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[1] Absolute paleointensity estimates from submarine basaltic glass (SBG) typically are of high technical
quality and accurately reflect the ambient field when known. SBG contains fine-grained, low-Ti magnetite,
in contrast to the high-Ti magnetite in crystalline basalt, which has lead to uncertainty over the origin of the
magnetite and its remanence in SBG. Because a thermal remanence is required for accurate paleointensity
estimates, the timing and temperature of magnetite formation is crucial. To assess these factors, we gener-
ated a suite of synthetic glasses with variable oxygen fugacity, cooling rate, and FeO* content. Magnetic
properties varied most strongly with crystallinity; less crystalline specimens are similar to natural SBG and
have weaker magnetization, a greater superparamagnetic contribution, and higher unblocking temperatures
than more crystalline specimens. Thellier-type paleointensity results recovered the correct field within 1o
error with 2 (out of 10) exceptions that likely result from an undetected change in the laboratory field.
Unblocking and ordering temperature data demonstrate that low-Ti magnetite is a primary phase, formed
when the glass initially quenched. Although prolonged heating at high temperatures (during paleointensity
experiments) may result in minor alteration at temperatures < 580°C, this does not appear to impact the accu-
racy of the paleointensity estimate. Young SBG is therefore a suitable material for paleointensity studies.
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1. Introduction

[2] Submarine basaltic glass (SBG) has been
increasingly used in recent years to recover geo-
magnetic paleointensity variations. A high per-
centage of specimens demonstrate ideal behavior in
stepwise reheating experiments designed to recover
paleointensity estimates, primarily because of the
small grain size of the magnetite particles (com-
pared to basalt) and because the glassy matrix may
protect the particles against thermochemical alter-
ation during the experiments. SBG has thus provided
a new material for studying long-term fluctuations
in geomagnetic intensity [e.g., Selkin and Tauxe,
2000; Riisager et al., 2003; Tauxe and Staudigel,
2004; Tauxe, 2006]. Over shorter time scales where
geomagnetic intensity fluctuations are indepen-
dently known, glass paleointensities have been used
to provide both absolute and relative age estimates of
mid-ocean ridge lavas [e.g., Gee et al., 2000; Carlut
and Kent, 2000; Carlut et al., 2004; Bowles et al.,
2005, 2006].

[3] SBG magnetization appears to be carried by
low-Ti (titano)magnetite [Pick and Tauxe, 1994;
Carlut and Kent, 2000], and it is the fine-grained
nature of this magnetic carrier that makes it an ideal
material for paleointensity experiments. To recover
valid paleointensity estimates, however, the mag-
netic remanence carried by this phase must be a
primary thermoremanent magnetization (TRM), i.e.,
the magnetization must be acquired at high tem-
peratures when the glass initially cools. This premise
has been questioned for SBG; Heller et al. [2002]
argue [citing Buddington and Lindsley, 1964] that
low-Ti magnetite is not an equilibrium phase in
mafic lavas, which typically have titanomagnetite
with ~60 mol percent ulvospinel (Fe,_Ti, O4, with
x = 0.6, or TMgp). Although equilibrium crystalli-
zation is not expected in quenched glass, Heller et al.
[2002] suggested that SBG remanence is entirely
chemical in origin and that it is acquired at ambient
seafloor temperatures. If true, such an assertion
would mean that paleofield estimates from SBG
cannot provide a valid record of geomagnetic field
intensity.

[4] A more plausible concern is that the magnetite
crystallizes during cooling at elevated tempera-
tures, but below the Curie or blocking temperature,
thus acquiring a thermochemical remanent mag-
netization (TCRM) over part of the blocking tem-
perature spectrum. In this case, only part of the
blocking temperature spectrum may be legitimately
used in recovering paleointensity. Because the

origin of magnetite in SBG is not understood, a
number of authors have expressed concerns over the
validity of intensity estimates from glasses [e.g.,
Smirnov and Tarduno, 2003; Morales et al., 2003;
Goguitchaichvili et al., 2004].

[5] We have therefore undertaken an experimental
study designed to determine the conditions under
which magnetite forms in basaltic glass and thereby
to assess whether paleointensity determinations
from SBG are valid. We explore the effects of tem-
perature, melt composition, oxygen fugacity (fO,),
and cooling rate on the magnetic mineral assem-
blage in rapidly cooled basaltic melts. A companion
study [Burgess et al., 2010] additionally examines
the possible role of posteruption oxidation in mod-
ification of the quenched glass. For comparison, we
examine zero age, young (10s of kyr) and much
older (up to ~100 Myr) natural samples. Finally, we
present results from paleointensity experiments on
synthetic samples generated in a known magnetic
field to directly test the fidelity of the magnetic
recording process.

