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Abstract Halogens and noble gases within submarine basaltic glasses are critical tracers of interactions
between the surface volatile reservoirs and the mantle. However, as the halogens and noble gases are concentrated within seawater, sediments, and the oceanic crust this makes the original volatile signature of
submarine basaltic lavas susceptible to geochemical overprinting. This study combines halogen (Cl, Br, and
I), noble gas, and K concentrations within a single submarine basaltic quenched margin to quantify the
amount of seawater assimilation during eruption, and to further elucidate the mechanisms of overprinting.
The outer sections of the glass rim are enriched in Cl compared to the interior of the margin, which maintains mantle-like Br/Cl, I/Cl, and K/Cl ratios. Low Br/Cl and K/Cl in the outer sections of the basaltic glass margin indicate that the Cl enrichment in the outer glass is derived from the assimilation of a saline brine
component with up to 70% of the Cl within the glass being derived from brine assimilation. Atmospheric
noble gas contamination is decoupled from halogen contamination with contaminated outer sections
maintaining MORB-like 40Ar/36Ar, suggesting seawater-derived brine assimilation during eruption is not the
dominant source of atmospheric noble gases in submarine basalts. Volatile heterogeneities in submarine
basalts introduced during and after eruption, as we have shown in this study, have the potential to expand
the range of mantle halogen compositions and only by better understanding these heterogeneities can the
Br/Cl and I/Cl variance in mantle derived samples are determined accurately.

1. Introduction
Volatiles such as the halogens (Cl, Br, and I) and noble gases (He, Ne, Ar, Kr, and Xe) provide powerful tracers
for the distribution of primordial and recycled volatile components within the mantle [Graham, 2002; Holland and Ballentine, 2006; Kendrick et al., 2012a]. The analysis of halogen and noble gases in mantle derived
samples has revealed that the mantle is heterogeneous due to inefﬁcient mixing and the continuous addition of crustal material and atmospheric/marine volatiles through subduction [Kendrick et al., 2012a; Mukhopadhyay, 2012; Pepin and Porcelli, 2002].
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The noble gas composition of the Earth’s upper mantle has been determined almost exclusively from the
analysis of quenched glass from mid-ocean ridge basalts (MORB). Gases trapped in vesicles of submarine
basaltic glass are considered to most faithfully preserve the original magmatic noble gas signature and
therefore the analysis of gases released from vesicles within basaltic glass represents the best means to
determine the primary noble gas composition of the source mantle [Burnard et al., 1994]. Submarine basaltic
glass is also considered to faithfully preserve the original magmatic halogen signature due to the high solubility of halogens in the melt when erupted in seawater at high pressure and depth [Schilling et al., 1980].
In spite of their widespread application in mantle volatile studies however, submarine basaltic glass invariably
contains an atmospheric noble gas component [Burnard et al., 2004; Kent et al., 1999; Patterson et al., 1990].
Atmospheric contamination can be introduced to the submarine glass through subduction recycling directly
into the mantle source, the assimilation of seawater during eruption or through sample handling [Ballentine
and Barfod, 2000; Patterson et al., 1990]. In order to minimize atmospheric noble gas contamination, the
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outermost glassy rind of submarine basalts is often chosen due to their rapid quench rate and ability to retain
magmatic gas-rich vesicles [Kumagai and Kaneoka, 1998].
The quenching of basaltic glass upon contact with seawater however, poses a problem for the study of halogens as seawater is many times more enriched in halogens compared to basaltic melts [Deruelle et al.,
1992; Jambon et al., 1995; Kendrick et al., 2012a; le Roux et al., 2006; Saal et al., 2002; Schilling et al., 1978].
Any degree of late stage contamination within the glass therefore must be taken into account in order to
determine the original mantle volatile signature and, or input from deeper hydrothermal contamination.
If the volatile component within submarine basalts is dominated by the assimilation of seawater-derived ﬂuids and, or sedimentary components during eruption then it could obscure the original chemical composition of the mantle and any preeruptive processes. In order to evaluate the extent of contamination within
basaltic glasses this study has analyzed the halogen, K, and noble gas content within seven sections forming a transect through a single basaltic glass margin. The examination of the heavy halogens Cl, Br, and I
together with K and previously analyzed H2O data allows for areas of contamination to be identiﬁed and
quantiﬁed [Kumagai and Kaneoka, 1998]. Noble gas data previously published and Ar isotopic analysis conducted in this study will aid in identifying the source of contamination and examine the potential link
between the contamination of halogens from seawater-derived ﬂuids and the atmospheric contamination
of the noble gases [Kumagai and Kaneoka, 1998].

2. Background
Submarine basalts with relatively high Cl concentrations are often thought to have assimilated a Cl-rich
component such as seawater or hydrothermally altered crust [Jambon et al., 1995; Kent et al., 1999; Michael
and Cornell, 1998; Pietruszka et al., 2013; Schilling et al., 1980; Soule et al., 2006]. The partition coefﬁcient of Cl
during melting is similar to K, such that the K/Cl ratio of the uncontaminated basalts will likely represent the
original mantle composition [Michael and Cornell, 1998]. As the K/Cl ratio does not change during melting
and crystal fractionation, variations from the mantle value represents the addition or loss of K or Cl due to
nonmagmatic processes [Michael and Cornell, 1998; Kent et al., 1999]. Lowering the K/Cl ratio from the average mantle value is therefore thought to indicate the addition of seawater, hydrothermal brines or hydrothermally altered crust into the melt as seawater-derived components are enriched in Cl and deﬁcient in K
compared to silicate melts [Kendrick et al., 2012b; Kent et al., 1999; Michael and Cornell, 1998].
Comparing the K/Cl ratio of submarine basalts provides a test on whether they contain a seawater-derived
component and can be used to quantify the amount of Cl that has been assimilated. Chlorine-rich basalts
from the Lau Basin and Galapagos Spreading Centre are estimated to have derived up to 95% of their total
Cl from the direct assimilation of hydrothermal brines [Kendrick et al., 2013]. Submarine basalt samples with
low K/Cl ratios have also been shown to have excess 234U, from the combined assimilation of hydrothermal
brines (source of Cl) and hydrothermally altered crust (234U excess) during ascent, indicating assimilation
can occur from a variety of sources prior to, during and after eruption [Pietruszka et al., 2013].
Less is known about the effects of seawater/brine and hydrothermally altered crust assimilation on the
abundances of Br and I in submarine basalts. Submarine basalts with low K/Cl ratios attributed to the assimilation of seawater-derived ﬂuids have been found to have Br/Cl ratios higher than both seawater and
uncontaminated MORB glasses [Kendrick et al., 2013]. The formation of hydrothermal brines deep within the
crust has the potential to fractionate Br and Cl during phase separation as well as through the interaction
with surrounding wall rock [Foustoukos and Seyfried, 2007; Kendrick et al., 2013; Liebscher et al., 2006; Oosting
and Von Damm, 1996]. Therefore, elevated Br/Cl ratios within these samples are thought to have been introduced through the assimilation of hydrothermal brines within the magma chamber. Submarine basalts with
Br/Cl outside the range of uncontaminated MORB samples may therefore indicate the presence of an assimilated Cl-rich component.
Iodine, unlike Cl and Br, is predominantly concentrated in biogenic ocean sediments that are characterized
by higher than seawater Br/Cl and I/Cl values [Fehn et al., 2000, 2003, 2007; Kastner et al., 1990; Maramatsu
et al., 2007; Martin et al., 1993]. The eruption of basaltic lava onto the ocean ﬂoor has been shown to incorporate a sedimentary-like noble gas component, which has been attributed to the interaction of the lava
with ﬁne-grained ocean sediments [Kumagai and Kaneoka, 1998]. It is therefore also possible that some of
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Figure 1. Bathymetric map of the Indian Ocean, showing the sample location (red star) and its position relative to the dominant ridges in
the area. The sample was formed in the neovolcanic zone of the Rodriguez Triple Junction (RTJ, 258350 S 708040 E), on the boundary
between the Central (CIR), Southeast (SEIR) and Southwest (SWIR) Indian Ridges. Figure adapted from Nakamura et al. [2007].

