0 and 1.8 (Figure 7b). Using the nominal mantle
Nb/Ta value of 17.5 shifts the histogram left to a
range between 0.8 and 1.6. If a realistic F of 15% is
used, the histogram is shifted back toward higher
values. The mineral or combination of minerals
retaining Nb and Ta needs to have a Dy,/Dr, of 1.0
or higher. For partitioning between minerals and
silicate liquid, only amphibole has a Dyu/Dta
greater than 1, therefore amphibole is likely the
dominant mineral controlling the Nb depletions in
Central America. Other minerals such as rutile may
also be present and contributing to the depletions.
Varying combinations of any of the minerals can
produce the calculated Dy,/Dr, values as long as
amphibole is also included to provide a high Dyy/
Dr, values.

[23] Brenan et al. [1994] measured rutile/aqueous
fluid partition coefficients. Their results for Dyy/
D, (0.83—1.57) are essentially that same range as
amphibole in a melt. Therefore, the Central Amer-
ican data could be a result of a fluid interacting
with rutile rather than a melt interacting with
amphibole. The problem then shifts to constraining
this fluid and determining whether or not it will
explain the Central America data. Becker et al.
[1999] examined high-pressure veins found in
eclogites from paleosubduction zones. The low
amount of volatiles in these veins indicate some
loss before precipitation, but the veins put some
limits on the fluid [Becker et al., 1999]. Compared
with eclogite, the veins are enriched in Cs, Rb, K,
Ba, and Pb, unchanged in U, Th, Sr, and depleted
in Nd, Sm, Y, Ti, Nb, and Zr relative to MORB
[Becker et al., 1999]. The lack of enrichment in U,
Th, and Sr indicate an aqueous fluid rather than a
melt [Becker et al., 1999]. Becker et al. [2000]
compared eclogite to altered oceanic basalt to

determine the fluid composition. The eclogite had
large depletions in K, Ba and Rb compared to the
equally incompatible Nb, U, Th. Becker et al.
[2000] attributed this to the selective removal and
breakdown of K-bearing hydrous phases during
dehydration. The dehydration showed little to no
loss for HFSE, Th, Sr, Nd, Sm, Y, Cr, Co, and Ni
[Becker et al., 2000].

[24] The eclogites examined by Becker et al.
[1999, 2000] showed retention not only of the
HFSE, but also other elements (U, Th, Sr and
HREE) that are not depleted in Central American
lavas. Because the Central American lavas have
enrichments in U, Sr and, to a lesser extent, Th and
no depletions of the HREE, the HFSE depletions
are more likely the result of retention by mineral/
melt reactions than by mineral/aqueous fluid reac-
tions. This argument favors amphibole as the Nb
retaining phase.

4.2. Pressure-Dependent Mineral Reaction

[25] Because Zr/Nb and slab depth change sympa-
thetically, there may be a mineralogical change
with depth that controls Zr/Nb. Our observation is
that within each segment, as slab depth increases,
Nb increases in the melt, lowering the Zr/Nb ratio.
If Nb increases in the melt, it decreases in the
residue as the mineral retaining Nb breaks down
with increasing pressure. Unlike rutile which
becomes more stable with increasing pressure,
amphibole becomes unstable [Xiong et al., 2005].
The pargasite amphibole stability in a MORB
composition is approximately 30 GPa [Niida and
Green, 1999] and the breakdown of amphibole
occurs over a range of pressures. Foley [1991]
found that the upper pressure limit of pargasitic
amphibole could be elevated an additional 15 GPa,
if the pargasite tends to the fluor rather than the
hydroxyl end-member. This puts pargasitic amphi-
bole in the same depth range as the slab depths in
Central America. Niida and Green [1999] found
that the Ti-tschermakite component of amphibole
decreases slightly with increasing pressure. These
experimental results are consistent with our infer-
ence of decreasing ND retention with depth. There-
fore, amphibole fits our observation requiring a
pressure-dependent Nb retaining mineral. The var-
iable release of Nb from amphibole can be a
complex function of slab dip, depth, temperature
and composition and plausibly fits our observation
that Nb depletion decreases with depth to the slab
locally (within a segment) but does not define a
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Figure 8. AFC model that derives the range of
Momotombo data from a representative sample from
Cosigiiina (Cos-HH). The upper seven points are from
Cosigiiina, and the rest are from Momotombo. The
model on the right-hand side is obtained by assimilating
EM, using AFC modeling (r = 1.05, F = 100%—120%,
and step = 5%), a mantle mode of 60ol + 200px + 20cpx,
and partition coefficients from Kelemen et al. [2003].
Model of the left-hand side differs by assimilating DM
with F = 100%-200% and step = 20%.

margin-wide correlation between Nb depletion and
depth to the slab.