2. Magnetic Remanence in Submarine

Basaltic Glass

[6] Despite speculations (above) that SBG magne-
tization is a CRM acquired at ambient seafloor
temperatures, there is abundant indirect evidence
(summarized by Tauxe and Staudigel [2004] and
Bowles et al. [2005]) suggesting that the low-Ti
phase forms at high temperatures and carries pre-
dominantly a TRM. The strongest evidence sup-
porting an original TRM in basaltic glass comes from
analysis of historical flows where the geomagnetic
field intensity is known. This straightforward test
has been conducted in several localities. With one
exception, in an area with extremely large local
magnetic anomalies [Carlut and Kent, 2000], glass
paleointensities from these historical flows give
values consistent with the known field intensity
[Pick and Tauxe, 1993b; Mejia et al., 1996; Carlut
et al., 2000], including samples from a well-
documented eruption at 9°50'N on the East Pacific
Rise in 1991. A much larger number of samples
(N = 26) presumed to be from the same flow were
analyzed by Bowles et al. [2006]; again, the
majority of results are consistent with the known
field, although a few samples give paleointensity
estimates lower than the expected field (with sample
means up to 25% too low). Paleointensities from
historical samples from the southern East Pacific
Rise [Bowles et al., 2005] also are consistent with
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Table 1. Bulk Compositions of Starting Materials

N10 N1l N14
SiO, 49.94 50.57 51.32
TiO, 1.73 1.99 2.58
AlLO; 14.83 14.12 13.70
FeO 10.11 11.27 13.69
MgO 7.71 6.82 5.82
MnO 0.18 0.21 0.22
CaO 11.75 11.14 10.71
Na,O 2.95 2.98 2.25
K,O 0.15 0.16 0.17
P,05 0.18 0.19 0.20
Total 99.54 99.45 100.66

the known field, while paleointensities from older
samples are consistent with all observational evi-
dence of relative age, as well as limited radiometric
ages determined by 2'°Pb/**°Ra disequilibria [Rubin
et al., 2001; Bergmanis et al., 2004].

[7] Many of the historical flows were sampled and
measured within a few years or months of eruption.
Therefore, if the magnetic remanence is acquired as
magnetic minerals nucleate and grow after cooling,
this must occur within a very short time (less than a
few years). Seafloor alteration of basaltic glass
begins with hydration, which results in the devel-
opment of an amorphous gel-palagonite, enriched
in Fe and Ti [Stroncik and Schmincke, 2001] and
possibly containing amorphous Fe-Ti oxyhydr-
oxides [Kruber et al., 2008]. As hydration proceeds,
the gel-palagonite eventually develops into crystal-
line clays, accompanied by authigenic precipitation
of zeolites and other clays [Muhe and Stoffers, 1995;
Stroncik and Schmincke, 2001; Staudigel et al., 2008].
While this may include the weakly magnetic phase
goethite, none of these processes result in the for-
mation of magnetite or titanomagnetite. Further-
more, while these time scales are not well
constrained, most young (<100 yr) submarine glasses
show little to no evidence for palagonization or
alteration.

(8] Heller et al. [2002] speculated that one way to
quickly form magnetite in SBG at ambient sea-
floor temperatures is through a biomediated reac-
tion. Young (<50 ka) glass may develop a biofilm
encrusted in an Fe-rich precipitate [Thorseth et al.,
2001], and microbial alteration in 6 Ma basaltic
glass was found to preferentially remove Fe (as well
as Mg, Ca, and Na), replacing altered glass with
phyllosilicates [Alt and Mata, 2000]. While these
phyllosilicates may be enriched in Fe compared
to abiotic alteration products [Storrie-Lombardi and
Fisk, 2004], and secondary Fe sulfides have been
associated with biotic alteration of glass [A/t and

Mata, 2000; Banerjee and Muehlenbachs, 2003],
there is no evidence to date suggesting microbial
production of magnetite in SBG.

[s] Ambient seafloor alteration resulting in mag-
netite seems unlikely, but high-temperature, non-
equilibrium crystallization processes may produce
nonequilibrium (titano)magnetite. Thermodynamic
calculations for a simple binary melt predict non-
equilibrium compositions for rapid cooling [Hort and
Spohn, 1991]. In an exploration of crystal nucleation
in more complex, highly supercooled magnesium
metasilicate melts, Cooper et al. [1991] induced the
formation of metastable forsterite, despite the fact
that it is not an equilibrium phase in the solid. They
determined that this is achieved through a liquid-
phase immiscibility that precedes crystallization.
As a final example, Zhou et al. [2000] undertook a
TEM study of a young (~5 yr) basalt pillow. They
found that while slowly cooled titanomagnetite
grains in the pillow interior have a near-equilibrium
composition (~TMg), smaller titanomagnetites in
the rapidly cooled pillow margin have a much
broader range in Ti content with an average (non-
equilibrium) Ti/Fe ratio approaching that of the
melt (~TM3). This range in Ti content is consistent
with the liquid phase separation process.

