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The geochemistry of arc magmas can shed light on chemical outfluxes from subducting slabs to 
the overlying mantle. Boron (B) abundances and isotope ratios are valuable tracers of slab-derived 
components due to the distinct compositions of the mantle and subducting materials and distinctive 
isotopic fractionation during dehydration. New Be/B and δ11B measurements in olivine-hosted melt 
inclusions (MIs) from three Nicaraguan volcanic centers (Telica, Cerro Negro, and Masaya) are consistent 
with a B-rich slab component that has δ11B ranging from +2.9� to +5.9�, slightly higher than new 
measurements of hemipelagic (δ11B = +0.7�±0.03 and +2.1�±0.08; 1σ n = 3) and carbonate (δ11B 
= +2.9�±0.06 and 3.7±0.09; 1σ n = 3) sediments sampled by DSDP Hole 495 on the Cocos plate.
A thermochemical model of the Nicaraguan subduction zone is used to quantitatively model B loss and 
isotopic fractionation during slab dehydration and melting. In contrast to previous studies regarding 
B systematics in Central America and elsewhere, this model reproduces the range of δ11B preserved 
in Nicaraguan olivine-hosted MIs without the involvement of serpentinite-derived fluids. The model 
indicates that Nicaraguan MI δ11B signatures are primarily controlled by input from subducted altered 
oceanic crust (AOC), with a minor contribution from subducted sediments. This finding implies that the 
volatile element budget delivered from the slab to the volcanic arc is also mostly derived from the ocean 
crust, and that volatiles carried in deeper layers of the slab may be recycled beyond the arc into the 
deeper mantle beneath Central America.

© 2023 Elsevier B.V. All rights reserved.
1. Introduction

The compositions of arc lavas reflect melting of a mantle source 
modified by contributions from the subducting slab and provide 
constraints on chemical transfer between Earth’s surface and inte-
rior during subduction. Water and other volatile components are 
mainly carried by hydrous minerals in subducting slabs. Fluids are 
released from the slab when these hydrous minerals metamorphi-
cally break down, and the resulting flux of volatiles causes melting 
in the overlying mantle wedge. Several aspects of volatile cycling 
in the solid Earth system remain poorly understood, however, such 
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as the detailed sources of slab-derived fluids and hydrous melts in 
the slab (Cooper et al., 2020; Tonarini et al., 2011) and the impact 
of shear heating on dehydration reactions (van Keken et al., 2018).

Boron (B) provides a unique tool to investigate these questions. 
Subducting sediments, altered oceanic crust (AOC), and serpen-
tinized lithospheric mantle are enriched in B by up to four or-
ders of magnitude relative to the upper mantle (Bonatti et al., 
1984; Spivack and Edmond, 1987; Ishikawa and Nakamura, 1993; 
Leeman and Sisson, 1996; Scambelluri et al., 2004; Savov et al., 
2007; Scambelluri and Tonarini, 2012) and have distinct ratios 
of 10B to 11B (De Hoog and Savov, 2018; Marschall, 2018). B is 
partitioned preferentially into the liquid phase during either slab 
dehydration or melting (Kessel et al., 2005), and a temperature-
dependent isotopic fractionation occurs between liquids and solids 
(Peacock and Hervig, 1999; Wunder et al., 2005). As a result, arc 
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magma B concentrations and isotope ratios (11B/10B, expressed in 
per mil deviation from the standard NIST SRM 951, where δ11B 
= ((11B/10B)sample/(11B/10B)SRM 951 – 1) × 1000) can provide infor-
mation about where in the slab dehydration reactions occur and at 
what temperature, though the details of this process are compli-
cated by the many variables in play (De Hoog and Savov, 2018).

Prior studies of δ11B in arcs have suggested that this iso-
tope system provides evidence for geologic processes not required 
by other trace element and radiogenic isotope systematics. Most 
global and regional variations in arc-front trace element abun-
dances and radiogenic isotopes can be understood in a frame-
work in which ambient mantle of varying composition is trans-
ported beneath the arc front via corner flow, where it mixes with 
hydrous slab-derived components and melts to varying degrees 
(Turner and Langmuir, 2022a,b,c). These melts then differentiate 
in the crust and sometimes assimilate crustal material. The in-
fluence of the slab components diminishes with distance behind 
the arc front, leading to lower extents of melting that correlate 
with lower source water content (Ancellin et al., 2017; Churikova 
et al., 2007; Nakamura et al., 1985; Wieser et al., 2019). Within 
individual arcs, the δ11B of erupted volcanics also decrease be-
hind the arc front (e.g., Ishikawa and Tera, 1997). These across-arc 
δ11B trends may reflect mixing between regionally uniform slab 
components and the ambient mantle wedge (Ishikawa and Tera, 
1997; Iveson et al., 2021), though it has also been proposed that 
this trend arises due to progressive dehydration of the slab. In 
the latter case, the slab component delivered to rear-arc volcanoes 
would be compositionally distinct from the arc-front slab compo-
nent (Rosner et al., 2003; Ryan et al., 1995; Leeman and Sisson, 
1996; Konrad-Schmolke et al., 2016). Other studies have suggested 
that B isotope systematics provide geochemical evidence for tec-
tonic erosion of forearc serpentinite (Leeman et al., 2017; Savov 
et al., 2007; Tonarini et al., 2011, 2007), a large fluid flux from 
serpentinized lithospheric mantle in the subducting plate (Cooper 
et al., 2020), and extensive slab dehydration beneath the forearc 
(Leeman et al., 2004; Walowski et al., 2016). These processes are 
not generally required by most regional geochemical studies of arcs 
that have not incorporated B data; thus, measurements and mod-
eling of B isotope systematics may reveal a variety of important 
insights into subduction zone processes.

