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[1] The abundances of 60 elements in 616 Ocean Floor Basaltic (OFB) glasses from the Abyssal Volcanic
Glass Data File (AVGDF) of the Smithsonian Institution have been determined by laser-ablation
(LA)-ICP-MS and electron microprobe analysis (EMPA). The elements analyzed include all 28 of the
refractory lithophile elements, which provide the framework for establishing the geochemical behavior
and source abundances of volatile, chalcophile and siderophile elements. In addition to the traditionally
analyzed elements (rare earth elements (REE), high field strength elements (HFSE), large ion lithophile
elements (LILE) and first row transition elements (FRTE)), we report analyses for lesser-analyzed elements
(Li, Be, Ga, Ge, As, Se, Mo, Ag, Cd, In, Sn, Sb, W, Tl and Bi). The precision of the method for most
elements is between 2 and 4%, one standard deviation, although ratios of elements determined simulta-
neously are more precise (e.g., REE, Zr/Hf). Subsets of 329 glasses were analyzed by electron microprobe
for S and 154 glasses for Cl. The results define a representative trace element geochemistry of OFB, against
which local variations resulting from differences in basalt petrogenesis in a range of tectonic settings or
different styles of magmatic differentiation may be compared.
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1. Introduction

[2] Basaltic magmatism associated with rifting
in ocean basins, such as at mid-ocean ridges and
associated fracture zones and seamounts, comprises
about 75% of all magmatism on Earth [e.g., Crisp,
1984], with a flux averaged over the last 180 Ma

of �20 km3 per annum [Cogné and Humler,
2006]. The most accessible parts of the magmatic
output are the lavas erupted onto the ocean floor,
where rapid quenching of lava flow surfaces by
seawater forms volcanic glass. Volcanic glasses
are attractive analytical targets because they sample
the magmatic liquid compositions directly, whereas
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crystalline basalts are mixtures of the evolved
liquid with phenocrysts, which may not all be cog-
nate with the liquid. Crystalline basalts are prone
to contamination by low temperature alteration,
which may be difficult to detect a priori. Elements
concentrated in phases highly susceptible to alter-
ation, such as sulfides, may be particularly affected
[e.g., Keays, 1987]. Additionally, rapidly quenched
volcanic glasses are likely to retain volatiles better
than crystallized rock. While typical MORB glasses
have degassed some CO2 [e.g., Aubaud et al., 2004;
Paonita and Martelli, 2007], their retention of other
volatiles like H2O and S is better than that in crys-
tallized rock, which should minimize any loss of
volatile trace elements.

[3] The Smithsonian Institution has been donated
thousands of volcanic glass samples, retrieved by
dredging and coring of the ocean floor (black
symbols in Figure 1). These glasses have been
mounted in epoxy and polished for analysis of
major elements by electron microprobe (EMPA),
with results collated into the Abyssal Volcanic
Glass Data File (AVGDF) [Melson et al., 2002,
1976]. The last published version of this file
[Melson et al., 2002] contains 9050 analyses, from
664 Atlantic, 28 Caribbean, 89 Indian, and 1304
Pacific localities. LA-ICP-MS provides the oppor-
tunity for obtaining precise trace element analyses
of samples in the AVGDF. Nearly all the trace
elements can be determined by this method,
including the rare earth elements (REE), high field
strength elements (HFSE), large ion lithophile ele-
ments (LILE), first row transition elements (FRTE),

as well as the less commonly analyzed elements
such as Li, Be, Cu, Zn, Ga, Ge, As, Se, Mo, Ag,
Cd, In, Sn, Sb, W, Tl and Bi with a precision that
can be demonstrated by replication to be 1–3%
[e.g., Hu et al., 2009; Jochum et al., 2006; Jenner
and O’Neill, 2012].