the halogens contained within seaﬂoor basalts may also derive directly from the assimilation of sedimentary
volatile component in locations with high sedimentation rates.

3. Sample Characteristics
Sample DR25A1b was dredged from the Rodriguez Triple Junction (RTJ) (258350 S 708040 E) (Figure 1) at a
depth and pressure of 4270 m and 43 Mbar respectively, during the KH93–3 cruise of the R/V Hakuho Maru.
The RTJ is the meeting point of three ridge systems; the Central Indian Ridge (CIR, half-spreading rate of
2.7 cm yr21), the Southeast Indian Ridge (SEIR, 3.0 cm yr21), and the Southwest Indian Ridge (SWIR, 0.65 cm
yr21). The slow spreading rates of the rifts are generally considered to limit hydrothermal assimilation at
depth due to the deeper calculated crystallization depth, although evidence of hydrothermal assimilation in
slow spreading ridges does exist indicating spreading rate is not the dominant feature controlling assimilation [Michael and Cornell, 1998; Michael et al., 2003; van der Zwan et al., 2015]. The sampling site of DR25A1b
is located at the inner wall of the axial deep in a miniature segment of the RTJ. The sample site was selected
due to its proximity to summit of volcanoes that have shown recent igneous activity within the neovolcanic
zone of the RTJ [Kumagai and Kaneoka, 2005].
The recovered sample represents a quenched margin with a 1 cm thick convex glass rind overlying a concave crystalline surface from a drained tholeiitic normal MORB (N-MORB) lava ﬂow [Michard et al., 1986; Price
et al., 1986]. The outer section of the chilled margin (#1 to #3) is composed predominantly of glass with
some olivine and plagioclase microlites. The inner sections of the chilled margin (#4 to #6) are a mix of glass
and crystals with ﬁbrous varioles centred on plagioclase phenocrysts increasing with depth of the section.
Section #7 is completely crystalline and dominated by euhedral plagioclase and minor olivine microlites
[Kumagai and Kaneoka, 1998].
Kumagai and Kaneoka [1998] analyzed noble gases in seven positions across the chilled margin of sample
DR25A1b, which revealed evidence for seawater and sedimentary-like noble gas incorporation. The surface
of the glass rim has lower 40Ar/36Ar ratio (9300) compared to the inner glass sections (17,500), indicating
the presence of atmospheric noble gases in the outer glass section (Figure 2). In addition, the deeper
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Figure 2. Photomicrograph of DR25A1b, indicating relative positions of each section and magniﬁed images of sections #1 and #6 showing
glass and partially crystalline sections, respectively. The 40Ar/36Ar ratios of each section from Kumagai and Kaneoka [1998], with repeat
analysis of sections #2 and #4 (open symbols) from this study are compared to atmospheric and mantle MORB ratios.

crystalline sections of the quenched margin yielded atmospheric-like 40Ar/36Ar as well as 132Xe/36Ar isotopic
ratios identical to oceanic sediments suggesting the lava may have assimilated a noble gas component
from ﬁne-grained sediment during eruption [Kumagai and Kaneoka, 1998]. The lack of sedimentary Xe signature within the glass was interpreted as evidence that sedimentary addition occurred after the rapid
quenching of the glass rim, either from direct incorporation from underlying sediment into the molten interior of the lava ﬂow, or from the subsequent inﬂux of water and adsorption of noble gases with a sedimentary noble gas signature onto grain boundaries. This sample therefore has well documented evidence of
seawater interaction within the glass as well as possible sedimentary addition within the crystalline sections
permitting the effect of seawater/sedimentary interaction on the halogen signature of submarine basalts to
be examined.