3. Methods

[10] The magnetic properties of synthetic glasses
produced under controlled laboratory conditions
allow evaluation of the conditions under which
magnetite may be produced during vitrification. A
set of synthetic basaltic glass samples was generated
to evaluate the effect of variable cooling rate, fO,,
and composition (predominantly FeO* content) on
the resulting magnetic mineralogy and to understand
the magnetization of SBG.

3.1. Sample Selection and Synthesis

3.1.1. Synthetic Samples

[11] Crushed, natural basalts with three different
bulk compositions (10, 11, and 14 wt% FeO*;
Table 1) were melted in alumina crucibles at 1400°C
for 2 h in a vertically oriented, gas-mixing furnace
(Figure 1). Temperature was then reduced over 2 h
to 1210°C, or 10°C to 40°C above the liquidus as
calculated using the MELTS algorithm [Ghiorso
and Sack, 1995]. The samples were equilibrated at
1210°C for 3 h before cooling. fO, was controlled
via flowing CO-CO, (with the appropriate mixture
calculated for 1210°C) and was varied about the
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Figure 1. Schematic drawing of experimental setup for
glass synthesis (only vertical axis to scale, and crucibles
in reality are 3 cm tall). A Deltech Model DT/31/VT05/
EMS furnace is equipped with a 2 in. inner diameter alu-
mina tube (dashed-solid line). A gas-tight seal is pro-
vided by O-rings cooled by aluminum water jackets at
the top and bottom of the tube. MoSi, heating elements
(heavy, solid lines) are housed inside a steel box that is
lined with ceramic insulation. Three sample crucibles
(one for each composition) are placed on an alumina
disc attached to a rod that can slide up and down. A ther-
mocouple is threaded through the rod with the junction
located between the three crucibles. Samples cooled
through their blocking temperature (with elements off)
are at either position A (field ~13 uT) or B (field ~80
or ~72 uT; see text). The field measured prior to (solid
line) and after (crosses) experiments is given at left.

quartz-fayalite-magnetite (QFM) buffer by £1log;,
unit (QFM — 1 to QFM + 1). One second tempera-
ture measurements during cooling allowed estima-
tion of cooling rates. Actual sample cooling rates are
likely somewhat slower, especially for the most
rapidly cooled samples, as a result of the large
thermal mass of the crucible and sample. Cooling
rate at 1000°C (approximate temperature of peak
oxide formation) was varied by approx1mately an
order of magnitude from ~16°C min~' to ~150°C
min . This was accomplished in one of the fol-
lowmg three ways. (1) For the most rapidly cooled
samples, the samples were quickly (<10 s) lowered to

the bottom of the furnace tube (position B; Figure 1),
which extends below the furnace box. (2) Samples
cooled at an intermediate rate were slowly lowered
to the bottom of the furnace tube, trying to maintain a
cooling rate of ~70°C min_ ! near 1000°C; however,
the actual rate varied between ~60°C min ' and
95°C min~ ' between 1200°C and 800°C. (3) Sam-
ples cooled “slowly” were allowed to cool in the
center of the furnace (position A; Figure 1). In all
cases samples were stationary well before passing
through the Curie temperature of magnetite (580°C),
and power to the furnace elements was shut off
immediately prior to cooling. Samples were all
cooled in (controlled-atmosphere) air, as opposed to
water quenching (see section 5.1). Experimental
conditions are summarized in Table 2

[12] Samples cooled in the ambient laboratory field,
which varied considerably with vertical position
relative to the furnace and the enclosing metal box.
The vertical field gradient was measured before
and after the complete set of sample syntheses;
while the field in the center of the furnace remained
relatively stable (position A; Figure 1), that near the
bottom (position B; Figure 1) was more subject to
temporal variations and is less well constrained.
Slowly cooled samples cooled in the center of the
furnace (position A; Figure 1) in a relatively low
field (~13 uT), while rapidly cooled samples
cooled near the bottom (position B; Figure 1) in a
relatively high field (~72 or ~80 uT). Following
sample synthesis, the natural remanent magnetiza-
tion (NRM) of the samples was measured prior to
subsectioning. Samples were then sectioned lon-
gitudinally into thirds; one third was used for pet-
rographic analyses, the center third was further
subdivided for rock magnetic and paleointensity
experiments, and the final third was reserved as an
archive. When preparing subsamples (specimens)
for magnetic analyses, care was taken to note the
approximate relative position with respect to the
crucible wall whenever possible. Specimens were
thus placed into three groups: mostly glassy centers
(designated group A), specimens directly adjacent
to or in contact with the crucible wall (group C),
and specimens from some intermediate position

(group B).