[4] Here we report the results of LA-ICP-MS
analyses of �60 elements in 616 OFB glasses,
kindly made available to the authors by the Smith-
sonian Institution [see Melson et al., 2002]. Our
aim is to generate a reference data set for trace
element geochemistry of OFB, against which the
compositions of basalts from specific localities or
from other tectonic environments may be com-
pared. A feature of this study is the large number
of elements analyzed on individual samples, which
enables the comparative chemistry of the less
familiar trace elements to be established. By ana-
lyzing all the 28 refractory lithophile elements
(RLE; Ca, Al, REE, Ti, Be, Ba, Sc, Sr, Y, Zr, Nb,
Hf, Ta, Th and U), we provide the complete
framework needed to estimate the Bulk Silicate
Earth (BSE) abundances of those volatile, chalco-
phile and siderophile elements that are obtained
from ratios with a RLE of similar incompatibility
during magmatic processes [e.g., Palme and
O’Neill, 2003]. The behavior of chalcophile ele-
ments like Cu, Se and Ag is controlled by sulfide
saturation, the better understanding of which
requires knowledge of S contents, which we have
measured in 329 glasses by EMPA. Another subset
of 154 glasses were analyzed for Cl by EMPA,
because high Cl could be a potential indicator of

Figure 1. Locations of samples in the Smithsonian Abyssal Volcanic Glass Data File (AVGDF; black symbols) and
those analyzed for this study. Base map from Amante and Eakins [2009].
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seawater contamination. We also include approxi-
mate contents for Re, Pt and Au in a subset of
samples (previously published in the study by
Jenner et al. [2010]).

2. Analytical Methods

[5] A full description of the trace element analyses
by laser-ablation ICP-MS is given in the study by
Jenner and O’Neill [2012]. Sample preparation and
details of the major element analyses by EMPA
used to generate the AVGDF are given by Melson
et al. [2002]. EMPA analysis was used on 329 of
the samples for S contents and 154 for Cl on the
Cameca SX100 electron microprobe at the
Research School of Earth Sciences (RSES).
Because the position of the sulfur K-alpha peak
shifts as a function of valence state, sulfur calibra-
tions and analyses of unknowns were carried out by
scanning over the entire sulfur peak and back-
ground on either side, in 200 steps, using PET
crystals in one or two spectrometers with a counting
time of 500 s. Analyses were undertaken with a
defocused beam of 20 mm diameter, at an acceler-
ating voltage of 15 kV and 100 nA beam current.
Calibration used both sulfide (troilite; FeS) and
sulfate (anhydrite; CaSO4) standards, which gave
identical results. For some samples, one of the
spectrometers with a PET crystal was used to ana-
lyze Cl, with scapolite (1.43% Cl) as the standard.
Reported values are the mean and standard devia-
tion of at least five replicate analyses on each
sample. Typical limits of detection for S and Cl
on each analysis are �50 mg g�1.

[6] VG-2 [Jarosewich et al., 1979], was analyzed
during each analytical session to monitor instru-
ment performance (Table S1 in the auxiliary
material).1 The mean abundance, standard devia-
tion (s) and standard error of the mean (s.e.; cal-
culated as s/n1/2), for S (n = 247) and Cl (n = 119)
analyzed in VG-2 over the length of this analytical
project (�2 years) are 1415 � 68 mg g�1 (s.e. = 4)
and 301 � 24 mg g�1 (s.e. = 2), respectively. The
Cl contents measured in VG-2 are within error of
previous measurements, for example: 300 mg g�1

[Jarosewich et al., 1979]; 303 � 56 mg g�1 [de
Hoog et al., 2001]; 296 � 19 mg g�1 [Laubier
et al., 2007]; 290 � 35 mg g�1 [Kamenetsky
et al., 2007]; and 272 � 83 mg g�1 [Baker, 2008].
Literature values for S were reviewed by O’Neill
and Mavrogenes [2002], who themselves reported

1403 � 31 mg g�1. Additional studies not listed
by O’Neill and Mavrogenes [2002] are: 1400 �
115 mg g�1 [Kamenetsky et al., 2007]; 1405 �
39 mg g�1 [Baker, 2008]; 1362 � 160 mg g�1

[Davis et al., 2008].