4. Methods
The sample was obtained from the previous work by Kumagai and Kaneoka [1998]. The chilled margin was
sliced into seven sections parallel to the outer most glass rim at 2.5 mm intervals using a microsaw to produce mm sized chips of sample from the glass rim to the crystalline interior of the quenched margin (Figure
2). To ensure full coverage of the 29 mm margin, section #7 was a further 5 mm inward from section #6 and
is entirely crystalline. Sections analyzed in this study for halogens were either in the form of powders (#1,
#3, #5, #6, and #7) or as whole rock chips (#2 and #4), which were analyzed using identical analytical
procedures.
Sufﬁcient material was available from sections #2 and #4 to be cut and polished for sample characterization
by back scatter electron imaging (BSE) and electron dispersive spectroscopy. A FEI XL30 Environmental
Scanning Electron Microscope-Field Emission Gun (ESEM-FEG) was used to obtain BSE images, and an EDAX
Gemini EDS detector operating at 15 kV accelerating voltage was used to obtain X-ray element distribution
maps (supporting information ﬁgures). The X-ray maps were created using a resolution of 512 3 512 at a
magniﬁcation of 300–700.
The heavy halogens (Cl, Br, I) and K were measured simultaneously using neutron irradiation-noble gas
€hlke and Irwin, 1992; Johnson et al., 2000; Kendrick, 2012; Merrihue and Turmass spectrometry (NI-NGMS) [Bo
ner, 1966; Ruzie-Hamilton et al., 2016]. Samples weighing 10–50 mg were wrapped in Al foil and sealed in
evacuated glass tubes. Each tube contained several Hb3gr hornblende 40Ar–39Ar dating standards as ﬂux
monitors as well as several Shallowater meteorite I-Xe dating standards to monitor the production of noble
gases from halogens [Ruzie-Hamilton et al., 2016].
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Samples were irradiated in two batches at the RODEO reactor in Petten, Netherlands, for a total of 24 h.
Sections #2, #3, #5, and #7 were irradiated on the 24 July 2012, receiving a fast neutron ﬂux of 1.2 3 1018
cm22, a thermal ﬂux of 6.3 3 1018 cm22 and with a corresponding J value of 0.006442 6 0.000011. Sections #1, #4, and #6 were irradiated under the same protocols on the 28 July 2013, receiving a fast neutron
ﬂux of 1.2 3 1018 cm22, a thermal ﬂux of 6.7 3 1018 cm22 and with a corresponding J value of
0.006256 6 0.000020.
Noble gas proxy isotopes (38ArCl, 80KrBr, 128XeI, and 39ArK) formed during irradiation were extracted by step
heating using a tantalum resistance furnace using three temperature steps of 600, 1400, and 16008C. Prior
to analysis, the furnace was baked in seven cycles up to 17008C to ensure a low blank was achieved. Air calibrations and blanks were analyzed daily to check the sensitivity and background of the spectrometer, with
maximum furnace blank values at 16008C being 5.08 3 1029 cm3 STP 40Ar, 2.92 3 10213 cm3 STP 84Kr, and
3.54 3 10214 STP cm3 132Xe. Extracted gases were puriﬁed for 5 min on Al-Zr getters at 2508C and were
then analyzed using the MS1 noble gas mass spectrometer [Broadley et al., 2016; Burgess et al., 2002; Johnson et al., 2000; Sumino et al., 2010]. The analysis of sections #5, #6, and #7 was also repeated in order to
monitor the precision of the analysis and ensure section homogeneity. Corrections for blanks and mass bias
and several other corrections including atmospheric contributions were applied to the raw data following
the procedures in Ruzie-Hamilton et al. [2016] giving an external precision of 3% (1r) for Cl and K, and 7%
(1r) for Br and I determinations.
In addition to the halogen measurements, sufﬁcient material from sections #2 and #4 was available to
analyze the Ar isotopes without being irradiated. This ensured that the magmatic 40Ar/36Ar signature
original reported by Kumagai and Kaneoka [1998] was consistent throughout the whole section and smallscale contamination had not introduced variable amounts of atmospheric noble gases. Larger samples
(32–33 mg) were analyzed using a more extensive step heating procedure (600, 800, 1000, 1400,
and16008C) in an attempt to resolve atmospheric argon adsorbed on the grain surfaces. Samples were analyzed using the same gas extraction procedure described above, with the exception that only Ar isotopes
were measured.

5. Results
5.1. Sample Description and Alteration
Back scattered electron images reveal section #2 is composed mainly of glass interspersed with microlites
of plagioclase (<1 mm) and small blebs of metal sulphides (<0.1 mm). The glass section has very few
vesicles (much less than 1%) and any vesicles present are <10 lm. X-ray mapping reveals homogeneous
and low Cl concentrations in section #2, areas of visible Cl-rich alteration or Cl bearing alteration minerals
are not present in this thin section (supporting information Figure S2).
5.2. Halogens and Potassium
Halogens (Cl, Br, and I) and K concentrations for each section of the chilled margin are given in Figure 3 and
Table 1. Elemental ratios are given as molar values and errors quoted at two standard deviations. The concentration of Cl, Br, I, and K varies signiﬁcantly across the chilled margin, with Cl and I especially variable
within the glass sections (Figure 4). The average Cl concentration is 30 ppm with variability of sections #1,
#3 to #7 ranging from 12 ppm (#6) to 31 ppm (#7). Section #2 is signiﬁcantly more enriched in Cl relative to
the other sections at 66 ppm. Despite the range in Cl concentration, there is no obvious systematic variation, with glass sections having concentrations similar to those in the crystalline interior (Table 1 and Figure
4). Chlorine concentrations of the sections are consistent with previously reported values from N-MORB
samples (32–630 ppm; Figure 3) and samples originating from slow spreading ridges, but are much lower
than some rare, Cl-rich N-MORB glass shards (4000–7000 ppm) [Jambon et al., 1995; Kendrick et al., 2013;
Michael and Cornell, 1998; Portner et al., 2014]. Concentrations of K range from 539 ppm in section #2 to
1109 ppm in section #7 (Figure 3). Like the Cl concentrations, there is no systematic variation between the
glass and crystalline sections.
Bromine abundances vary between 43 ppb (section #6) and 94 ppb (section #7). No systematic variation in
Br concentrations across the sections exists (Figure 4) with no apparent difference between glass and crystalline samples. Iodine concentrations range from 1 ppb (section #2) to 11 ppb (section #1). Overall I
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concentrations show little variation expect
for section #1 (6 ppb) and #7 (11 ppb) which
are enriched relative to the rest of the section (1–3 ppb; Figures 3 and 4). Br and I concentrations within all sections are similar to
the range of concentrations reported previously for MORB glass (Br 5 60–1900 ppb;
I 5 2–20 ppb) [Deruelle et al., 1992; Jambon
et al., 1995; Kendrick et al., 2013].
There is little variation in Br/Cl, K/Cl, and I/Cl
from glass section #3 to the crystalline interior section #7, while sections #1 and #2
exhibit markedly different ratios. The Br/Cl of
sections #1 (1.0 3 1023) and #2 (0.4 3 1023)
are signiﬁcantly lower than the range in sections #3 to #7 (1.2–1.5 3 1023). The variation
in K/Cl is similar to Br/Cl with both sections
#1 (20.5 6 0.5) and #2 (7.4 6 0.1) being lower
than sections #3 to #7 (36.0–46.5). The I/Cl
ratios of sections #1 (103.13 1025) and #2
(0.5 3 1025) are also distinct from the range
of values in sections #3 to #7 (1.6–3.0 3
1025) but do not follow the same pattern as
Br/Cl and K/Cl, with section #1 having the
highest and section #2 the lowest I/Cl of all
sections.
The Br/Cl of sections #3 to #7 is similar to
the range of values previously reported for
uncontaminated MORB samples (1.2–1.3 3
1023), while sections #1 and #2 are an order
of magnitude lower. The I/Cl in sections #3
Figure 3. Concentrations of (a) Br, (b) I, and (c) K all relative to Cl are
shown for all sections. Square symbols represent glass sections while crysto #7 ranges from MORB-like (1.6–3.0 3
taline sections are represented by circles. All symbols encompass analyti1025) to slightly elevated values, while seccal error bars. Samples are plotted against the range of Br/Cl and I/Cl
measured in MORB and the global mantle average K/Cl, as well as seawation #1 is signiﬁcantly enriched and section
ter [Deruelle et al., 1992; Jambon et al., 1995; Kendrick et al., 2012b].
#2 is signiﬁcantly depleted relative to MORB
[Kendrick et al., 2012b, 2013]. The K/Cl ratios
of sections #2 to #7 are higher, while the K/Cl of section #1 is lower than the global MORB average (14)
but all sections are within the range previously determined for contamination free, Cl-poor N-MORB [Bonifacie et al., 2008; Kendrick et al., 2012b]. In summary, the Br/Cl, I/Cl, and K/Cl of samples #1 and #2 are consistently different from the rest of the sample (Figure 4).
5.3. Argon
Blank corrected 40Ar/36Ar ratios from the total gas release of unirradiated chips #2 and #4 are 16,835 6 1627
and 4208 6 148, respectively (Figure 2). The lower 40Ar/36Ar value of section #4 suggests the degree of air
contamination is greater within the partially crystalline sample compared to the glass sample #2. The
40
Ar/36Ar ratio of #2 is within the variation of MORB source mantle, with MORB 40Ar/36Ar heterogeneity
attributed to variable amount of recycled atmospheric Ar [Parai et al., 2012]. Further atmospheric Ar may be
added through a small degree of surﬁcial air contamination, introduced during sample handling [Ballentine
and Barfod, 2000]. The 40Ar/36Ar ratios from sections #2 are consistent with the maximum ratio determined
previously (17,500 6 5600) while section #4 is higher than previously determined (1213 6 19) which may be
factor of heterogeneity introduced from the increased crystallinity. The higher and more consistent
40
Ar/36Ar ratio in section #2 conﬁrms that the magmatic noble gas signature is best preserved within the
glass rind of the chilled margin [Kumagai and Kaneoka, 1998].
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Table 1. Halogen and K Data From 14008C Heating Step of Each Section, Uncertainty is 2r
40