Here we report δ11B and Be/B ratios measured by secondary ion 
mass spectrometry (SIMS) in olivine-hosted melt inclusions (MIs) 
from Nicaraguan volcanoes and present a numerical dehydration 
model to investigate the origins of the measured compositions. 
Rear-arc samples from El Salvador (Tonarini et al., 2007) fall along 
the same broad mixing trend as our samples, indicating that the 
rear arc does not sample an isotopically distinct slab component. 
Our model demonstrates that fluids and melts originating from 
AOC and sediment alone can account for δ11B in Nicaraguan vol-
canics, and that B from down-dragged forearc serpentinite or ser-
pentinized lithospheric mantle is not required. In fact, to reproduce 
the B isotope ratios of the Nicaraguan slab component, the model 
can tolerate only small contributions from serpentinized mantle 
sources. Consequentially, if the subducting lithospheric mantle is 
heavily serpentinized (Ranero et al., 2003) most of the water stored 
in this layer may be transported to the deeper mantle.

2. Geological setting and samples

The samples in this study include Nicaraguan arc lavas and ma-
rine sediment from the Cocos plate, which is subducting beneath 
the arc with convergence rate of ∼75 mm/yr and a ∼60◦ dip angle 
(Syracuse and Abers, 2006). The subducting plate is ∼25 Myr old 
and carries a ∼200 m thick layer dominated by chalky carbonate 
overlain by ∼200 m of hemipelagic diatomaceous mud (Aubouin 
et al., 1982; Plank and Langmuir, 1998). Despite limited variabil-
2

ity in the bulk composition and thickness of offshore sediments 
(Plank, 2014) there are large regional variations in trace element 
ratios that appear to be controlled by variability in the recycling 
efficiency of the two sediment packages, which have very different 
compositions (Patino et al., 2000). The most pronounced variations 
occur in northwestern Nicaragua, where a negative correlation be-
tween Ba/Th and U/La in eruptive products is interpreted to reflect 
varying contributions from the two sediment endmembers to the 
arc (Fig. 2).

Six basaltic Nicaraguan lavas were selected for this study that 
span the full range of Ba/Th and U/La found in Nicaraguan lavas 
(Fig. 2). These samples have been previously analyzed for bulk rock 
major element, trace element, and radiogenic isotope data (Carr 
and Rose, 1987; Patino et al., 2000; Bolge et al., 2009). These data 
and other information about specific samples are available in the 
compilation of Carr et al. (2014). Four samples are from the region 
proximal to Telica volcano, including two from well preserved dis-
tal cones (TE116 and TE119) and two from the older Portillos lava 
flows (TE111 and TE113), which are slightly more evolved and lie 
northwest of the modern edifice. The other lavas samples include 
one from Masaya (MS7), and one from Cerro Negro (CN5), a poly-
genetic cinder cone whose eruptive products have notably high 
water contents (Gaetani et al., 2012; Roggensack et al., 1997). A 
whole-rock δ11B measurement was also conducted on a new lava 
sample from the 1923 eruption of Cerro Negro, which is also the 
source of CN5. Four bulk samples of Cocos plate sediment were 
analyzed, with two each from the hemipelagic and carbonate lay-
ers cored by DSDP Hole 495, in order to assess whether differing 
subducting sediment compositions might influence δ11B in the arc 
(Fig. 1).

Though some early studies (e.g., Walker et al., 1993) hypothe-
sized that crustal assimilation could play a role in trace element 
and isotope variations within these volcanoes, numerous more re-
cent geochemical studies of Nicaraguan volcanics have concluded 
that most regional variability in incompatible trace element and 
isotope ratios is representative of mantle wedge heterogeneity, 
which in most cases reflects variable contributions from the slab 
to the arc mantle source. Geochemical variability within individ-
ual volcanic centers is also mostly driven by either by local man-
tle wedge heterogeneity or crystal fractionation absent substantial 
crustal assimilation (e.g., Walker et al., 1993; Zurek et al., 2019; 
Pérez et al., 2020). The finding that regional geochemical variability 
is dominated by mantle rather than crustal processes is bolstered 
by the strong compositional relationship between the subducting 
sediment and geochemical systematics of the arc and the fact that 
the same regional systematics persist from basaltic to rhyolitic 
compositions (Patino et al., 2000; Vogel et al., 2006). Further dis-
cussion of this issue can be found in Neilsen et al. (2020), who 
measured thallium isotopes in an overlapping suite of samples. 
Though there is a general lack of evidence for crustal contamina-
tion of Nicaraguan basalts, additional precautions were taken to in-
clude the least differentiated samples possible in this study. Briefly, 
the selected samples lack significant Eu anomalies and have high 
CaO contents, precluding substantial plagioclase or clinopyroxene 
fractionation. While these samples are not ‘primitive’, this screen-
ing process should ensure that the selected samples were derived 
by <25% olivine-dominated crystal fractionation from a primary 
melt.

3. Methods

3.1. Melt inclusion preparation and analyses

MI-bearing olivines were hand-picked from the 0.5-1 mm size 
fraction of coarsely crushed and sieved lava samples. Olivines were 
then heated at either 1150 ◦C or 1200 ◦C (Table S1) in a 1-atm 
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Fig. 1. Geologic setting. Gray triangles represent the volcanic front in Central America. The pink square, green circle, and blue triangle mark the respective locations of Telica, 
Cerro Negro, and Masaya. Also shown are the location of DSDP Hole 495, the Middle America trench axis, the angle of subduction, and the rate of subduction. Base map 
image is the Global Multi-Resolution Topography (GMRT) synthesis. Figure constructed using GeoMapApp version 3.6.10 in a Mercator projection.
Fig. 2. Regional variations in Ba/Th and U/La in Nicaraguan lavas and Cocos plate 
samples. Data are from Cosiguina, San Cristobal, Telica, Rota, Cerro Negro, Las Pi-
las, Momotombo, Nejapa, and Masaya volcanoes alongside bulk sediment values 
from the Cocos plate (Bolge et al., 2009; Patino et al., 2000; Heydolph et al., 2012) 
demonstrate regional geochemical trends in NW Nicaragua. Patino et al. (2000)
show that these geochemical variations are best explained by variable inputs from 
carbonate vs. hemipelagic sediment. Anomalous “high Nb” (>3 ppm Nb) lavas and 
evolved samples (<4 wt.% MgO) are excluded, following Bolge et al., 2009, excepting 
samples from Telica’s “Portillos” lava flow with 3-4 wt.% MgO due to their poten-
tial importance as the regional high-Ba/Th endmember. Depleted mantle values are 
N-MORB (Gale et al., 2013), altered oceanic crust (AOC). Carbonate sediment has 
Ba/Th = 13409 and U/La = 0.017.