3.1.2. Natural Samples

[13] A set of natural SBG was selected for compar-
ison of magnetic properties against the synthetic
samples. The natural samples span a range of ages
and magnetization intensities. The latter was intended
as a proxy for varying degrees of crystallinity, as
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Table 2. Experimental Conditions for Sample Synthesis
Approximate Cooling
Rate (°C min ")

Experiment Sample ID* 1000°C 700°C 10, AQFM Approximate Field (uT)
7 M-Nxx-7 153 80 -1 72
4 M-Nxx-4 150° 80° 0 80
2 M-Nxx-2 162 81 0.5 80
5 M-Nxx-5 149 75 1 80
8 M-Nxx-8 68 34 0 72
11 M-Nxx-11 16 54 -1 13
3 M-Nxx-3 16° 5.5° 0 13
6 M-Nxx-6 16 5.5 1 13

*Each sample is the contents of a single crucible. Here xx is either 10, 11, or 14, denoting approximate FeO* content. The final number denotes
seq}uential experiment number; all samples synthesized at the same time share an experiment number.
Cooling rates are not measured directly, but they are estimated based on measurements made under similar conditions.

magnetization generally increases with depth into
the glassy margin. The youngest samples (typically
<40 ka) were collected via submersible near the
axis of the Northern East Pacific Rise. Samples
dredged from the flanks of the Southern East
Pacific Rise are ~200 ka, and a set of Cretaceous
(~92 Ma) glass was collected from the Troodos
ophiolite [Tauxe and Staudigel, 2004].

3.2. Rock Magnetic Experiments

[14] Inaddition to the natural samples, four synthetic
specimens from each crucible were selected for
rock magnetic analyses, encompassing the observed
range of crystallinity and magnetization within the
crucible. Magnetization (M) versus applied field (B)
data (M versus B) were acquired on all specimens at
room temperature to a maximum field of (typically)
1 T. Low-temperature cycling (300 K — 10 K —
300 K) of a room temperature saturation (2.5 T)
isothermal remanence (SIRM) was carried out on a
subset of specimens. (Other low-temperature data
were not diagnostic, but are given in the auxiliary
material.)! Continuous thermomagnetic measure-
ments typically used to derive Curie temperatures
were hampered by the extremely low ferromagnetic
to paramagnetic ratio in most specimens. For two
specimens, we therefore measured magnetic hys-
teresis as a function of temperature up to 600°C to
derive the temperature dependence of saturation
magnetization. For the remainder of the specimens,
we determined unblocking temperature spectra via
thermal demagnetization of a 2.5 T IRM. Finally, to
test for possible magnetite growth on time scales
relevant to paleointensity experiments we gave a
1.5 T IRM to 6 natural glass specimens with varying

' Auxiliary materials are available in the HTML. doi:10.1029/
2010GC003404.

chemistries and of estimated ages ranging from
~10-1000 yr. The specimens were then heated to
100°C and held at this temperature for 1 h. After
cooling, the specimens were again given an IRM and
measured. This process was repeated at 100°C, and
then at successively higher temperatures, so that the
specimens spent a total of 2 h at each temperature.

3.3. Paleointensity Experiments

[15s] Five to eight additional specimens from each
crucible were selected for Thellier-type [Thellier
and Thellier, 1959] paleointensity experiments,
again taking care to encompass the range of mag-
netization present within the crucible. A significant
number of the glassiest samples, however, had
NRM moments too low to accurately measure as
thermal demagnetization proceeded (<107'° Am?).
Glass chips were immobilized in glass tubes that
had been previously screened for low TRM acqui-
sition (<3 x 10" Am?). We used the IZZI protocol
[Yu et al., 2004; Yu and Tauxe, 2005], which alter-
nates the order in which the in-field and zero-field
treatments are applied. Treatments were spaced at
25°C intervals from 100°C to 550°C, and pTRM
checks [Coe, 1967] were carried out every 50°C
during the ‘ZI” steps (zero-field followed by in-field
cooling). A laboratory field of 20, 40, or 75 T was
used for the in-field steps (Table 3).