Ar/36Ar

Section No.
#1
#2
#3
Bulk Glassd
#4
#5
#6
#7
Bulk Sample
Interiord
MORBe
Seawatere

d

3390 6 370
17500 6 930
(16,835 6 1627)b
17,100 6 100
12,663 6 466
1065 6 18
(4208 6 148)b
809 6 19
(reanalysis)c
499.8 6 8
(reanalysis)c
387 6 7
(reanalysis)c
3894 6 136
3972 6 30
44,000
295.5

H2Oa (wt %)

Mass (g)

Cl (ppm)

Br (ppb)

I (ppb)

K (ppm)

Br/Cl (31023)

I/Cl (31026)

K/Cl

H2O/Cl

0.17 6 0.03
0.17 6 0.05

0.003
0.010

28.1 6 0.7
66.1 6 0.1

63.9 6 0.8
58.1 6 0.7

10.4 6 0.3
1.0 6 0.1

633.3 6 3.4
539.1 6 1.7

1.01 6 0.03
0.39 6 0.11

103.1 6 3.7
4.5 6 0.4

20.5 6 0.5
7.4 6 0.1

60.5 6 10.8
25.7 6 7.6

0.15 6 0.03
0.16 6 0.02
0.16 6 0.03

0.018

24.8 6 0.3
39.7 6 0.3
13.2 6 0.2

71.9 6 0.5
64.6 6 0.4
40.2 6 0.5

2.9 6 0.1
4.8 6 0.1
2.3 6 0.1

997.7 6 3.1
723.3 6 1.4
565.6 6 5.4

1.29 6 0.04
0.90 6 0.04
1.36 6 0.02

32.5 6 0.9
46.7 6 1.3
48.7 6 1.7

40.2 6 0.9
22.7 6 0.4
38.9 6 0.7

60.4 6 12.1
48.9 6 6.0
121.3 6 22.8

0.16 6 0.03

0.012
0.008
0.020
0.010
0.010
0.009

29.0 6 0.7
28.8 6 7.6
11.6 6 0.2
11.3 60.2
30.8 6 1.0
27.3 6 1.1
29.0 6 0.3
21.8 6 0.3

80.4 6 0.9
79.9 6 0.6
37.9 6 0.3
35.6 6 2.7
94.1 6 4.9
93.0 6 0.7
63.5 6 1.1
64.4 6 1.1

2.9 6 0.1
3.2 6 0.1
1.7 6 0.1
2.4 6 0.4
6.0 6 0.2
5.2 6 0.2
4.0 6 0.1
3.3 6 0.1

1108.0 6 6.1
1106 6 10.36
568.8 6 6.2
566.5 6 2.0
1109.3 6 30.9
554.6 6 144.8
788.5 6 6.2
869.4 6 6.1

65,877

58

380

27.9 6 1.2
30.8 6 8.2
41.8 6 1.6
60.5 6 10.6
54.4 6 2.3
53.4 6 2.8
47.4 6 2.4
44.8 6 2.2
17.5 6 8.7
0.86

38.2 6 0.8
35.4 6 0.6
44.4 6 0.8
45.6 6 0.8
36.0 6 1.4
18.46 6 4.8
39.8 6 0.4
32.4 6 0.4
13 6 4
0.02

55.1 6 10.4
55.6 6 18.0
140.1 6 25.9
150.6 6 25.7
74.7 6 10.1
80.7 6 10.7
78.4 6 6.9
92.5 6 9.3

19,400

1.23 6 0.03
1.23 6 0.03
1.45 6 0.02
1.40 6 0.11
1.36 6 0.08
1.52 6 0.65
1.15 6 0.04
1.33 6 0.03
1.31 6 0.28
1.50

0.17 6 0.03
0.23 6 0.03
0.17 6 0.08
0.17 6 0.03

0.008

50

a

H2O concentrations are from Kumagai and Kaneoka [1998].
Brackets represent the 40Ar/36Ar values determined from unirradiated samples.
Values in italics are reanalyzed samples.
d
Average values are given for the glass (#1 to #3), the interior sections (#3 to #7) and the whole sample (#1 to #7).
e
MORB and seawater data from Graham [2002] and Kendrick et al. [2012b, 2013a].
b
c