gas mixing furnace using H2/CO2 gases to fix oxygen fugacity at 
one log unit above the quartz-fayalite-magnetite buffer. The goal 
of the reheating step was to maximize the size of glass inclusions 
available for analysis (rather than to restore the inclusions to their 
original composition) under the assumption that no B could be 
transferred into or out of the fully encapsulated inclusions. Sin-
gle grains of olivine were then mounted in acrylic and ground to 
expose MIs, re-mounted in indium, and polished.

MIs and their host olivines were analyzed for major elements, 
sulfur (S), and chlorine (Cl) using the JEOL-JXA-8200 electron mi-
croprobe at Washington University. The MIs were subsequently 
analyzed for B and beryllium (Be) concentrations and B isotope 
3

ratios using the Cameca IMS 7f-geo ion probe at Washington Uni-
versity. Sample analyses were bracketed with analyses of a suite 
of silicate glass reference standards following Jones et al. (2014)
and Walowski et al. (2019). A more detailed description of SIMS 
analyses is given in the Supplementary Information.

3.2. Whole-rock measurements

B concentrations were measured in two carbonate samples 
(24R and 37R) and two hemipelagic sediment samples (5R and 
12R) from DSDP Hole 495 using a Thermo iCAP-Q quadrupole-
inductively coupled plasma-mass spectrometer at Washington Uni-
versity. 100 mg of milled sediments and geostandards BCR-2, AGV-
2, BHVO-2, DNC-1a, JB-2, G-2, and W-2a were dissolved in 2 mL of 
double-distilled HNO3 and 500 μL of HF (200 μL for the carbonate 
samples) in Teflon beakers at 115 ◦C for 48 hours. Samples were 
evaporated to dryness at 70 ◦C, redissolved in 8 mL HNO3, then 
diluted 5000x in 2% HNO3 spiked with 3 ppb Ge, 3 ppb Tm, and 
8 ppb Re as an internal standard. Excellent standard calibration 
curves indicate that the low-temperature evaporation successfully 
prevented B volatilization (Fig. S4).

The sediment samples and whole-rock lava sample were pre-
pared and analyzed for δ11B at the Istituto di Geoscienze e 
Georisorse of the Italian National Research Council (IGG-CNR) in 
Pisa (Italy), following the procedure described by Agostini et al. 
(2021). Boron was extracted by melting in Pt-Ir crucibles after ad-
dition of a K2CO3 flux followed by aqueous leaching of the result-
ing fusion cake. Boron was then extracted from this solution with 
a three-step (2 x anion and 1 x cation column) chemical separa-
tion procedure, collected in 2% HNO3, and measured on a Thermo 
Neptune Plus MC-ICP-MS with a procedure of sample-reference 
bracketing using NIST SRM 951 and an on-peak zero blank cor-
rection. Within-run errors on individual runs (n = 3) were in the 
order of 0.1±0.2�. Several samples and in-house standards were 
re-processed and re-produced the original values within 0.4� or 
better (Agostini et al., 2021).

4. Results

A total of 39 MIs were prepared and analyzed following the 
methods described above and in the Supplementary Information 
(Sections S1, S2, and S3), though two analyzed inclusions (from 
TE113 and TE116) were apparently not fully encapsulated during 
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Table 1
Average B and Be abundances and δ11B compositions in MIs from this study.
Volcano Telica Cerro Negro Masaya

Sample TE111 (n = 2) TE113 (n = 2) TE116 (n = 5) TE119 (n = 3) CN5 (n = 11) MS7 (n = 4)

avg. std. dev. avg. std. dev. avg. std. dev. avg. std. dev. avg. std. dev. avg. std. dev.

B (ppm) 21.5 0.3 18.2 0.1 23.0 0.9 12.5 0.7 15.6 2.0 16.6 1.5
Be (ppm) 1.027 0.038 0.585 0.095 0.527 0.101 0.504 0.067 0.379 0.066 0.691 0.093
δ11B (�) 1.8 0.03 4.1 0.4 4.6 0.8 5.1 0.9 4.2 1.4 2.2 2.8
reheating and appear to have lost volatile elements (e.g., S and 
Cl) during the heating procedure (Section S4, and Fig. S8). These 
inclusions are characterized by rough, irregular boundaries with 
their host olivines and have obvious vesicles and cracks on their 
boundaries, as well as anomalously low B abundances (<10 ppm) 
and much higher δ11B than other MIs from the same samples 
(>8.0�). These analyses have thus been excluded from further in-
terpretation. One other inclusion (as well as its host olivine) from 
Masaya was compositionally anomalous compared to the extensive 
melt inclusions data from other Masaya studies (Pérez et al., 2020; 
Zurek et al., 2019), and likely xenocrystic (Section S5, Fig. S7). An-
other subset of rehomogenized inclusions have SiO2 contents as 
low as 42.30 wt.% SiO2 (Section S4, Fig. S5), which is well outside 
the range of published whole rock and MI analyses for these vol-
canoes (Robidoux et al., 2017; Sadofsky et al., 2008; Zurek et al., 
2019) and many have compositions that are nepheline normative. 
This is best explained by coupled H2O and SiO2 loss during heat-
ing, as documented by Portnyagin et al. (2019). Because coupled 
loss of B and H from olivine-hosted MIs has also been identified 
(Ingrin et al., 2014), it is possible that the δ11B measurements in 
these rehomogenized inclusions are not representative of the mag-
mas that were originally entrapped. And indeed, the lowest SiO2

inclusions are offset to lighter δ11B by about 1.9� relative to those 
with no evidence of Si-loss. While we have excluded these 14 low-
SiO2 inclusions from further interpretation, keeping them would 
have lowered the average projected subduction component compo-
sition (discussed below) by only ∼0.5� δ11B, however, and have 
a negligible impact on our data interpretation and modeling.