[16] Anisotropy of thermal remanent magnetization
(ATRM) was evaluated for all specimens that
resulted in successful paleointensity interpretations
(see below). Specimens were first demagnetized at
25°C above the highest temperature used for the
Thellier experiment and then subsequently given a
total TRM at the highest temperature used in the
Thellier experiment (350°C, 450°C or 550°C), along
the specimen +X, +Y, +Z and —X, —Y, —Z directions.
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Table 3. Paleointensity Results®

Spec NRM
Sample ID  ID Type (Am” kg') Npts Low High f g q oy/lbl MAD DANG DRAT Blab Buncor Bcor

M-N10-2  aSb B 242E-04 & 125 300 0.85 0.84 132 0.054 0.9 1.1 50 40 833 829
M-N10-2  aSc A 323E-06 13 125 425 0.87 090 13.5 0.058 3.2 2.1 64 40 80.1 839
M-NI10-2  aSe B 1.02E-04 10 125 350 0.87 0.86 254 0.029 1.1 0.6 27 40 899 888
M-N11-2 a22¢ C 7.03E-05 12 0 350 0.92 0.87 35.1 0.023 2.2 2.1 47 40 789 73.0
M-N11-2 a22d C 1.37E-05 12 0 350 094 0.89 14.6 0.057 23 0.7 46 40 820 723
M-N11-2  a32b C  267E-05 7 200 350 0.52 0.82 13.6 0.031 59 5.6 70 40 628 824
M-NI14-2  ala A 28B8E-06 12 0 350 1.00 0.87 42.8 0.020 0.8 0.5 19 40 73.0 726
M-N14-2  aSa A 1.10E-05 10 125 350 0.92 0.86 86.8 0.009 1.7 1.2 1.3 40 51.8 75.0
M-NI14-2  a5c B 9.8E-05 10 0 300 0.93 0.85 46.5 0.017 1.5 1.0 1.3 40 87.7 723
M-N14-2  a5d B 1.30E-04 8 125 300 091 0.83 149 0.051 1.9 0.1 3.1 40 635 718
M-NI14-2  aSe B 1.98E-04 9 100 300 0.89 0.84 289 0.026 1.7 1.2 43 40 783 77.1
M-N14-2 asf B 7.22E-06 10 125 350 0.97 0.86 48.1 0.017 0.8 0.3 09 40 706 744
Average 752 772
SD 113 58
M-N10-3 ala A 622E-07 15 0 400 0.88 0.90 17.1 0.047 11.5 132 46 20 7.9 9.8
M-N10-3  a3.1 B 1.98E-06 15 125 450 0.83 0.90 16.9 0.044 8.2 3.8 56 20 176 154
M-NI11-3  adb C 731E-04 11 0 300 0.99 0.79 14.6 0.053 1.7 0.8 58 20 120 117
Average 125 123
SD 4.9 2.8
M-N10-4  ada C 1.67E-05 17 0 450 0.90 0.90 36.8 0.022 4.0 32 57 75 86.6 855
M-N10-4  adb C 290E-05 14 0 375 0.86 0.89 37.6 0.020 1.7 0.7 4.8 75 86.0 87.0
M-N11-4 22a C 694E-05 11 0 300 0.88 0.84 23.2 0.032 1.9 2.6 49 75 742 722
M-N11-4  adb C 1.32E-04 12 0 325 0.88 0.87 23.0 0.033 1.7 1.7 4.5 75 83.0 844
M-N14-4 a32c C 1.50E-05 11 0 300 0.94 0.87 14.6 0.056 5.5 4.6 29 75 901 811
M-N14-4 a4.la B 1.63E-05 11 0 300 1.01 0.84 26.0 0.032 2.5 1.0 57 75 627 729
Average 80.4  80.5
SD 102 6.5
M-N10-5  a2b B 9.81E-07 13 175 450 0.90 0.87 32.5 0.024 6.6 1.0 50 75 623 688
M-NI10-5 a3.2b2 C 1.05SE-04 9 150 325 0.77 0.84 27.4 0.024 19 1.5 66 75 707 734
M-N10-5 a4a C 5.07E-05 10 125 325 0.80 0.86 34.8 0.020 2.0 2.5 43 75 932 911
M-N11-5 a2.la B  3.76E-06 11 175 400 0.85 0.85 78.3 0.009 3.1 23 3.1 75 851 775
M-N11-5 a22b C 231E-05 13 0 350 0.95 090 36.5 0.023 49 1.2 24 75 947 780
M-N11-5 a3.1d C 7.51E-05 12 0 325 090 0.88 31.8 0.025 2.7 1.4 44 75 86.6 792
M-N11-5 aSe B  7.88E-05 11 150 375 0.87 0.86 70.3 0.011 2.8 1.2 2.5 75 828 105.0
M-N14-5 albl C  4.66E-04 11 0 300 0.90 0.87 18.2 0.043 1.7 0.9 39 75 852 821
M-N14-5 a4.1d C 1.97E-03 10 0 275 094 0.85 14.1 0.057 2.0 0.8 1.7 75 1136 844
Average 86.0 822
SD 146 107
M-N10-6 a2.2al C  493E-04 13 100 375 0.82 0.87 17.6 0.041 3.5 2.9 54 20 129 140
M-N10-6 a2.2a4 C 1.0SE-03 13 0 350 092 0.84 173 0.044 2.6 43 6.3 20 133 140
M-N10-6 a3.1d B  5.07E-06 14 100 400 0.84 0.91 25.6 0.030 5.9 3.6 58 20 247 223
M-N10-6  a4dc C 7.A5E-04 11 0 300 0.87 0.84 282 0.026 24 2.5 67 20 133 126
M-N11-6 a22a C 1.52E-04 14 0 375 095 0.88 32.8 0.025 4.3 1.2 43 20 166 193
M-N11-6 a22f C 1.35E-03 12 100 350 0.76 0.84 14.0 0.045 2.9 32 6.1 20 157 15.0
M-N11-6 a22h C 1.25E-03 15 0 400 0.87 090 22.6 0.035 22 1.3 55 20 115 13.0
M-N11-6 a32a C  7.53E-04 13 0 350 091 0.87 24.5 0.032 3.2 4.1 5.5 20 12.0 144
M-N11-6 a32d C 729E-05 15 0 400 097 0.89 223 0.039 34 1.9 57 20 47.0 135
M-N11-6  a4dc B 226E-03 13 0 350 0.92 0.86 20.8 0.038 3.1 32 49 20 141 16.1
M-N14-6 a22a C  4.85E-04 7 0 200 098 0.70 11.8 0.058 2.2 0.9 55 20 135 13.0
Average 177 152
SD 104 3.0
M-N10-7 a22al C  791E-06 13 0 350 0.56 0.90 29.2 0.017 4.4 4.2 20 75 603 605
M-N11-7 a2la B 1.07E-06 15 0 400 0.88 0.90 24.6 0.032 6.3 2.8 66 75 518 498
M-N11-7 a3.la B  596E-06 15 0 400 0.88 0.91 41.2 0.019 1.6 0.3 34 75 624 633
M-N11-7 a32b C  3.04E-05 17 0 450 0.93 091 274 0.031 1.6 0.3 37 75 494 551
M-NI11-7 a32h C  9.53E-05 14 0 375 090 0.89 29.0 0.027 2.1 23 3.8 75 588 626
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Table 3. (continued)