4.3. Zx/Nb Controlled by Flow Through
the Mantle Wedge

[26] In the previous model, more Nb is added from
the subducting slab to the mantle wedge with
increasing depth. Another possibility is that the
amount of Nb coming off the slab is constant,
regardless of slab depth. In this model, all melts
begin with large Nb depletions and Nb is added to
the melt as it rises through and reacts with the
mantle wedge. The longer the melt path becomes,
the more interaction/assimilation with the mantle
wedge Nb and the lower the Nb depletion. This can
be modeled using AFC equations [DePaolo, 1981]
and appropriate partition coefficients [Kelemen et
al., 2003]. In Figure 8, we plot the data for the two
volcanoes in western Nicaragua that span the
extremes in Zr/Nb for that segment. Cosigiiina,
with high Zr/Nb has a much shallower depth to the
slab than Momotombo on the other end of this
segment. We assume that the melt from Cosigiiina
travels a short distance through the mantle wedge
and its Zr/Nb is unchanged from the ratio of the
initial melt. Momotombo magma has a longer path
through the wedge and thus reacts with more
mantle. Starting with a representative Cosigiiina
sample, the Momotombo samples are bracketed by

AFC models that use DM and EM mantle as
assimilants. We use the EM and DM from Feigen-
son et al. [1996] and set r = 1.05. The r is the mass
of magma/original mass or Mm/Mo. With r = 1.05
we assume that the rising fluid is increasing in
mass which may well occur for melts interacting
with mantle. Although plausible fits (Figure 8) can
be obtained through a melt reaction model, there is
a basic difficulty; there is not a good correlation
between depth to the slab and Zr/Nb which would
be expected from this simple model.

4.4. Tectonic Implications
and Speculations

[27] The regional variations in Zr/Nb and depth to
the seismic zone (Figure 4) require the smooth slab
mapped by Syracuse and Abers [2006] rather than
the segmented slab proposed by Stoiber and Carr
[1973]. The narrow volcanic front cuts across the
isobaths to the seismic zone providing a range of
depths to the zone. Because small volcanoes are
typically near offsets in the volcanic front and large
ones are typically within segment interiors, the
distribution of extrusive volcanic output appears
to be linked to the crosscutting strike of the
volcanic front segments. In Figure 9, we define
an axis of volcanic productivity by connecting the
largest volcanoes by a line that does not intersect
the smaller volcanoes. We also assume that volca-
noes with very low Zr/Nb are behind the axis of
productivity and those with very high Z1/Nb are in
front of the axis of productivity. The volcanic

HONDURAS

i
'\\/%

NICARAGUA |

Figure 9. Volcanic productivity axis. The solid red
line is defined by connecting all the largest volcanoes,
the ones named in Figure 1b. This productivity axis is
then bracketed by drawing parallel lines that encompass
all vents and define a zone of eruptive potential.
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Figure 10.

Intrasegment variations in Zt/Nb and volcano size. A cross section of western Nicaragua with volcanoes

is projected along strike onto the mantle structure. The largest volcano (blue) is San Cristdbal, which sits above the
center of the melt zone. Smaller volcanoes are off the productivity axis and tap less of the melt. Cosigiiina (green) has
a short path through the mantle wedge and rises from the shallowest part of the descending slab, where Nb retention
is at a minimum. The opposite is Momotombo, a long path, a deep slab, and minimum Nb depletion. Scaled to
Syracuse and Abers’s [2006] map. Decompression melting moving in from back arc is not ruled out.

centers we connect are the ones named in Figure 1b.
We define a zone of eruptive potential by drawing
parallel lines that bracket the axis and encompass
all the vents. This zone may well map the surface
extent of the melt aggregation zone in the mantle
wedge. The variations in Zr/Nb and volume result
from the difference in strike between the volcanic
front and the subducting slab. In cross section
(Figure 10) we show a mantle wedge structure
that is perpendicular to the subducting slab and
so identical all along the segment. We project
volcanoes from the middle and both ends of the
segment onto the cross section. The volcano at
the northwest end of the segment is above the
shallowest part of the slab and has maximum Zr/Nb.
It is a small volcano because it sits on the trench-
ward margin of the zone of eruptive potential and
is relatively starved for magma input, receiving
only magma with high Nb depletion. The volcano
in the center of the segment has moderate Zr/Nb
and the largest volume. It draws magma from the
entire zone, thus it is large and has an average Nb
depletion. The volcano at the southeast end of the
segment is above the deepest part of the slab and
has minimum Zr/Nb. It is a small volcano because

it sits on the landward margin of the zone of
eruptive potential and is relatively starved for
magma input, receiving only magma with minimal
Nb depletion. This simple model requires the
volcanic front to be an upper plate structure.