The average δ11B for the remaining Nicaraguan MI is +3.8 
± 1.8� (1σ ), and the range of individual MI δ11B analyses is 
−1.6 ± 1.9� (MS7) to +6.1 ± 1.8� (TE119). The δ11B means, 
weighted by B abundance, and standard deviations for individual 
samples are +4.1 ± 0.4� for TE113 (2 analyses), +4.6 ± 0.8�
for TE116 (5 analyses), +5.1 ± 0.9� TE119 (3 analyses), +4.2 ±
1.4� for CN5 (6 analyses), and +2.2 ± 2.8� for MS7 (4 anal-
yses; Table 1; Fig. S12). The Cerro Negro whole-rock sample has 
δ11B of 1.55 ± .004�, which overlaps within the uncertainty of 
the individual Cerro Negro melt inclusion values. The measured 
Nicaraguan MI compositions – alongside whole-rock δ11B data 
from recently erupted mafic and intermediate El Salvadorian arc 
volcanics (Tonarini et al., 2007) – broadly fit a two-component 
mixing trend between DMM (Marschall et al., 2017) and a B-rich 
slab-derived component ranging from +2.9� to +5.9� on a plot 
of Be/B versus δ11B (Fig. 3).

Analyses of the DSDP Hole 495 sediments range from 22 to 28 
ppm B and δ11B of +2.9� to +3.7� for the carbonate-dominated 
sediment, and 82 to 110 ppm B and δ11B +0.7� to +2.1� for the 
hemipelagic sediment (Table 2). The carbonate-dominated layer of 
the DSDP 495 sediments has significantly lighter δ11B than other 
modern marine carbonates, which are typically >+20� δ11B 
(Hemming and Hanson, 1992; Vengosh et al., 1991), and are simi-
lar in δ11B to the shallower hemipelagic sediment layer. This sug-
gests that biogenic materials do not contribute significantly to the 
B budget of either sediment package. The hemipelagic sediment 
δ11B values measured here are consistent with other siliceous ma-
4

Fig. 3. Measured δ11B and Be/B in MIs. Be/B and δ11B from this study (Table 1). 
X axis is logarithmically scaled. Depleted MORB mantle (DMM) from Marschall et 
al. (2017). Linear mixing lines project from DMM to the average MI δ11B ± 1σ
(+2.9� to +5.9�) and encompass the majority of the data. Gray squares indi-
cate data on Salvadoran lavas from Tonarini et al. (2007). Note that one dacite and 
six older basement samples measured by Tonarini et al. (2007) are not included 
on this plot. MI and whole rock data from Nicaragua and El Salvador are broadly 
reproduced by linear mixing between a B-enriched, isotopically heavy slab-derived 
component and DMM. The B isotopic composition of MIs is dominated by the slab-
derived component.

Table 2
B abundances and δ11B of sediments from DSDP Hole 495.
Sample 495-5R 495-12R 495-24R 495-37R
Sediment Type Hemi. Hemi. Carb. Carb.

B (ppm) 82 110 28 22
δ11B (�) 2.1 0.7 2.9 3.7

rine sediments (Ishikawa and Nakamura, 1993; Tonarini et al., 
2011).

5. Discussion

The range of B isotopic compositions measured in young mafic 
and intermediate lavas from Nicaragua and El Salvador are broadly 
consistent with mixing between a depleted mantle composition 
and a slab-derived component with δ11B ranging from +2.9�
to +5.9� (Fig. 3). De Hoog and Savov (2018) and Zhang et al. 
(2021) note a positive global correlation between arc δ11B val-
ues and slab dip angle. The Nicaraguan slab dip angle is one of 
the steepest in the world (Syracuse et al., 2010), while Nicaraguan 
MI δ11B compositions are generally lower than arc-front volcanics 
from other arcs (De Hoog and Savov, 2018). The Nicaraguan vol-
canics are therefore offset from the suggested global relationship 
between slab dip angle and δ11B. While the δ11B composition of 
the El Salvador-Nicaragua slab component generally overlaps with 
the compositions of Cocos plate sediments, it is unlikely that B 
from recycled sediment is the dominant control on the slab com-
ponent, because the sediments dehydrate and release 11B-enriched 
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Fig. 4. The relationship of MI δ11B to whole rock trace element ratios. δ11B (panels A and mextbfB) and Be/B (panels C and D) of individual MIs (Table 1) plotted against 
whole rock Ba/Th and U/La from the same samples (Patino et al., 2000). There is a lack of correlation between δ11B, Be/B and Ba/Th, U/La, suggesting that the relative 
proportion of carbonate sediment to hemipelagic sediment recycled from the slab to the arc controls neither the [B] nor the δ11B of arc volcanics. This is consistent with the 
similar δ11B compositions of the different sediments from DSDP Hole 495 (Table 2).
fluids beneath the forearc, resulting in lower δ11B composition in 
the metasediment transported beneath the arc (van Keken et al., 
2011; Savov et al., 2007). This inference is reinforced by the fact 
the trace element ratios U/La and Ba/Th, which are strongly con-
trolled by the recycling efficiency of the sediment layers (Fig. 2, 
Patino et al., 2000), have no apparent relationship with measured 
δ11B values (Fig. 4), despite large differences in the B abundances 
between the different sediment packages.

Some studies have suggested that high δ11B values in arcs 
might instead result from “down-dragging” and subsequent dehy-
dration of serpentinized forearc peridotite (Tonarini et al., 2007, 
2011). It is unclear whether such a model is consistent with the 
low heat flux measured in fore-arc regions, however, which re-
quire limited mass transfer into and out of the fore-arc region 
(Wada and Wang, 2009). Alternatively, B measured in arcs could 
be sourced from deeper layers of the slab, including the subduct-
ing lithospheric mantle (Konrad-Schmolke et al., 2016; Cooper et 
al., 2020). It remains uncertain whether a significant amount of B 
can be transported through the oceanic crust to the slab mantle, 
however, without being incorporated by alteration reactions in the 
shallower ocean crust (McCaig et al., 2018).

