
ABSTRACT 
The systematics of fluid-mobile trace elements in arc lavas from

Panama, relative to their Li isotopic compositions, provide unique evi-
dence for the fertilization and subsequent differential extraction of
mobile species from the subarc mantle. Calc-alkaline lavas that crys-
tallized between 20 and 5 Ma (Old Group) that possess δ7Li as high as
+11.2 have low B/Be. Otherwise identical (and similarly old) calc-
alkaline lavas with high B/Be (to 23), have mid-ocean ridge basalt
(MORB) like δ7Li (+4.7 to +5.6). Adakite lavas (<3 Ma; Young Group)
possess δ7Li from +1.4 to +4.2 and have consistently lower B/Be than
Old Group lavas, consistent with derivation from melting of a de-
volatilized MORB slab. If Li and B had comparable fluid mobility in
the subarc mantle, then slab fluids would carry both high B concentra-
tions and elevated δ7Li signatures into arc sources, and samples with
the highest δ7Li would also have the highest B/Be. Our data suggest
that although both Li and B are initially derived from the slab, older
δ7Li signatures may be preserved in the mantle beneath arcs. As a result,
regions of the lithospheric mantle will develop Li isotope signatures
that are heavier than typical MORB mantle. 
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INTRODUCTION
Boron and Li have been shown naturally (Ryan and Langmuir, 1987,

1993; You et al., 1994; Ryan et al., 1995) and experimentally (Seyfried
et al., 1984; Brenan et al., 1998) to be soluble elements released from sub-
ducting slabs in aqueous fluids during the breakdown of hydrous minerals.
Recent experiments demonstrate that the bulk fluid-clinopyroxene partition
coefficients of B, Li, and Be are 50, 5, and 0.5, respectively (Brenan et al.,
1998). Thus, whereas data from subduction-zone igneous and metamorphic
rocks indicate efficient B removal from slabs at shallow depths (Moran
et al., 1992; Bebout et al., 1993, 1999; Ryan et al., 1996), Li may be retained
on slabs to greater depths. This further suggests that substantial Li may par-
tition out of slab fluids during transit through the mantle without reaching
the zone of melting beneath arcs. The extent to which Li, Be, and B are re-
moved from the lithosphere during subduction-zone processes should have
direct impact on their abundance, and perhaps on the isotopic constitution
of Li and B, in the deep mantle sources of ocean island basalts (OIB). 

Our understanding of Li isotope systematics is hampered by limited
data on mantle and crustal reservoirs. Nevertheless, owing largely to the
work of L.H. Chan and coworkers, several features of terrestrial Li isotope
distributions are clear. The upper mantle, as characterized by mid-ocean
ridge basalts (MORB), has δ7Li between +1.5 and +4.7 (Chan et al., 1992;
Moriguti and Nakamura, 1998; δ7Li = 1000 × [7Li/ 6Lisample/7Li/ 6Li standard]
–1, using the National Institute of Standards and Technology standard
L-SVEC [Flesch et al., 1973]). The oceans are the primary sink for 7Li, with
δ7Li ~+32 (Chan and Edmond, 1988). Sediments and basaltic ocean crust
take up seawater Li during low-temperature alteration, elevating the δ7Li of
ocean crust (Seyfried et al., 1998; Chan et al., 1992, 1994). The vast major-
ity of upper crustal materials analyzed to date have δ7Li considerably higher
than MORB but lower than seawater (Huh et al., 1998; Zhang et al., 1998;

Bottomley et al., 1999). Hence, the Li isotope budget of material being
introduced to the mantle during subduction will be predominantly heavier
than MORB, by 5‰ or more.