6. Discussion
6.1. Evidence of Interaction With the Surrounding Marine Environment
The outer glass sections #1 and #2 are enriched in Cl and have different Br/Cl, I/Cl, and K/Cl compared to
the interior sections (Figure 4). The Cl enrichment and lower K/Cl in these sections indicates the possible
addition of a Cl-rich component into the outer glass margin. As potassium and chlorine have similar compatibilities during melting and fractionation, the K/Cl ratio can therefore exclude Cl variations due to magmatic
processes and makes for a sensitive tracer of contamination from Cl-rich seawater and seawater-derived
brines [Kent et al., 2002; Michael and Cornell, 1998]. The lower K/Cl in sections #1 and #2 indicates that the
outer glass sections may have assimilated one of these Cl-rich components.
The variability of Br/Cl and I/Cl across the sections also indicates that sections #1 and #2 have a potentially
distinct source of Br and I when compared to the interior sections and the average MORB reservoir
(Figure 5). The enriched I/Cl in section #1 cannot be a result of the direct mixing with seawater as the section does not lie on mantle-seawater mixing line (Figure 6). Section #1 originated from the ﬁrst 2.5 mm of
the glass margin, which would have been in continuous contact with surrounding marine environment
since its eruption. The alteration of basaltic glass in contact with seawater has been postulated as a potential source of high I/Cl within submarine basaltic glasses [Kendrick et al., 2012b]. The alteration of glass to
palagonite which is enriched in I compared to MORB glass is one potential source of the high I/Cl in section
#1. Microbial alteration of submarine basaltic glass may also introduce biophilic I, with alteration known to
occur on the surface of the basaltic glass almost immediately after eruption [Templeton et al., 2005]. The
entrainment of seawater and nutrient-rich hydrothermal ﬂuids into rapidly cooling lava can support conditions for microbial communities to develop and microbial mats up to several meters thick have been discovered at so called ‘‘snowblower’’ events where microbial ﬂocculent emerges from the seaﬂoor covering
newly erupted lava ﬂows [Crowell et al., 2008]. These microbial processes may be a contributing factor for
the introduction of I in to submarine basaltic glass.
While there is no petrographic evidence of palogonitization features such as, layers of translucent, crystal
free ‘‘gel-palagonite’’ or ﬁbrous anisotropic ‘‘ﬁbro-palagonite’’ both with yellow to brown coloration within
the glass section small-scale alteration cannot be ruled out as the source of high I/Cl in glass section #1
[Stroncik and Schmincke, 2002]. As palagonitization and microbial alteration only affects glass which is in
direct contact with seawater such as the surface of the submarine glass margins or along cracks and fractures the high I/Cl appears limited to section #1 which has been in continuous contact with the surrounding
seawater (Figure 2). The alteration of basaltic glass from contact with seawater is also likely to introduce
seawater-derived atmospheric Ar which could explain the lower 40Ar/36Ar ratio within section #1 (Figure 2).
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It is therefore considered
that the high I/Cl and the low
40
Ar/36Ar ratio of section #1 is
most likely through the alteration of the glass on the surface of the quenched glass
margin. Overall the geochemical evidence for alteration is
minor within this sample,
recording only the ﬁrst stage
of alteration (microbial and
palagontization) from the
interaction between the glass
surface of the lava and surrounding seawater at ambient
temperatures.
Section #2, unlike section #1,
has an I/Cl ratios which lies
below, yet close to the mixing line deﬁned between the
average value of sections #3
to #7 and seawater suggesting the assimilated component has a seawater-like I/Cl
ratio (Figure 6). Although
the I/Cl ratio of section #2
Figure 4. (a) Variations of Cl, Br, I, and K in the chilled margin transect at 2.5 mm intervals from
plots close to the mixing line
the glass surface (#1) to the crystalline interior (#7). (b) Variations in K/Cl, Br/Cl, and I/Cl along
between mantle and seawathe same transect. All concentrations are normalized to section #7. Data symbols encompass
2r error bars.
ter end-members, this is
not true of the Br/Cl ratio
(Figure 6). The Br/Cl ratios of both section #1 and #2 are considerably lower (almost 4 times lower for #2)
than the seawater value. H2O/Cl and K/Cl in sections #1 and #2 are also lower than sections considered to
be free from contamination (#3 to #7) and seawater, suggesting these sections have assimilated a Cl-rich
component that does not have a seawater-like composition.

Figure 5. Log-log plot of Br/Cl versus I/Cl for all sections through the chilled margin. Expanded view shows variation of samples within the
MORB ﬁeld. ‘‘Total glass’’ average of glass bearing samples #1 to #3 (Table 1). Reference values are shown for seawater, MORB [Kendrick
et al., 2012a] and marine pore ﬂuids/brines [Fehn et al., 2000, 2003; 2007a, 2007b; Kastner et al.,1990; Muramatsu et al., 2001, 2007; Martin
et al., 1993]. Sections #3 to #7 plot close to MORB values, while sections #1 and #2 suggest some form of seawater contamination. Lines
are representative of a mixing line between MORB and halite. Analytical uncertainties are 2r.
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Figure 6. Br/Cl, I/Cl H2O/Cl of all sections are plotted relative to K/Cl ratio (H2O
data are from Kumagai and Kaneoka [1998], given in Table 1). (a) I/Cl versus K/Cl
of sections #1 to #7. Mixing line between sections #3 to #7 (average melt composition) and the seawater end-member is shown. Section #2 lies close the seawater
end-member while section #1 has much higher I/Cl from possible microbial alteration on the surface of the glass. (b) Br/Cl versus K/Cl and (c) H2O/Cl versus K/Cl.
Lines determined by error-weighted linear regression between the average value
for sections #3 to #7 and data for sections #1 and #2 are shown, with the potential
assimilant (green star) determined at the intercept.

10.1002/2016GC006711

Potential pathways for the introduction of a Cl-rich component include,
the assimilation of hydrothermal
brines and, or altered crust, and longterm alteration of the glass in contact
with seawater. Chlorine enrichment
from hydrothermal processes within
the submarine volcanic system is
thought to readily introduce Cl-rich
components into submarine magmas
[Kendrick et al., 2013; Kent et al., 1999;
Michael and Schilling, 1989; van der
Zwan et al., 2015]. Hydrothermal boiling and the formation of brines can
occur in the oceanic crust through the
interaction with circulating seawater
and, or on the seaﬂoor during eruption
which could be the source of Cl enrichment within the glass rim. Furthermore,
hydrothermal boiling of seawater leads
to the partitioning of the noble gases
into the vapor phase relative to the gas
poor brine. Section #2 has retained a
magmatic 40Ar/36Ar signature (16,800)
similar to the uncontaminated section
#3 (17,100) indicating that the assimilant that introduced the Cl-rich component did not introduce signiﬁcant
amounts of atmospheric noble gases
associated with seawater (Figure 2). The
incorporation of brines prior to or during eruption could be capable of generating the Cl enrichment within glass
rim, while maintaining their original
magmatic noble gas signature (Figure
6) [Kendrick et al., 2013; Perﬁt et al.,
2003].

Long-term alteration of the basaltic
glass can also introduce Cl into basaltic
glass samples through the precipitation
and, or incorporation of Cl-rich minerals. Some alteration minerals such as
amphibole have similar Br/Cl and I/Cl ratios as those observed in section #2 [Kendrick, 2012a; Kendrick and Burnard, 2013; Chavrit et al., 2016]. Alteration minerals such as carbonates, clay minerals, and serpentine formed
during extended hydrothermal interactions, as well as potential amphibole, epidote, and chlorite formation
during metamorphism can impart Cl-rich signatures into the basalt [Kyser and O’Neil, 1984].