Interpretations of B isotope data in arcs vary greatly, in part due 
to the multitude of factors influencing fractionation of B isotopes 
during slab dehydration, and in part because the initial B isotopic 
compositions of deep slab dikes, gabbros/troctolites, and altered 
peridotites are not well constrained. Studies such as Marschall et 
al. (2007), Jones et al. (2014), and Konrad-Schmolke et al. (2016)
demonstrate that the complexity of the B isotope system can be 
5

addressed using numerical methods, but no study has yet evalu-
ated the impact of uncertainties in the slab composition in tandem 
with a numerical approach. Below, we attempt to address this gap 
using a numerical model to evaluate whether the typical slab de-
hydration and melting processes thought to occur in most of the 
world’s arcs might satisfactorily account for the observed range of 
δ11B signatures in Central American volcanics.

5.1. Model description

The model developed here uses slab thermal models of van 
Keken et al. (2018) to estimate the sequence of slab dehydration, 
and resultant B fractionation and transport. An illustration of the 
model setup is shown in Fig. 5. The model uses a convergent rate 
and subduction geometry specific to Nicaragua. The thermal mod-
els introduce variable amounts of slab surface heating consistent 
with the effects of shear heating. We utilize models with either no 
shear heating (the farbi = 0 model of van Keken et al., 2018) or 
moderate shear heating (farbi = 2 model) that are generally con-
sistent with fore arc heat flow measurements (van Keken et al., 
2018).

The dehydration model generally follows the approach of van 
Keken et al. (2011, 2018). The maximum structurally bound water 
that can remain in pelite, MORB, and mantle lherzolite at a given 
P and T is determined using the petrological models of Hacker 
(2008), which are provided as P-T-H2O grids by Kimura (2017). 
Initial H2O contents in the layers of the basaltic crust are based on 
the model of Jarrard (2003), while the sediment is treated as a sin-



S.J. Turner, M.H. Barickman, J. Rodriguez et al. Earth and Planetary Science Letters 619 (2023) 118289

Fig. 5. Illustration of dehydration model setup. Subducting lithologies are color-coded as follows: sediments are beige, extrusive volcanics are light gray, sheeted dikes are 
medium gray, gabbros are dark gray, and serpentinized lithospheric mantle (SLM) is forest green. A: The complete area spanned by the model. A black box denotes the region 
shown in panel B. The location of the arc front (178.3 km from the trench; Syracuse and Abers, 2006) is noted with a black triangle. B: A zoomed-in view of the modeled 
slab, highlighting the different lithologies and their thicknesses. A black box denotes the region in panel C. C: A zoomed-in view of the sediment and extrusive volcanic 
lithologies in the model slab, and individual grid cells, which measure 100 m × 100 m. Sediments are shown as ∼400 m thick, but in the model they are 200 m thick to 
correct for density differences between sediments, altered oceanic crust (AOC), and SLM.

Fig. 6. The initial B abundances and B isotopic compositions of subducting materials in our dehydration model. A: K2O and B content of composites sampled at DSDP Holes 
417, 418 (extrusive volcanics) and ODP site 735B (gabbros). Red line is a linear least-squares fit to the data and blue curves are 95% confidence intervals. We use this positive 
correlations and the K2O model of Jarrard (2003) to estimate initial B content in subducting AOC. B: Ranges of δ11B measured in subducting lithologies. Sediment ranges 
were determined in this study. Two samples of DSDP 495 hemipelagic sediment were determined to have δ11B = +2.1� and +0.7�. Two samples of DSDP 495 carbonate 
were determined to have δ11B = +2.9� and +3.7�. Initial bulk sediment δ11B is then determined by taking the weighted average δ11B of these four samples. Extrusive 
volcanics have δ11B = +0.4� to +1.2� (Smith et al., 1995). The compositional range measured in gabbros and sheeted dikes (Ishikawa and Nakamura, 1992; Smith et al., 
1995) range from δ11B = −0.1� to +7.1�. For reference, the δ11B of seawater is also shown (+39.61�; Foster et al., 2010).
gle unit with 3.24% H2O (Patino et al., 2000). As the slab subducts, 
the maximum amount of structurally bound water that can be held 
in each layer decreases, with excess water converted to fluid. If the 
total fluid fraction exceeds 0.1 wt.% in a given grid cell, the fluid is 
removed from the slab.

Partitioning of B between fluids and residual solids depends on 
the mineral phengite, which is the dominant solid reservoir for B 
(Marschall et al., 2007). The proportion of phengite in each grid 
cell is determined by the K2O content, which for the mafic crust 
we again set using the alteration model of Jarrard (2003), and for 
the sediment a bulk composition based on Patino et al. (2000). We 
assume phengite is exhausted from the sediment layers at 850 ◦C 
as a result of sediment melting, consistent with the experiments 
of Skora and Blundy (2010).

The initial B concentration in the mafic crust was estimated 
based on the correlation between B and K2O content (Fig. 6a) in 
the data of Smith et al. (1995), a notable improvement from previ-
ous modeling efforts that assumed a uniform 25 ppm B throughout 
the mafic crust (Konrad-Schmolke et al., 2016). Measurements of 
6

δ11B in the different layers of the ocean crust (Ishikawa and Naka-
mura, 1992; Smith et al., 1995), however, have produced varied 
results. To address this uncertainty, models were run using initial 
δ11B distributions that encompassed the full range of measured 
compositions from each layer of the ocean crust (Fig. 2b).

Whenever a fluid is present in the slab, the B concentrations 
of the fluid and residual solids are calculated using a bulk par-
tition coefficient based on the amount of phengite present. δ11B 
compositions in fluids and residual solids are then calculated us-
ing the temperature dependent fractionation equation of Wunder 
et al. (2005) and basic mass balance. Additional model details and 
specific equations are available in supplement S7.