The purpose of this study is to characterize the light element and Li iso-
tope systematics of a suite of subduction-related lavas from Panama. The sam-
ples show sharply contrasting petrogenetic histories: the older calc-alkaline
lavas (ages 20–5 Ma; termed Old Group) show evidence for variable slab fluid
inputs to a subarc mantle source, whereas the younger lavas (ages <3 Ma;
termed Young Group or adakite lavas [Drummond and Defant, 1989]) suggest
the direct melting of a basaltic or eclogitic source region (Fig. 1). This change
in volcanic style, indicated in the lavas by dramatically different Sr/Y and
La/Yb (Sr/Y <20 in Old Group lavas and >100 in Young Group lavas), is asso-
ciated with a recent transition to high heat flow in the downgoing plate, and
with a change to shallower subduction angles beneath Panama, both due to the
subduction of a younger, hotter slab. We have looked at these geochemical dif-
ferences over time at three Panamanian volcanic centers to examine how the
transfer of elements from slab to mantle to arc lava changes. We also present
the first Li isotope data from adakites, lavas interpreted as arising from the
melting of metamorphosed slabs (Defant and Drummond, 1990). Our results
demonstrate the applicability of Li isotope and light element systematics to
the study of elemental transport processes in arcs. 

RESULTS
The Old Group calc-alkaline lavas have δ7Li that range from +3.9 to

+11.2 (Table 1; Fig. 2). The Li isotopic composition does not correlate with
B/Be in a simple way. The Young Group adakites have δ7Li of +1.4 to +4.2,
and low B/Be. 
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Figure 1. General tectonic features of southern Central America,
adapted from Defant et al. (1992). Heavy lines are major faults (dashed
are inferred), except for outline of Cocos Ridge, which is 2000 m bathy-
metric contour. Volcanic centers in Panama examined in this study in-
clude El Valle (triangle), El Baru (square), and La Yeguada (diamond).
These symbols are used in geochemical plots.



LITHIUM ISOTOPES IN ADAKITES
Melting of a devolatilized MORB slab should produce magmas with

MORB-like δ7Li, especially because Li isotopes do not fractionate during
melting or crystallization at high temperatures (Tomascak et al., 1999b).
Thus, along with high Sr/Y and low 87Sr/86Sr (see Drummond et al., 1996),

MORB-like δ7Li values may be characteristic of adakites. The absence of
δ7Li > MORB in the adakites (Fig. 2) indicates that these magmas did not
react appreciably with the subarc mantle during their transit to the surface.
It is also possible that by the time adakite genesis took place, the subarc
mantle had to some degree been purged of the its slab-derived, isotopically
heavy Li by extensive Old Group volcanism. Vigorous subarc mantle con-
vection could also help to obliterate a high δ7Li signal in the mantle, given
that subduction of the Cocos-Nazca ridge after ca. 7 Ma led to the develop-
ment of a slab window (Johnston and Thorkelson, 1997). 

The adakite data from Panama argue that the Li that is returned to the
deeper mantle is unlikely to be isotopically lighter than MORB. It is also
probable that less thoroughly devolatilized slabs (e.g., those in cold sub-
duction zones) could transport isotopically heavy Li into the deep mantle.
The interesting finding of δ7Li as low as –3 in backarc lavas elsewhere
(Chan et al., 1999) demonstrates that Li isotopic heterogeneity of an un-
known nature exists in the upper mantle. Further studies are required to test
if slab materials with δ7Li < MORB can be produced by low-temperature
reactions. Retention of such material could supply isotopically light Li to
the deeper parts of arcs and to the deep mantle.

SOURCES OF ELEVATED δ7Li AMONG OLD GROUP LAVAS
As noted here, the δ7Li of the continental crust is predominantly higher

than MORB, so crustal materials may be called upon to explain the high δ7Li
of some of the Old Group lavas. If the elevated δ7Li signature is continental
in origin, it is necessary to assess the extent of crustal assimilation required to
produce these signatures. No specific data exist to define the δ7Li of likely
crustal assimilants in Panama. Assimilation has been used to explain some
major element variations in some lavas from La Yeguada (Defant et al.,
1991a), but in general crustal assimilation does not appear to control the trace
element systematics of the Panama suites (Defant et al., 1992). Crustal thick-
nesses in Panama are the lowest along the Central American arc. Lack of cor-
relations between Li/Yb, B/Be,δ7Li, and SiO2 contents of samples within
each volcanic complex is taken as further evidence that crustal assimilation
does not exert a strong control on δ7Li in the Panama lavas.