The alteration of the basaltic glass margin is, however, not considered to be the dominant process for introducing the Cl-rich component. There is no petrographic evidence of alteration minerals present within the
glass apart from minor microbial and, or palagonitization on the outer surface of the glass. Furthermore Cl
element maps created from two chips of the most contaminated section (#2) do not show any evidence for
Cl-rich alteration minerals or Cl-bearing phases being present (supporting information Figure S2).
The halogen ratios within sections #1 and #2 are therefore most likely to be the result of a set of complex
interactions between a hydrothermal component such as a brine prior to, or during, eruption resulting in
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lower than MORB Br/Cl, as well as continuous microbial alteration in the outer glass resulting higher then
MORB I/Cl [Kendrick et al., 2013; Perﬁt et al., 2003; Soule et al., 2006; van der Zwan et al., 2015].
6.2. Composition of the Assimilant
The interaction between saline brines created from hydrothermal boiling and phase separation with the
melt in the magma chamber, or during eruption can impart a unique signature on the glass which can be
resolved by forming binary mixing lines between the contaminated (#1 and #2) and uncontaminated (#3 to
#7) sections to determine the H2O/Cl and Br/Cl ratios of the assimilant and determine its origin [Kendrick
et al., 2013; Kent et al., 2002].
The H2O/Cl and the Br/Cl ratios within section #2 are much lower than the seawater value (Figure 6). Low
H2O/Cl ratios within basaltic glasses have been attributed to the assimilation of brines, which have a higher
salinity than seawater. Extrapolating the H2O/Cl and Br/Cl ratios relative to the K/Cl ratios from the original
mantle source value (#3 to #7) can estimate the ratios of the assimilant and also the salinity of the assimilant, assuming the K/Cl of the assimilant is similar to the average of modern high temperature deep hydro€hlke and Irwin, 1992; Thompson and Fournier, 1988, Figure 6]. The average K/Cl
thermal brines (0.1 6 0.09) [Bo
(39.8 6 0.4), H2O/Cl (92.5 6 9.3), and Br/Cl (1.38 6 0.15 3 1023) ratios of sections #3 to #7 are used to deﬁne
the original melt composition. Extrapolated H2O/Cl and Br/Cl ratio of the assimilant are 17.8 6 16.3 and
1.83 6 0.30 3 1024, respectively. The low H2O/Cl of the assimilant compared to seawater (50) indicates the
assimilant has a higher salinity (9.8%) than pure seawater (3.5%) conﬁrming that the assimilant is most likely
a high salinity brine component. The large error associated with H2O/Cl ratio of the assimilant is due in part
to the large variation of H2O/Cl ratios within the sections used to deﬁne the original composition of the
melt and the limited number of sections which deﬁne the linear regression and the intercept.
Experimental results suggest that the behavior of Br during phase separation and the formation of hydrothermal brines is dependent on the surrounding environmental conditions, resulting in the modiﬁcation of
the original seawater Br/Cl ratio [Foustoukos and Seyfried, 2007]. During phase separation Br is preferentially
incorporated into the vapor phase [Foustoukos and Seyfried, 2007]. The fractionation of Br in to the vapor
phase can be further enhanced by a ‘‘salting-out’’ effect producing Br/Cl ratios lower than seawater within
the highly saline brines [Stoessel and Carpenter, 1986; Foustoukos and Seyfried, 2007]. Previous studies of
basalts that exhibit evidence of brine assimilation suggest they also have assimilated saline brines with low
H2O/Cl but high Br/Cl ratios, formed through the interaction with amphibole within the crust [Berndt and
Seyfried, 1990; le Roux et al., 2006; Kendrick et al., 2013; van der Zwan et al., 2015]. The Br/Cl of the assimilant
within sections #1 and #2 (1.38 6 0.30 3 1024) is lower than brines present in previously analyzed submarine basaltic glasses (4.0 3 1023), but is within the range of brines measured at hydrothermal vents (0.6–1.7
3 1023) [Butterﬁeld et al., 1994; Kendrick et al., 2013; Oosting and Von Damm, 1996].
Evidence of brine assimilation within the sample is restricted to the outer glass margin and is not pervasive
throughout the whole sample. The preservation of variable amounts of brine assimilation in a preeruptive
basaltic melt is considered unlikely. There is no petrographic evidence of magma mixing being preserved
within this sample. Consistent K/Cl and Br/Cl across sections #3 to #7 further indicates that the original melt
had a consistent geochemical signature and magma mixing did not produce the geochemical variability in
the glass sections. Variations in concentration can be attributed to the heterogeneous nature of the sample,
which contains variable amounts of glass, microcrystalline matrix and fully crystalline phases. Halogens and
K are concentrated in the glass and microcrystalline matrix compared to the crystalline phases and heterogeneous sampling during bulk analysis will lead to varying concentrations across the sample without altering the K/Cl and Br/Cl ratios [Foland et al., 1993]. The low K/Cl and Br/Cl in sections #1 and #2 compared to
the inner sections cannot therefore have been produced be either mixing of two different magma sources,
or the heterogeneous assimilation and preservation of brine within the magma chamber and must have
been introduced during or after eruption when sample homogenization was no longer possible.
Submarine lava ﬂows have been shown to feature cavities indicative of vapor being present during eruption
[Perﬁt et al., 2003; Soule et al., 2006]. The vapor is formed from the phase separation of seawater, trapped
within the lava. Chemical interaction between the vapor and the still molten lava is limited, although the
brine phase may become trapped in the lava leading to heterogeneous Cl contamination is the areas surrounding the trapped brine [Portner et al., 2014; Soule et al., 2006]. The eruption of basalt DR25A1b at magmatic temperatures and at pressures of 43 Mbar directly into seawater would result in the phase separation
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Table 2. Quantiﬁcation of Brine Assimilation for Sections #1 and #2

Section No.

Ratio Useda

Measuredb
Cl (ppm)

#1

K/Cl
H2O/Cl
Br/Cl
K/Cl
H2O/Cl
Br/Cl

28.12 6 0.70
28.12 6 0.70
28.12 6 0.70
66.08 6 0.07
66.08 6 0.07
66.08 6 0.07

#2

Calculatedc
Cl %

Cl (ppm)

48.8 6 0.7
44.5 6 17.0
27.8 6 5.1
81.6 6 0.4
>70.3
81.9 6 3.3

13.5–13.9
7.8–17.2
6.4–9.2
53.7–54.2
> 46.5
51.7–56.0

a

Refers to the elemental ratios (K/Cl, H2O/Cl, and Br/Cl used within equation (1) to determine the percentage of assimilated Cl.
Chlorine concentrations measured within glass chips #1 and #2 assumed to contain an assimilated brine component.
c
Percentage of assimilated Cl is calculated from equation (1), with Cl concentration derived from assimilation also shown.
b

of any trapped seawater into a brine and vapor phase within the NaCl-H2O system [Driesner and Heinrich,
2007]. The H2O/Cl and Br/Cl within sections #1 and #2 may therefore be the result the rapid assimilation of
brines originating from seawater into the melt or recently cooled glass during eruption, leading to heterogeneous assimilation within the glass margin.
6.3. Quantifying Brine Assimilation
If it is assumed that the Cl, Br, K, and H2O are only being added by the assimilation of a brine component
and that contributions from the possible (microbial) alteration of section #1 discussed earlier is minor,
then it is possible to estimate the quantity of brine derived Cl added to sections #1 and #2 [Kendrick et al.,
2013]:
X