5.1.1. Model results: residual slab compositions
As the slab subducts, water is lost from progressively deeper 

slab layers. The progressive extraction of fluids or melts from the 
slab leaves the slab residuum depleted in 11B (De Hoog and Savov, 
2018; Peacock and Hervig, 1999; Rosner et al., 2003). Model results 
for the slab H2O, B, and δ11B (Fig. 7) show how slab compositions 
evolve during subduction. These diagrams depict a flat projection 
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Fig. 7. Residual slab H2O concentration, boron concentration and boron isotopic profiles. A comparison of subducting slab compositions for farbi = 0 (panels A, B, and C) 
and farbi = 2 (panels D, E, and F). A & D: H2O content. B & E: [B] in ppm. C & F: δ11B in �. In all panels, white areas represent regions of the slab that have undergone full 
H2O and B loss. Depth from the slab top is on the y axis and extends from 0 to 11.8 km. The x-axis shows distance from the trench at the top of the slab. As in van Keken et 
al. (2018, 2011), the slab H2O content, [B], and δ11B are displayed by projecting the model coordinates into a slab reference frame where all layers have the same distance 
from the trench as the top of the slab. The location of the arc front (178.3 km from the trench; Syracuse and Abers, 2006) is noted with black triangles. B abundances and 
δ11B for single layers in the model using farbi = 0 and farbi = 2 are similar, which suggests that the extent of B isotopic fractionation in residual slab layers remains the same 
under different levels of shear heating. Additionally, significant quantities of B and H2O are retained in the slab past depths of arc magma generation.
of the slab based on the distance of vertical columns of the slab 
from the trench (see Fig. 5), as also utilized by van Keken et 
al. (2011, 2018). The Nicaraguan farbi = 0 and farbi = 2 models, 
which correspond to either no shear heating or moderate shear 
heating, produce similar overall results (Fig. 7). This occurs be-
cause the temperature variations imposed by a reasonable amount 
of shear heating are largely confined to the uppermost layers of 
the slab (van Keken et al., 2018). The primary difference between 
the two shear heating models is that the temperature threshold 
for phengite-out via sediment melting occurs slightly earlier in the 
hotter farbi = 2 model (Fig. 7d).

In both shear heating scenarios, layers that fully dehydrate 
reach a similar final δ11B. The sediment layers have an initial δ11B 
of +1.7�, with final δ11B values of −3.6� to −3.3�. Consid-
ering the full range of starting values, the final δ11B of extrusive 
volcanics ranges from −8.9� to −9.7� for farbi = 0 and −9.1�
to −9.9� for farbi = 2. The lower layers of the oceanic crust re-
main hydrated in farbi = 0, but the dikes and the uppermost 0.8 
km of the gabbro layer dehydrate completely in farbi = 2. In this 
latter scenario, dehydrated dikes have δ11B ranging from −11.7�
to −4.5� and gabbros have a final δ11B ranging from −3.5� to 
+3.7�. The bulk slab δ11B following dehydration, including lay-
ers that do not fully dehydrate, is −4.3� to +2.1� for farbi = 0 
and −5.5� to +0.5� for farbi = 2. We note that the lowest δ11B 
of dehydrated dikes in the residual slab is similar to the heavi-
est δ11B of deeply recycled components suggested to manifest in 
the B isotopic compositions of hotspots studied by Walowski et al. 
(2019). Further dehydration or loss of B beyond the arc will result 
in δ11B for residual oceanic crust that is well within the range of 
δ11B for deeply recycled materials (Konrad-Schmolke and Halama, 
2014; Walowski et al., 2019). This model result may indicate that 
dehydrated lower oceanic crust carries B to the deep mantle (see 
Section 5.2).
7

5.1.2. Model results: aggregated fluid compositions
There is substantial uncertainty regarding the pathways that 

slab-derived fluids may take through the mantle wedge, though 
the slab components transferred to the arc likely originate from 
the slab across a range of depths rather than from the slab directly 
beneath the arc. It is possible, for example, that materials lost from 
the slab at shallow depths continue to move downwards in areas of 
low porosity, or that slab liquids generated at great depths can mi-
grate back toward the arc front (e.g., Cerpa et al., 2017; Wilson et 
al., 2014). In general, the thermal models used here are designed to 
be consistent with fore-arc heat flow data, which requires a rapid 
transition from decoupled to coupled behavior between the slab 
and overlying mantle wedge at ∼80 km depth (Wada and Wang, 
2009; Syracuse et al., 2010). Following this logic, we assume any 
fluids lost beneath the forearc are not mixed into the hot man-
tle wedge beneath the arc. In our model results, we thus track 
the composition of continuously aggregated fluids lost prior to the 
depth of slab-mantle coupling separately from those lost beyond 
this point.