[7] Analyses of S in OFB that showed higher than
10% relative standard deviation (RSD) were rea-
nalyzed at a later date to test whether the scatter
reflected real heterogeneity in the sample or ana-
lytical problems. This confirmed that 17 of the OFB
show significant variability in S contents (RSD
between 10 and 17%). This heterogeneity may
indicate some partial loss of S by degassing, or
localized scavenging into immiscible sulfide glo-
bules [Peach et al., 1990], which are likely present
in nearly all MORB melts, because they are at or
near sulfide saturation [Mathez, 1976]. Neverthe-
less, the average RSD for all samples is 4.7%,
demonstrating that such effects are rare. Of the Cl
analyses, 47 glasses contained Cl below the limit of
detection. For the samples where Cl was quantifi-
able, there is an increase to higher RSD with
decreasing Cl content as the Cl content approaches
the limit of detection. The average RSD for all
samples is 7.5%. Hence, the determination of Cl
in OFB glasses would benefit from a more sensi-
tive technique like SIMS, with detection limits of
< 1 mg g�1 for Cl [e.g., Hauri et al., 2002].

[8] The analytical results are presented in Table S2,
compiled with major element analyses from
Melson et al. [2002]. Major elements analyzed by
LA-ICP-MS show good agreement with the EMPA
data, except for Ca and Fe in 31 samples (sample
numbers shown in Table S2), for which the
AVGDF analyses were found to be wrong, possibly
resulting from a mix up of the computer punch
cards (T. O’Hearn, personal communication, 2007).
Consequently, we substitute our EMPA values of
Ca and Fe for these samples.

3. Discussion

3.1. Geographic and Geochemical Sampling
of the AVGDF

[9] The samples analyzed are from the Atlantic (n =
307), Pacific (n = 265), Indian (n = 41) and the
Caribbean Ocean (n = 3), and represent most of the
major geographical regions, with their varying
spreading rates and local tectonic environments
(Figures 1 and 2). Only a few samples were avail-
able from the Southwest and Southeast Indian
Ridges and the Pacific-Antarctic Ridge (Figure 1).
The distribution in MgO of samples analyzed for

1Auxiliary materials are available in the HTML. doi:10.1029/
2011GC004009.
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this study (Figure 3) demonstrates that the range in
analyses are approximately representative of the
entire AVGDF, except for a slight bias to more
primitive compositions, because we analyzed all
samples made available to us with MgO > 8 wt.%.

The samples cover a range in major element chem-
istries from primitive to moderately evolved (9.7
to� 3.5 wt.%MgO) (Figure 3). The distributions of
P, K and Ti of the analyzed samples are comparable
to those of the entire AVGDF (Figure 4), in which

Figure 2. Seafloor maps generated using GeoMapApp (http://www.geomapapp.org) with base map from Ryan et al.
[2009], demonstrating that some of the samples designated as ‘spreading ridges’ in the AVGDF occur along ridges
associated with proposed plume tracks. Colored symbols show locations of samples with higher Cu at a given MgO
(Figure 3d) than the majority of the OFB array (gray symbols).

Figure 3. (a, b) Major oxide versus MgO of analyzed samples. (c) The distribution of MgO in the analyzed samples
compared to the whole AVGDF. (d) Samples from a number of localities that may be plume-related (symbols same as
Figure 2) show higher Cu contents at a given MgO than the majority of the OFB array.
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these elements were determined by EMPA. Nota-
bly, K, P and Ti, which are representative of the
behavior of incompatible trace elements in general,
display lognormal distributions with little skewness
or kurtosis, in which the number of ‘enriched’
samples is balanced by an equal tail of ‘depleted’
samples (Figure 4). The distributions demonstrate a
continuum in OFB compositions, supporting pre-
vious conclusions [e.g., Hofmann, 2003] that there

is no fundamental distinction between N-MORB,
E-MORB, P-MORB and D-MORB (for Normal-,
Enriched-, Plume-, and Depleted-MORB). Making
such distinctions is misleading if it is taken to imply
discontinuities in the global trace element distribu-
tions or the process that produces OFB.