X
Cl assimilant2 Cl glass

3100
% Assimilated Cl512 X
X
Cl assimilant2 Cl melt

(1)

where X 5 Br, K, and H2O, enables the percentage of assimilated Cl within the glass to be calculated. The
X/Cl values of the melt are estimated by averaging values obtained from sections #3 to #7 yielding K/Cl 5 39.8 6
0.4; Br/Cl 5 1.33 6 0.07 (3 1023); and H2O/Cl 5 92.5 6 9.7. Appropriate X/Cl for sections #1 and #2 are used for
the glass compositions in equation (1). For simplicity, we assume the K/Cl value of the assimilant to be
€hlke and Irwin,
low at 0.1 6 0.09, determined from the direct measurement of hydrothermal brines [Bo
1992; Thompson and Fournier, 1988]. The Br/Cl (1.83 6 0.30 3 1024) and the H2O/Cl (17.84 6 16.33) ratios
for the assimilant are calculated previously using error-weighted regressions to limit the inﬂuence of
data with large errors.
The amount of assimilation within sections #1 and #2 is summarized in Table 2. All estimates calculated
using the extrapolated ratios (Br/Cl and H2O/Cl) in equation (1) take into account the errors associated with
the regression, and values stated in Table 2 show the maximum possible range of assimilated Cl. Section #2
which is the most affected, is estimated to have derived greater than 70% of its total Cl content from assimilation of a brine component. The percentage of Cl assimilated in section #2, using K/Cl and Br/Cl produces
similar estimates of 81.6 6 0.3% and 81.9 6 3.3%, respectively. The proportion based on H2O/Cl is broadly
consistent at 91.5 6 21.1%. Estimates of Cl assimilation in section #1 are similar using K/Cl (48.8 6 0.7%) and
the H2O/Cl (44.5 6 17.0%); however Br/Cl gives a slightly lower value (27.8 6 5.1%). As the calculation
assumes any deviation from the average melt value is due to addition from the assimilant and not due to
sample heterogeneity or other forms of contamination, the proportion of brine assimilation calculated for
sections #1 and #2 is considered to represent an upper limit.
6.4. Assimilation Mechanism
Within the limitations of the calculation, section #2 appears to contain the highest proportion of brine component. The greater amount of brine assimilation calculated in section #2 requires there to be a process
which can introduce or maintain brine/melt interaction heterogeneously throughout the glass margin.
Petrographically there is no evidence for assimilation in section #2 (supporting information), however
higher Cl and Na content within glasses along the edges of the visible fractures and surrounding vesicles of
trapped seawater compared with fracture and vesicle free glass indicates that seawater can be introduced
and interact with the basaltic melt locally [Schiffman et al., 2010; Soule et al., 2006].

BROADLEY ET AL.

BRINE ASSIMILATION IN SUBMARINE BASALT

2423

Geochemistry, Geophysics, Geosystems

10.1002/2016GC006711

Section #1, which was in direct contact
with the surrounding seawater during
eruption, would have experienced
rapid quenching [Grifﬁths and Fink,
1992] and as such would have been
closed to any interaction with the seawater relatively quickly. The inner sections of the quenched margin would
then have been insulated from the
cooling seawater by the quenched
outer glass and therefore would have
remained molten for a longer period
of time allowing the inner sections to
Figure 7. Adaptation of Figure 4 from Kumagai and Kaneoka [1998] showing the
continue interacting with the brine
132
36
40
36
40
36
Xe/ Ar versus Ar/ Ar of all sections (excluding #6) as well as new Ar/ Ar
phase. Concentrations gradients of Cl,
from sections #2 and #4 from this study. The sections are displayed against the
Na, and K across fractures in submarMORB [Graham, 2002] and possible contamination end-members, including air,
seawater [Ozima and Podosek, 1983], and sediments [Matsuda and Nagao, 1986].
ine basaltic glass are consistent with
The ratios from the samples show that the ratios from the deep glass (#2 and #3)
diffusion between seawater-derived
have the lowest degree of contamination and have mostly retained their original
MORB signature. Other sections have experienced contamination with samples
ﬂuids and the glass while still molten
trending toward atmospheric 40Ar/36Ar and greater than atmospheric 132Xe/36Ar
or at temperatures within the glass
similar to oceanic sediments. Errors are smaller than symbols.
transition interval [Schiffman et al.,
2010]. Areas of Cl enrichment surrounding these fractures exhibit a reddening of the glass due to the rapid oxidation of ferrous iron in melt
in response to seawater interaction (Figure 8). Section #1 also exhibits a red alteration along the surface of
the glass margin and within fractures, suggesting that these fractures may act as a conduit for the introduction of seawater into the deeper glass (Figure 2).
The encapsulation of seawater in the melt is another process which may have introduced a brine component into the glass. Large vesicles (1–5 mm) in the surface of the glass are thought to be formed from seawater being trapped as the surface deforms and folds, which can enrich the surrounding glass by up to an
order of magnitude relative to the ambient glass concentration [Soule et al., 2006]. No evidence of seawater