Spec NRM
Sample ID ID  Type (Am2 kgfl) Npts Low High f g q ou/lbl MAD DANG DRAT Blab Buncor Bcor
M-N14-7 a22¢c C 6.11E-05 12 0 325 092 0.85 32.6 0.024 1.8 1.6 5.8 75 66.9 66.9
M-N14-7 a3.lc C 1.37E-04 12 0 325 0.88 0.87 294 0.026 24 2.5 6.1 75 62.7 68.1
M-N14-7 a32b C 2.21E-06 12 0 325 090 0.82 244 0.030 5.8 1.5 53 75 576 613
M-N14-7  a4d.l B 7.99E-06 12 0 325 0.86 0.88 349 0.022 2.2 1.6 6.3 75 69.0 61.8
Average 599 610
SD 6.4 5.6
M-N10-8 a2.lc C 6.83E-05 15 0 400 0.78 0.92 599 0.012 1.9 1.6 2.9 75 70.4  70.5
M-N10-8 a22al C 1.15E-04 11 0 300 0.73 0.87 16.1 0.040 2.3 3.6 2.9 75 68.7 68.8
M-N10-8 a3.lc C 8.42E-05 14 100 400 0.76 091 28.8 0.024 2.9 2.3 4.0 75 742 755
M-N10-8 a3.2a2 C 1.83E-04 14 100 400 0.69 0.89 24.5 0.025 2.2 1.5 3.2 75 61.8 63.6
M-N10-8 adb C 791E-05 16 0 425 0.87 0.92 61.7 0.013 3.5 5.2 33 75 66.1 69.6
M-N11-8 a2.la B 1.10E-06 12 0 325 092 0.89 209 0.039 5.5 4.2 43 75 65.8 66.9
M-N11-8 a2.lc B 2.89E-04 15 0 400 0.89 0.90 399 0.020 3.0 1.9 49 75 513 59.0
M-N11-8 a3.la B 1.77E-06 11 0 300 0.86 0.85 22.2 0.033 6.1 14.3 3.2 75 58.8 554
M-N11-8 a32a B 3.37E-05 17 0 450 1.01 0.89 34.3 0.026 3.6 3.0 3.5 75 57.0 533
M-N11-8 add C 2.86E-04 17 0 450 093 0.90 29.2 0.029 1.2 0.2 4.1 75 66.5 66.9
M-N14-8 a3.la B 4.11E-04 9 0 250 090 0.80 17.0 0.042 1.8 0.7 5.7 75 68.6 61.1
M-N14-8 a3.1d B 2.12E-05 11 0 300 094 0.83 22.1 0.035 1.5 0.4 3.8 75 81.5 573
Average 65.9 64.0
SD 8.0 6.8
M-N10-11 a22a B 4.10E-05 14 0 400 0.95 0.84 14.7 0.054 6.1 2.1 52 40 153 147
M-N10-11 a32a C 7.66E-05 10 0 300 0.84 0.81 13.3 0.051 7.8 34 5.7 40 129 128
M-NI11-11 a22¢ C 3.00E-04 11 100 350 0.67 0.85 29.6 0.019 6.6 12.1 5.2 40 12.1 144
M-N11-11 ada C 1.65E-04 12 0 350 098 0.85 23.2 0.036 1.8 32 4.0 40 11.9 119
M-NI11-11 a4dc C 2.31E-04 12 0 350 096 0.84 29.2 0.028 3.0 4.5 4.3 40 11.5 118
M-N14-11 a22a C 6.61E-05 8 0 250 096 0.68 19.8 0.033 6.2 2.4 5.3 40 8.1 10.7
M-N14-11 a32a C 2.11E-05 7 100 250 0.54 0.76 9.6 0.043 6.4 53 6.4 40 9.4 12.1
M-N14-11 adb C 1.30E-04 7 0 225 093 0.70 259 0.025 3.9 4.0 5.9 40 124 112
M-N14-11 a4dc C 2.93E-04 7 0 225 094 0.75 17.5 0.040 34 6.1 6.3 40 123 129
Average 11.8 125
SD 2.1 1.4