[10] The analyzed samples are from a range of
tectonic settings classified in the AVGDF as

Figure 4. (a–c) Frequency diagrams showing the range in P, K, and Ti contents analyzed here (x10) compared to the
range in samples in the AVGDF. (d–f) Cumulative probability (logarithmic scales) for P, K, and Ti. In particular,
Ti shows an almost perfect log normal distribution in both the entire AVGDF and the samples analyzed here.

Geochemistry
Geophysics
Geosystems G3G3 JENNER AND O’NEILL: TECHNICAL BRIEF 10.1029/2011GC004009

5 of 11



spreading ridges (497), seamounts (n = 37), fracture
zones (n = 71), aseismic ridges (n = 4) and backarc
basins (n = 7). Some of the tectonic settings
assigned in the AVGDF are misleading. A number
of samples classified as ‘spreading centers’ are
ridges associated with hot spot tracks (Figure 2),
such as the Chagos-Laccadive Ridge, considered
part of the Réunion hot spot track [e.g., Fisk et al.,
1989] and the Cocos Ridge, considered part of the
Galapagos hot spot track [e.g., O’Connor et al.,
2007]. It is important for interpretation of the
global database that these types of tectonic settings
are recognized as distinct from the ridges associated
with usual seafloor spreading. For example, sam-
ples from 11 localities (Figure 2) have higher Cu
contents at a given MgO compared to the typical

OFB array (Figure 3) Most of these localities have
previously been linked to plume-related magma-
tism, such as the locations mentioned above and
the Reykjanes Ridge, south of the Iceland plume
[e.g., Peate et al., 2001].

3.2. Trace Element Distributions of the
OFB Data File

[11] The application of our results to OFB petro-
genesis and the implications for the origin and
evolution of the OFB source mantle will be
addressed in future contributions. Here we high-
light some of the features of the trace element
chemistry of OFB glasses as indicators of data
quality. Figures 5, 6 and 7 show a selection of

Figure 5. Examples of trace element ratios typically used to interpret basalt petrogenesis, presented here as a dem-
onstration of data quality. Gray symbols are data from this contribution. Black symbols are data analyzed and com-
piled in the study by Arevalo and McDonough [2010]. Values for elemental ratios are calculated by regressing the
analyses of one element against another, with weighting of both variables.
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element ratios exploited by geochemists for inter-
pretation of OFB petrogenesis and estimation of
the composition of both the primitive and depleted
mantle [e.g., Arevalo and McDonough, 2010;
Hofmann, 2003; Palme and O’Neill, 2003; Salters
and Stracke, 2004, and references therein]. The
fits to the correlations presented are consistent with
uncertainties in the contents of these elements of
�5%, plus the limit of detection, significant here
for Cs and U [see Jenner and O’Neill, 2012]. Some
geochemical trends that emerge from our data
imply rather better precision. For example, the
deviations from the correlation between Zr and Hf
shown in Figure 7 are not random, as Zr/Hf corre-
lates with Nd. Observing this correlation implies
that the Zr/Hf can be measured with a precision of
3% and lends support to previous assessments that
the Zr/Hf is fractionated by clinopyroxene during
low-pressure evolution in crustal magma chambers
[e.g., David et al., 2000]. The correlation between
Zr/Hf and incompatible element enrichment (as
represented here by Nd) extends to Zr/Hf both

above and below the chondritic value and holds for
samples from each tectonic setting (Figure 7a) and
from each ocean basin sampled (Figure 7b).