The observation that two-component mixing between generally 
uniform slab and mantle components can account for the arc δ11B 
data suggests that the slab component transported to the arc is 
reasonably well mixed, even though the incremental products of 
slab dehydration may vary. Fluids or melts extracted from the slab 
across a range of depths may be transported into the source region 
of arc magmas, though the bounds on this depth range are not well 
constrained. There is some depth beyond which any remaining wa-
ter (and B) in the slab is retained and transported more deeply into 
the mantle rather than back toward the arc. Given that this cut-off 
depth is unknown, we opted to continuously track the aggregated 
compositions of fluids lost from the slab starting from the slab-
mantle coupling depth. Each individual aliquot of liquid lost from 
the slab as it continues to dehydrate is added to a bulk fluid com-
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Fig. 8. Cumulative δ11B in slab-derived fluids. The cumulative fluid δ11B is tracked for all fluids released before the coupling depth, which likely contribute to the fore-arc 
(blue and red), and is tracked separately for fluids released beyond the coupling depth, which likely contribute to the arc (orange and cyan zones). Results are shown for 
shear heating scenarios farbi = 0 and farbi = 2. Bold curves are the highest and lowest possible fluid δ11B, with the shaded regions showing the full range of potential 
cumulative fluid δ11B. Slab-derived fluid compositions prior to the coupling depth are not shaded because they are dominated by sediment contributions; sediments are 
assigned a single initial δ11B, and thus do not produce a range of slab-derived fluid δ11B. Dark and light blue curves show the δ11B of cumulative fluids before and after the 
coupling depth, respectively, for farbi = 0. Red and orange curves show cumulative fluid δ11B before and after the coupling depth, respectively, for farbi = 2. Blue and orange 
arrows show the potential contributions of SLM-derived fluids; their locations indicate the beginning of the antigorite-out reaction. The range of δ11B of the slab component 
(+2.9 to +5.9�) is indicated by a gray bar on the plot. The location of the arc front (178 km from the trench; Syracuse and Abers, 2006) is noted with a black triangle. In 
both shear heating scenarios, our model results for aggregated fluids released past the coupling depth closely resemble the δ11B of MIs from Telica, Cerro Negro, and Masaya. 
Beyond the coupling depth, slab-derived material originating from subducted AOC and, to a lesser extent, subducted sediments overlap the range of δ11B measured in arc 
volcanics. Thus, the majority of slab-derived B is supplied to the arc by these lithologic units.
position. If the aggregated fluid composition intersects the average 
composition of the subduction component defined by the arc data 
(Fig. 3), then the model is considered consistent with available ob-
servations.

Fig. 8 shows the isotopic evolution of aggregated fluids released 
from the slab either prior to the depth of coupling (i.e., the contri-
butions to the forearc) or beyond the depth of coupling (potential 
contributions to the arc). In the forearc, slab-derived fluids are pri-
marily released from sediment layers, with minor contributions 
from the upper oceanic crust as the slab approaches the cou-
pling depth. The aggregated fluids released in the forearc have δ11B 
ranging from ∼ +15� to +25� (Fig. 8), consistent with studies 
of forearc mud volcanoes in the Marianas (Benton et al., 2001). Be-
yond the coupling depth, fluids originating from the lower oceanic 
crust (i.e., dikes and gabbros) dominate the budget of slab-derived 
B. The modeled δ11B composition of aggregated fluids released 
beyond the forearc quickly drops to overlap the range of δ11B mea-
sured in Nicaraguan arc volcanics (+2.3� to +5.7�) and stays 
in this range across the remainder of the model domain (Fig. 8). 
The ranges in model δ11B values for each shear heating scenario 
(orange and cyan in Fig. 8) arise from the uncertainty associated 
with the initial δ11B composition of the mafic ocean crust. The ag-
gregated fluid lost beneath the forearc is slightly lighter for the 
shear-heating model, as expected from the hotter temperatures 
within the sediment layers. Beyond the forearc, the models largely 
overlap, but diverge slightly for aggregated fluids between 160 and 
190 km from the trench because shear heating results in earlier 
phengite consumption via sediment melting.

The aggregated fluid compositions plotted on Fig. 8 do not in-
corporate the potential B flux from the lithospheric mantle of the 
subducting slab due to the inherent complexity of this process. 
Antigorite is predicted to dehydrate in the slab lithospheric man-
tle near the arc front, but it is possible that fluids produced by 
antigorite dehydration do not efficiently reach the mantle wedge. 
Chlorite can remain stable to much higher temperatures in bulk 
peridotite lithologies (Grove et al., 2012; Spandler et al., 2014), 
and the lower layers of the mafic crust have the potential to con-
sume a large budget of H2O via rehydration reactions as long as 
P-T conditions remain within the lawsonite stability field (Wada 
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et al., 2012). As demonstrated by Wada et al. (2012), the abil-
ity for dehydration fluids from these lower slab layers to transect 
the over-riding peridotite and gabbro without being consumed by 
additional rehydration reactions depends on the extent of initial 
serpentinization and the specific distribution of hydrated layers 
within the subducting lithospheric mantle. Given these consider-
ations, the potential effects of adding these antigorite breakdown 
fluids to the aggregate fluid composition of the rest of the slab are 
best considered independently.

5.2. Model implications

Our model successfully reproduces the compositional range of 
the subduction component defined by Nicaraguan and El Salvado-
rian arc volcanics with a slab flux that is dominated by fluids 
from the ocean crust and without the incorporation of any B from 
the subducting lithospheric mantle. This result can also be used 
to calculate an upper limit on the total amount of B that could 
conceivably be transported from subducting serpentinite. These 
constraints apply equally to serpentinite in the slab lithospheric 
mantle and serpentinite down-dragged from the forearc, as both 
have been ascribed a similar, and notably heavy, compositional 
range from δ11B = +14� to δ11B = +20� (Agranier et al., 2007; 
Benton et al., 2001; Tonarini et al., 2007, 2011; Marschall, 2018). 
For example, assuming the absolute minimum δ11B values for all lay-
ers of the mafic ocean crust, and forearc serpentinite with δ11B =
+20�, a maximum of 18% of total slab-derived B could originate 
from these materials without exceeding the average δ11B in the arc 
volcanics. This increases to a maximum of 25% serpentinite-derived 
B if the serpentinite has δ11B = +14�. If the heaviest ocean crust 
δ11B values are considered instead, however, there is essentially no 
capacity for a serpentinite-derived B flux to the arc, as is also ap-
parent from the fact that the modeled maximum δ11B fluid values 
added to the mantle wedge already hug the upper limit of the arc 
data (Fig. 8). By comparison, if the subducting lithospheric mantle 
carries ∼10 ppm B in a layer that is 4.6 km thick, as in Fig. 5, this 
would account for about 50% of the subducting slab’s total B bud-
get. If significant heavy B is in fact subducted as serpentinite, our 
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model therefore indicates that some mechanism must prevent its 
large-scale transport to the arc mantle source.