*Paleointensity results listed only for specimens passing quality selection criteria (see text). Sample ID, see Table 2 for synthesis conditions
linked to Sample ID; SD, standard deviation. Spec ID, specimen ID. Type is approximate position of specimen with respect to crucible wall: A,
crucible center; C, adjacent to crucible wall. Npts, number of points used in paleointensity determination; Low, lowest temperature (°C) used in
paleointensity determination; High, highest temperature (°C) used in paleointensity determination; f, fraction of NRM used in paleointensity
determination [Coe et al., 1978]; g, gap factor [Coe et al., 1978]; q, quality factor [Coe et al., 1978]; o1,/Ibl, standard error of the slope divided by
slope [Coe et al., 1978]; MAD, maximum angular deviation [Kirschvink, 1980]; DANG, deviation angle [Tauxe and Staudigel, 2004]; DRAT,
maximum difference ratio [Selkin and Tauxe, 2000]; Blab, lab field used during paleointensity experiments (1T); Buncor, paleofield prior to TRM
anisotropy correction (¢ T); Beor, paleofield after TRM anisotropy correction (uT).

A third set of total TRMs along the +X, +Y, +Z
directions was used to monitor any mineralogical
changes and to evaluate reproducibility.

4. Results

4.1. Microscopy

[17] All quenched synthetic samples vary in crys-
tallinity from sample center to the crucible edge.
Under an optical microscope, samples were glassy
with few to no visible crystals in the crucible
center, while portions in contact with the crucible
were relatively more crystalline, resulting from
heterogeneous nucleation on the crucible wall and
perhaps enhanced by alumina contamination. A
zone of elongate plagioclase crystals and sparse

oxide crystals adjacent to the crucible wall transi-
tions to a spherulitic zone and then to glass in
slowly cooled (16°C min ') samples (Figure 2a).
We use the term “spherulitic” to refer to fine inter-
growths of plagioclase and pyroxene, which in
natural samples are frequently centered about a
plagioclase microlite [e.g., Marescotti et al., 2000];
the term should not be confused with that used to
describe spherical clusters of blade-like, radiating
crystals frequently found in rhyolitic glass, that often
result from devitrification [e.g., Lofgren, 1971].
The largest oxide minerals near the crucible wall
are typically 1-3 pm in diameter, which would
correspond to a multidomain or pseudo-single-
domain state in magnetite. In quickly cooled samples,
no oxides are visible and a continuous spherulitic
zone is absent, although small, discontinuous spher-
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(b) QFM, fast (150°C min™),
14 wt% FeO*