[12] The data presented here are overall in good
agreement with those of Arevalo and McDonough
[2010], as demonstrated in Figures 5 and 7, but
often show less scatter, especially for P/Nd, Zr/Hf,
W/Th and W/Ba, indicating an improvement in
analytical precision. There is a remarkable unifor-
mity in the trace element geochemistry of OFB for
certain ratios of elements with quite different
chemical properties, such as that between Nd (a 3+
cation) and either P (5+) or Be (2+) (Figure 5a and
6d, respectively). These ratios are almost constant
within analytical uncertainty, with the possible
exception of the most evolved samples (<5 wt.%
MgO). Especially significant is the improvements
to the precision in P/Nd measurements (Figure 5a):
the differences in partitioning behavior of these two
elements in mantle phases is well documented, with
P standing out as the only highly incompatible trace

Figure 6. Examples of trace element ratios typically used to interpret basalt petrogenesis, presented here as a
demonstration of data quality. Values for elemental ratios are calculated by regressing the analyses of one element
against another, with weighting of both variables.
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element with affinity for olivine greater than for
clinopyroxene [Mallmann and O’Neill, 2007,
2009]. The constant P/Nd spanning the entire range
of OFB enrichment/depletion does not accord with
a role for pyroxenite in the source during partial
melting [O’Neill and Mallmann, 2007].

[13] The precision of the REE data may be illus-
trated by the behavior of Eu. Of the REE, Eu
behaves anomalously because of its tendency to
occur as Eu2+ as well as Eu3+ (Eu2+ readily sub-
stitutes for Ca in phases where the Ca site has high
coordination number such as plagioclase). The Eu
anomaly (Eu/Eu*) is defined as observed Eu
divided by Eu expected from interpolation between
the abundances of other REE. We calculate Eu*
from polynomial fits of the other 13 REE against
ionic radius and interpolating to the ionic radius of
Eu3+, rather than relying on interpolation between
Sm and Gd. The Eu anomaly correlates well with
Sr/Sr*, shown in Figures 8e and 8f, resulting from
plagioclase fractionation. Our results support the
findings of Niu and O’Hara [2009] that the most
primitive OFB carry distinctly positive Eu/Eu*

(also shown in Figures 8a and 8b), which implies
that the OFB source has been enriched by addition
of material with a positive Eu anomaly relative to
the REE. This positive Eu/Eu* seems too large to
be attributed to a wrong value in NIST SRM 612,
because it would require lowering the GeoReM
preferred value of 35.6 mg g�1 to 32 mg g�1, i.e., by
10%. Additionally, the Eu content determined in
BCR-2 G is within 0.3% of the GeoReM preferred
value [Jenner and O’Neill, 2012, Table 6], and Eu
contents of the MPI-DING glasses [Jenner and
O’Neill, 2012, Table 7] are also comparable to
the literature values of these reference materials
[e.g., Jochum et al., 2006]. The positive Eu anomaly
is present in samples from each ocean basin
(Figures 8a and 8c) and each tectonic setting
(Figures 8b and 8d), demonstrating this is a global
feature of the source of OFB. The lack of a Eu/Eu*
anomaly in the global MORB average presented by
Arevalo and McDonough [2010] can be attributed
to their calculation of this anomaly at an MgO
content of 7.84 wt%. Our results show that the
decrease of Eu/Eu* with MgO resulting from low

Figure 7. Zr/Hf versus Nd for (a) different tectonic settings and (b) different ocean basins. Zr/Hf in chondrite from
Patzer et al. [2010]. See text for discussion.
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pressure plagioclase fractionation eliminates the
anomaly at this MgO (Figures 8a and 8b).
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tionation. Sr/Sr* defined as 2[Sr]CI/([Pr]CI + [Nd]CI) [Niu and O’Hara, 2009]. This trend is observed in samples from
each ocean basin (Figures 8a and 8c) and each tectonic setting (Figures 8b and 8d). The systematic nature of the trends
are demonstrated by (e, f) the correlation between Eu/Eu* and Sr/Sr*. Notably, the most primitive samples (high
MgO) have positive Eu and Sr anomalies (Eu/Eu* and Sr/Sr* > 1), indicating that the mantle source region also
has a positive Eu/Eu*.
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