The presence of an enriched OIB mantle component (e.g., from the
Galapagos hotspot; Johnston and Thorkelson, 1997) has been called upon to
explain Nd and Sr isotopic compositions and major and trace element sys-
tematics among calc-alkaline lavas from Panama to Nicaragua (Leeman
et al., 1994; Herrstrom et al., 1995). Would such an enriched component lead
to elevated δ7Li among the Old Group lavas? Lithium isotope data for OIB
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Figure 2. A: Sr/Y vs. δ7Li. B: La/Yb vs. δ7Li. Symbols as in Fig-
ure 1. Filled symbols are Young Group samples (adakitic),
open symbols are Old Group (calc-alkaline) lavas. Adakite
lavas have characteristic high Sr and La, and low Y, resulting
in extremely high Sr/Y and La/Yb. Young Group adakites
have Li isotopic compositions consistent with derivation
from melting of devolatilized mid-ocean ridge basalt slab.



lavas are limited to a handful of samples from Hawaii (Tomascak et al.,
1999b, 1999c). The highest δ7Li in Hawaiian lavas (~+6.0) is considerably
lower than the extreme values of some of the Old Group lavas. In addition, Li
isotope data from some primitive mantle rocks indicate the existence of
regions that are isotopically lighter than MORB (Chan et al., 1999). Hence,
the available data imply that the extreme enrichment in 7Li in the Panama
subarc mantle does not result from an enriched, OIB-like mantle component. 

Although much of the Li in subducting slabs is sequestered in primary
mafic silicate minerals, the upper ~1 km of the slab, including its sedimen-
tary veneer, is rich in Li derived from weathering reactions in the presence
of seawater. The Li-rich hydrous minerals of the uppermost slab decompose
with progressive subduction metamorphism (Domanik et al., 1993; Bebout
et al., 1999), which means that the recycling of subducted materials should
provide slab-derived Li to the subarc mantle. Several lines of evidence are
consistent with slab-derived Li possessing δ7Li > MORB. Fluids from the
downgoing Pacific crust at Conical Seamount have an estimated minimum
δ7Li ~+17. Lavas from Nicaragua and Costa Rica with high B/La and Li/Y,
indicators of significant slab-fluid input, also have elevated δ7Li, to +7.8
(Chan et al., 1999). The estimated slab fluid composition in the Izu arc has
δ7Li ~+9 (Moriguti and Nakamura, 1998).

SIGNIFICANCE OF LIGHT ELEMENT–Li ISOTOPE 
DECOUPLING

In arcs where their systematics have been examined, there is a preva-
lent coupling between the elemental systematics of B and Li, such that lava
that shows B enrichment also shows Li enrichment (Ryan and Langmuir,
1987, 1993). If elevated δ7Li characterizes slab fluids, as suggested here, it
would be expected that samples with the highest B/Be would have the high-
est δ7Li. The lack of such a correlation in the Old Group lavas from Panama
(Fig. 3) thus requires an alternate explanation. 

Given the compatibility of Li in olivine and other Mg-silicates, equili-
bration of slab fluid with mantle peridotite should strongly increase the
B/Li of the fluid. Much of the slab-derived, isotopically heavy Li should
thus be preferentially retained in mantle rocks, with only a fraction of the
initial fluid inventory reaching the zone of melting. Such chromatographic
effects have been argued for other settings, and with other elements (e.g.,
Stolper and Newman, 1994; Tatsumi and Eggins, 1995; Hochstaedter et al.,

1996), but the impact on Li distributions in the mantle should be profound.
Further episodes of fluid flux and melting should generate further Li iso-
topic heterogeneity in the mantle, as subsequent fluid inputs equilibrate
with both modified and unmodified mantle domains. Data from forearc
mantle rocks (e.g., Benton et al., 1999) demonstrate that slab Li releases
can occur at very shallow depths, which means that the modification of the
mantle may begin very early in subduction, and cannot be effectively
washed away by wedge convection. 