[28] Stoiber and Carr [1973] pointed out that there
were no obvious faults connecting the aligned
volcanic centers in a single segment. In fact, the
surface structures most closely parallel to the
volcanic lines are right-lateral strike-slip faults
located either in front of or behind the volcanic
lines. They therefore proposed that the volcanic
segments were parallel to the strike of the under-
lying seismic zone. This assumption is now proven
wrong but the question of the origin of the offset
and crosscutting volcanic front lineaments remains.
In global plate models, the Cocos-Caribbean con-
vergence has been poorly constrained. Early plate
circuits used the P axes of focal mechanisms along
the Middle America Trench, which resulted in
margin perpendicular convergence [e.g., Chase,
1972; Molnar and Sykes, 1969]. GPS campaigns
have now defined a more oblique convergence
vector for this margin [e.g., DeMets, 2001] giving
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rise to fore-arc slivers migrating NW relative to the
Caribbean plate [Lundgren et al., 1999]. This is the
likely explanation of the margin parallel right-
lateral strike-slip faults. Another feature of the
structure of Central America is the common pres-
ence of N-S extensional structures like the Managua
graben in Nicaragua [Girard and van Wyk de Vries,
2005], the Gulf of Fonseca and the Guatemala City
graben [Stoiber and Carr, 1973]. N-S vent align-
ments are common along the volcanic front but large
transverse extensional structures occur only at the
right steps between the volcanic lines. We speculate
that the volcanic front is a series of leaky right-
lateral faults, connected by N-S striking rifts at the
segment boundaries where the volcanic front steps
to the right.

[29] The segmented structure remains to be
explained. Geochronological work, summarized
by Carr et al. [2007a] indicates that the present
volcanic front in Nicaragua and Costa Rica took its
present location about 2 to 4 Ma ago. Prior to that,
the volcanic front in Nicaragua and northern Costa
Rica, was substantially further inland and had its
last major activity about 7 Ma ago. Rogers et al.
[2002] propose a slab tear off sometime after 10
Ma ago to explain the subsequent large uplift
across much of Honduras. For our purposes, we
will assume that a reorganization of plate subduc-
tion took place at 7 Ma. Between 7 Ma and the
resumption of robust volcanism at about 2 Ma in
northern Costa Rica and Nicaragua, there was a
prolonged pause in robust volcanism [Saginor et
al., 2009]. In Nicaragua, the new volcanic front
rose 30 km seaward of the former front. This pause
and jump of the volcanic front suggests that
magma rose to a new position beneath the crust/
lithosphere. It did not erupt immediately but in-
stead heated and weakened the upper plate. The
location of the weakening became the zone of
eruptive potential (dashed lined enclosed region
in Figure 9). Oblique convergence stressed the
Caribbean plate which ruptured in right-lateral
tears crossing the weakened zone in an echelon
fashion. These tears became the volcanic front
lineaments. We speculate that the tearing began at
the base of the crust/lithosphere with magma rising
vertically.

5. Conclusions

[30] Because of the segmented structure of the
volcanic front, the depth to the slab defines a
sawtooth pattern. Proceeding northwest there are
sharp increases in depth to slab at the beginning of

each volcanic segment whereas within each seg-
ment, slab depth shallows to the NW. This pattern
is the result of upper plate structures that create a
series of right-stepping volcanic lines or segments
that strike slightly counterclockwise to the strike of
the slab.

[31] Zt/Nb is the first geochemical signature with
consistent large offsets at the right steps in the
volcanic front. Moreover, Zr/Nb mirrors the saw-
tooth variation in depth to the slab. Within a
segment it increases from SE to NW and at the
right steps, separating segments, it abruptly
decreases. There is no simple negative correlation
between Zr/Nb and depth to the slab because Zr/Nb
also has a regional variation, similar to previously
documented regional variations in slab tracers in
Central America (e.g., Ba/La, U/Th, 87Sr/86Sr).
Estimates of Nb and Zr depletion (Nb*/Nb and
Zr*/Zr) indicate that the Zr/Nb signal is primarily
one of Nb depletion.

[32] The decrease in Nb depletion with depth to
slab can be explained in one of two ways. First, a
Nb retaining mineral in the subducting slab is
breaking down with increasing depth thus releasing
more Nb into the overlying mantle wedge and
causing smaller Nb depletions with depth. In El
Salvador, the negative correlation between Zr/Nb
and Nb/Ta argues that amphibole is the dominant
Nb-retaining mineral. In other segments, amphi-
bole is needed but rutile or other minerals with
Dnw/Dra < 1 can be involved. Second, all melts
start with the same Nb depletion but as they rise
through the mantle wedge they react with the
surrounding mantle and gain Nb. Consequently,
a deeper melt with a longer path will react more
with the mantle wedge causing a greater dilution/
reduction of the initial Nb depletion.
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