Figure 8. Conceptual model of seawater contamination within a deep sea basaltic lava margin during and after eruption. (a) During the
eruption the outer glass sections incorporate a saline brine component, formed by the hydrothermal boiling of the surrounding seawater.
Phase separation during boiling leads to halogen fractionation and loss of seawater-derived noble gases; the resulting saline brine is then
incorporated into the glass along cracks or within seawater encapsulation features. The interaction between the molten glass and seawater causes rapid oxidation of the glass leading to reddening of the glass on the outer glass surface and along fractures. (b) The surface of
the glass rim shows an enrichment in iodine from the possible microbial alteration of the glass in continuous contact with seawater. The
crystalline interior has atmospheric 40Ar/36Ar and greater than atmosheric132Xe/36Ar most likely introduced through the interaction of seawater with the crystalline sections leading to noble gas adsorption and potential heavy element enrichment.
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encapsulation features are seen within sections #1 and #2 of the chilled margin although the limited sample
size does not rule out seawater encapsulation as a potential mechanism for the introduction of the brines
in to basaltic glass margins.
The mechanism for the heterogeneous introduction of brine into the glass of this sample is ultimately
unknown. However, evidence of fractures with reddened edges of the glass section #1, which are thought
to represent seawater/melt interaction, is one possible mechanism for the heterogeneous assimilation
throughout the glass. Section #2, which is calculated to be the most contaminated shows little evidence for
fractures with reddened, or Cl enriched edges (Figures 2 and 8). The lack of petrographic evidence for possible assimilation features in section #2 does not rule out the possibility of brine assimilation but only concludes that even detailed petrography may not be able to identify all areas of contamination within basaltic
glass samples especially if it is heterogeneously distributed and on a small-scale limiting the detection of Cl
enriched zones.
6.5. Sedimentary Uptake?
Noble gas ratios from within the sections have previously been suggested to contain a sedimentary component [Kumagai and Kaneoka, 1998]. The 40Ar/36Ar and 132Xe/36Ar ratios of all crystalline sections lie along a
mixing line deﬁned by the mixing of a MORB component with that of a sedimentary end-member toward
the sample interior, with section #7 indistinguishable from the sedimentary ratio (Figure 7). This was
explained previously by incorporation of ﬁne-grained sediment disturbed and incorporated into the molten
interior [Kumagai and Kaneoka, 1998]. Iodine is particularly enriched in organic-rich sediments due to the
biophillic behavior of this element [Muramatsu et al., 2001]. The I/Cl ratios of interior sections with sedimentary 40Ar/36Ar and 132Xe/36Ar ratios, range from MORB-like to slightly elevated I/Cl ratios but show no progression toward more sedimentary-like values toward the interior, with the glass section #1 having the
highest I/Cl of any section (Figure 5).
The basaltic chilled margin used in this study originates from the neovolcanic zone of the RTJ, which typically has little sediment; the direct incorporation of sediment into the erupting melt is therefore thought to
be unlikely [Kumagai and Kaneoka, 2005]. The entire sample represents the chilled margin of a drained
basaltic lava ﬂow [Kumagai and Kaneoka, 2003, 2005]. The hollow lava ﬂow would have allowed seawater to
interact with the crystalline interior. The posteruption inﬁltration of seawater along the grain boundaries of
the inner sections could cause noble gases to be adsorbed to the grain surface. The adsorption of noble
gases can cause mass fractionation and enrichment in heavier elements (Xe > Kr > Ar), which is a contributing factor to the Xe enrichment in sediments [Fanale and Cannon, 1971].
The ﬂux of seawater through the hollow lava ﬂow could also introduce I into the crystalline interior through
microbial alteration which is suggested to be the cause of the high I concentration and I/Cl ratio in section
#1. A similar process may control the I concentration within section #7, although there is little evidence that
microbial alteration within crystalline basalt is pervasive compared to basaltic glass [Torsvik et al., 1998]. The
enrichment of I in the section #1 and #7 as well as Xe in section #7 is most likely not related to the physical
incorporation of sediments into the melt as previously suggested and is more likely due to another process
or combination of processes such as heavy element enrichment from adsorption and, or microbial
alteration.
6.6. Implications
Contamination within the quenched margin of sample DR25A1b is heterogeneously distributed within the
outer glass sections, with no correlation between distance from the sample surface/seawater interface and
the degree of contamination. Section #2 has a geochemical signature that requires that it to have assimilated a Cl-rich brine component however, there is no petrographic evidence of alteration or Cl bearing secondary minerals being present in this section (Figure 2 and supporting information Figure S2). Detailed
petrography only provides a two-dimensional snapshot of any given sample and therefore even detailed
petrography may not be able to identify basaltic glass samples which contain an assimilated component.
The level of contamination in this sample is signiﬁcant, although the unique Br/Cl and I/Cl signatures within
the outer glass sections are not prevalent in previous studies of halogens in submarine basalts [Kendrick
et al., 2012b, 2013]. The low starting halogen concentrations in this sample, which is typical of N-MORB type
basalts may be a factor in the degree of contamination, with a small degree of assimilation being able to
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overprint the original halogen signature. The mechanism of assimilation is ultimately unknown and further
investigation is needed to establish whether fractures play a role as conduits for introducing hydrothermal
ﬂuids to the glass interior and if N-MORB are more susceptible to this type of localized contamination. Until
the exact mechanism of assimilation is known it is recommended to avoid heavily fractured glass and select
multiple chips from the same sample or samples with a wider spatial sample distribution originating from
the same eruption to limit the contribution from any localized contamination that may be present as shown
in this study.
Br/Cl and I/Cl variation in submarine basalts considered to be free from contamination is, 1–2 3 1023 and
1–5 3 1025, respectively. Previous research has indicated that samples out-with these ranges have assimilated a Cl-rich brine component into the melt, with up to 95% of the Cl within the samples being derived
from assimilation [Kendrick et al., 2013]. Our study has shown that this level of Cl assimilation (up to 70%)
can occur at a small-scale within submarine basalts, through direct interaction with seawater during eruption, without showing obvious contamination indicators. The Br/Cl and I/Cl variance observed in the mantle
from the analysis of visually and petrographically uncontaminated submarine basalt samples therefore may
not be representative of the mantle as small-scale assimilation in submarine basalt samples may be a contributing factor to the heterogeneity observed. The mantle Br/Cl and I/Cl may therefore be even more
homogeneous than currently thought.
Finally, the degree of halogen assimilation within sections #1 and #2 as estimated from the halogen, K and
H2O data is not consistent with evidence from the noble gases. Section #2 contains the highest proportion
of assimilated brine; however, this sample has a mantle-like 40Ar/36Ar ratio, similar to the value of the least
brine-affected glass section (#3). Halogen and noble gas contamination within the contaminated sections
therefore appears decoupled with brine assimilation not appearing to introduce a signiﬁcant atmospheric
noble gas component perhaps due to signiﬁcant amount of noble gas loss (30%) from brines during
phase separation [Winckler et al., 2000]. Noble gas contamination within the glass sections is therefore most
likely a secondary feature added during sample handling, which can therefore be mitigated against by
using steps such as using multiple step heating analysis or storing sample under vacuum prior to analysis
[Ballentine and Barfod, 2000; Kumagai and Kaneoka, 2003].

7. Conclusion
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Geochemical evidence from halogen, K, H2O, and noble gas data indicates that the outer glass layers of
quenched submarine MORB can be contaminated through the direct interaction with surrounding seawater
during eruption.
The assimilant found to be present within the glass margin is not that of pure seawater but a saline brine
phase. This is formed by boiling and phase separation of seawater during the eruption of the lava. The boiling and phase separation of seawater also partitions the noble gases into the vapor phase, and will therefore have a limited effect on the noble gas signature of the sample.
The level of contamination estimated within the glass rind can be signiﬁcant with up to 70% of the Cl
being derived from assimilation, suggesting that under certain conditions small amounts of brine assimilation during eruption can signiﬁcantly overprint the original halogen signature. The assimilated component
appears to be heterogeneously distributed throughout the glass and may be related to the location of fractures within the glass.
This study shows that interactions between an erupting basaltic lava ﬂow and the surrounding seawater
has the potential to overprint the original halogen mantle signature at a level that is similar to the range of
variance found in the accepted range of uncontaminated erupted MORB. Future studies that deal with
marine overprinting of glass samples will be required to reﬂect on whether this variance is eruption related
or represents real variance in the MORB-source.
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