The correlation of B/Be with δ7Li in Old Group lavas from Panama
(Fig. 3) is similar to that observed between B/Be and radiogenic isotopes in
Sunda arc lavas (Edwards et al., 1993). Isotopic variations in Sunda were
attributed to mantle heterogeneity beneath Indonesia, whereas the signature
of the slab was identified in lavas with the highest B/Be. In view of the likely
sources of high δ7Li, we reach a different conclusion for Panama. The high-
est B/Be lavas we have examined are associated with a δ7Li signature of +5
to +6, only slightly elevated relative to our adakite samples, or to MORB.
This modestly elevated δ7Li signature makes sense in light of the thermal
characteristics of this arc segment over time (i.e., the downgoing plate is
overall warmer and more devolatilized than in other segments of Central
America), and is consistent with the lower overall B/Be signatures of the
Old Group Panama lavas as compared to the rest of the arc. The variable and
high δ7Li values observed in Old Group lavas with lower B/Be reflect the
time-integrated Li isotopic signature of each packet of melted mantle, signa-
tures that developed as a function of variable histories of subduction-related
fluid-mantle exchanges. We see these effects strongly in Panama because of
the marked changes in thermal structure and magma source regions that
have occurred here since the Miocene. In arcs where cool slabs can trans-
port Li and B to great depths (i.e., Izu-Bonin: Moriguti and Nakamura,
1998), the signature of slab-fluid–derived Li may dominate in the lavas. Our
data from Panama suggest that in the case of Li isotopes, enriched mantle
reservoirs can be produced through the processes of slab-mantle chemical
exchange. Thus,δ7Li signatures may be a powerful tool for addressing the
role of subduction processing in the genesis of intraplate magma sources.

SUMMARY
The Li isotope and B/Be elemental systematics of Old Group and

Young Group Panama lavas are consistent with a process whereby magmas
generated via fluid-fluxed melting of the mantle preserve Li isotopic differ-
ences that stem from elemental decoupling during fluid-mantle exchange.
Subduction of the Nazca-Cocos ridge ca. 7 Ma changed the thermal state of
the arc and eventually permitted partial melting of the devolatilized basaltic
(eclogite) slab, yielding melts with adakite major and trace element charac-
teristics and MORB-like δ7Li. 

The results demonstrate that the combination of Li isotope and B and
Be abundance systematics offers a means for more accurately describing
slab fluid inputs in volcanic arcs. Interpretations of slab fluid flux based
solely on B/Be or Li/Y are shown to be potentially faulty without Li iso-
tope information from the same samples. In addition, our results offer in-
sights into the important role that subduction may play in generating Li iso-
topic variability in the subcontinental lithosphere and deep mantle.
Fluid-modified mantle convected to depth, as opposed to deeply subducted
slabs, may play a significant role in creating Li isotopic heterogeneity. This
work supports the contentions of geochemical studies based on a variety of
tracers (Weaver, 1991; Hauri and Hart, 1993), that in many different ways
subduction may act as a primary control on the geochemical evolution of
Earth’s mantle. 
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Figure 3. B/Be vs. δ7Li. Symbols as in Figures 1 and 2. Old Group sam-
ples do not show simple correlation between B enrichment and δ7Li, in-
terpreted to result from elemental decoupling, from reaction of slab flu-
ids with subarc mantle. Because of this, samples rich in slab-derived B
show little evidence of slab-derived heavy Li. Samples with slab Li iso-
tope signature derive from portions of mantle from which slab B has
been extracted previously. Field highlights uniform basaltic crust char-
acter of adakite lavas.
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