The finding of limited B contributions from serpentinized man-
tle contrasts with the conclusions of several prior studies in El 
Salvador and elsewhere (Leeman et al., 2017; Savov et al., 2007; 
Tonarini et al., 2011, 2007). Our interpretation differs mostly due 
to an improvement in our understanding of slab thermal profiles 
and potential fluid pathways in the mantle wedge. For example, 
Tonarini et al. (2007) reasonably assumed that the upper layers 
of the slab (both sediment and AOC) would dehydrate entirely 
beneath the forearc, whereas more recent thermomechanical mod-
els do not support this suggestion (van Keken et al., 2018, 2011). 
Another important development stems from an improved under-
standing of the possible transport pathways available to fluids and 
melts after they are produced, and the fact that the arc mantle 
source is not necessarily sampling fluids produced in a narrow 
range directly beneath the arc (Cerpa et al., 2017; Wilson et al., 
2014). Our interpretation also benefits from consideration of the 
uncertainty associated with the composition of the oceanic crust, 
as well as the use of the relationship between B and K2O compo-
sitions in ocean floor drill cores.

There are several possible areas for future development of this 
modeling approach. For example, our model assumes perfect mix-
ing of aggregated slab-derived fluids beyond the coupling depth, 
but fluids probably mix to variable degrees and leave a heteroge-
neous signature on arc mantle sources. This could partially explain 
the variation seen among individual melt inclusions and samples. 
This mixing assumption underpins the decision to compare the 
aggregated slab fluid to the inferred average value of the B-rich 
subduction component (Fig. 3) rather than to individual samples or 
MIs. There may also be heterogeneities in MI compositions due to 
local variations in the composition of slab materials. Indeed, one 
MI analysis from Masaya with the lowest δ11B does not overlap 
with the range of model results. Some of the older El Salvadorian 
basement samples measured by Tonarini et al. (2007) also fall out-
side of the model range. Though these caveats highlight important 
additional considerations, they do not impact our overall interpre-
tation of the arc volcano compositions as modeled, which should 
relate specifically to the average composition of the mantle wedge 
sampled by the arc.

While our model does not incorporate the potential effects of 
fluid-rock reaction during fluid ascent through the slab and man-
tle wedge, a preliminary exploration indicates that the net effect 
would be subtle for the Nicaraguan slab geometry. This is primar-
ily because most B is already partitioned into fluids as they are 
produced during dehydration reactions, as can be seen on Fig. 7. 
Because there is little B left in the dehydrated portions of the slab, 
fluid interaction with this rock has only a minor impact on the 
fluid δ11B. Fluid-rock reaction would have a more prominent effect 
in layers with substantial phengite, and hence a larger rock/fluid 
bulk partition coefficient for B, though both farbi = 0 and farbi = 2 
temperature profiles indicate that most phengite near the slab sur-
face will be consumed during sediment melting shortly after the 
slab passes from the forearc to the mantle wedge. A more detailed 
treatment of fluid-rock reaction and slab melting are the subjects 
on ongoing work.

The model presented here also has implications for the trans-
port of surface B and H2O into the deep mantle. The δ11B of 
dehydrated AOC layers in the residual slab are −11.7� to +0.5�; 
the lightest isotopic composition retained in the dehydrated crust 
is similar to the heaviest δ11B of deeply recycled components 
inferred from the B isotopic compositions of hotspot samples 
(Walowski et al., 2019). We note that the maximum amount of 
water retained in the sediments and AOC layers (in the scenario 
with no shear heating) would be 250 ppm if averaged over 100 
km of slab, slightly below the concentration range estimated for 
9

the Phanerozoic global average slab residuum to the deep mantle 
from Parai and Mukhopadhyay (2012), assuming a near steady-
state ocean (0-100 m sea level decrease). Outer rise bend faults 
may extend through the lower crust and into the slab mantle in 
the Cocos plate (Ranero et al., 2003) and may provide pathways 
for seawater interaction with the slab lithospheric mantle, though 
the extent of serpentinization may be limited by low porosity and 
low fluid flux through the lithospheric mantle (Naif et al., 2015). 
If the Cocos slab mantle is extensively serpentinized, it may carry 
significant additional B and H2O. Our model results indicate that 
serpentinite-derived B is not efficiently transported to regions of 
magma generation at Nicaragua; if B tracks H2O transport in the 
subduction zone, then serpentinized lithospheric mantle in the 
residual slab may carry a significant amount of H2O into the deep 
mantle.

6. Conclusion

We measured B and Be concentrations and δ11B in Nicaraguan 
MIs and developed a numerical model of slab dehydration to inter-
pret our new dataset. The compositions of these MIs are consistent 
with a slab-derived component that has δ11B ranging from +2.9�
to +5.9�. We also measured the δ11B values of subducted car-
bonate and hemipelagic sediments from DSDP Hole 495 on the 
Cocos plate are +3.3� and +1.3� (<0.5% uncertainty), respec-
tively. We developed a model to better understand the origin of 
Nicaraguan MI δ11B compositions that accounts for the initial com-
positions of subducting lithologies on the Cocos plate, the ther-
mochemical structure of the Nicaraguan subduction zone, and the 
expected fractionation of B isotopes as a function of temperature. 
The aggregated δ11B of modeled slab-derived fluids from beyond 
the coupling depth closely matches the δ11B of Nicaraguan MIs 
without contributions of fluids from the slab mantle and down-
dragged forearc serpentinite. Instead, subducted AOC likely pro-
vides the majority of slab-derived fluids and B to the volcanic 
front of Nicaragua and El Salvador, with minor contributions from 
subducted sediments. This result remains robust when reason-
able extents of shear heating are considered. Our findings suggest 
that serpentinite-derived fluids are not required to explain δ11B of 
these olivine-hosted MIs, and place limits on their contribution to 
the B budget of arc magmas. Based on our data and model outputs, 
we argue that water, B, and other volatiles contributing to arc mag-
matism in Nicaragua and El Salvador originate from the uppermost 
portions of the subducting Cocos plate, whereas volatiles residing 
in the lower oceanic crust and slab mantle may be retained past 
depths of arc magma generation.
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