(c) Natural SBG sample,
13 wt% FeO*

a®

£0). RS

Glass Crucible

Crucible  Plag Spherulitic zone Plag Glass

Figure 2. Transmitted light images of representative samples. Most synthetic samples were relatively glassy with
few to no visible crystals in the center of the crucible, while portions in contact with the crucible were relatively more
crystalline. (a) A zone of plagioclase adjacent to the crucible wall transitions to a spherulitic zone and then glass in
slowly cooled samples. (b) In quickly cooled samples a continuous spherulitic zone is absent, though small spherulitic
regions are found at the tips of plagioclase crystals. (c) A natural sample has similar features, including elongate pla-
gioclase grains, often surrounded by spherulitic zones. Plag, plagioclase. Scale bar is the same for Figures 2a—2c.

ulitic areas are associated with the ends of the pla-
gioclase crystals (Figure 2b). At a ~30 nm scale,
glass generated in a companion experiment [ Burgess
et al., 2010] is completely uniform away from the
crucible walls. However, in high-magnification TEM
amorphous immiscibility and (very sparse) nano-
crystals are present [Burgess et al., 2010, Figure 2].
Diffraction patterns are not indexable, but indicate
a cubic phase.

[18] Natural samples all have some plagioclase crys-
tals present (Figure 2c), as well as spherulitic zones,
suggesting some affinity with the slightly crystalline
portions of the synthetic samples. The spherulitic
zones can be seen either at the ends of or wholly
encasing the plagioclase phenocrysts (Figure 2c¢)
and result from undercooling [Kirkpatrick, 1978].

4.2. Rock Magnetic Results

4.2.1. Remanence Data

[19] NRM of the bulk synthetic samples (prior to
sectioning) varies by more than two orders of
magnitude (Figure 3). As expected, NRM is posi-
tively correlated with fO, and negatively correlated
with cooling rate, presumably reflecting relative
variations in the concentration of oxide minerals.
The samples with 10 wt% FeO* have, with one
exception, lower magnetization than those with
11 wt% FeO*. NRMs of the 14 wt% FeO* samples
are roughly equivalent to those of the 11 wt% FeO*
samples, typically slightly higher at fast cooling
rates and somewhat lower at slow cooling rates
(Figure 3), indicating that factors other than bulk
Fe content affect nucleation and growth of Fe
oxides. When subdivided, NRM within the crucible

(measured on individual specimens) varies by up to
four orders of magnitude with considerable het-
erogeneity, but is always lowest in the glassy center,
at or below the ma%netometer measurement thresh-
old (~3 x 10""" Am®). This is similar to natural SBG,
where the lower limit to NRM is at or below the
measurement threshold, and NRM varies over two
to three orders of magnitude.

4.2.2. Magnetization Versus Applied Field
(Hysteresis) Data

[20] Most group A and group B synthetic samples
were dominated by a paramagnetic signal (e.g.,
Figure 4a), while group C samples (those closest to

.I T T T T T T T
10° B -
—~ v
2 ® Em
b H
£ 10l ®
< v ]
s (]
& 0, (AQFM) v
FeO* -1 0 +0.5 +1
108L 14% LI v
11% e o o
10% v v v
0 40 80 120 160

Cooling Rate at 1000°C (°C min"")

Figure 3. NRM (normalized to a 35 uT applied field)
of bulk samples prior to subsampling. When subdivided,
specimen magnetization within the crucible varies by up
to four orders of magnitude with considerable heteroge-
neity, but is always lowest in the glassy center.
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Figure 4. Example hysteresis data. (a—d) Synthetic samples. (e-h) Natural samples. Data from Figures 4a, 4e, and 4f
were discarded. Inset shows raw data (red) and ferromagnetic loop (blue). Main frame shows same ferromagnetic loop
(derived as in text) and (in some cases) a fit to the data using a set of hyperbolic basis functions (red).

the crucible) had a considerably stronger ferro-
magnetic-to-paramagnetic ratio (Figure 4d). In a
few cases where a ferromagnetic signal was clearly
defined, though noisy, data were fit with a series of
hyperbolic basis functions (e.g., Figures 4b, 4c, and
4g), and hysteresis parameters were derived from
this fit [Jackson and Solheid, 2010]. A ferromagnetic
signal, though present, was extremely noisy and a
reasonable fit was not achieved (e.g., Figures 4a
and 4e) in 20 out of 23 group A (center) speci-
mens, 14 out of 21 group B specimens, and 6 out of
52 group C (edge) specimens; hysteresis parameters
are therefore not presented for these specimens.

[21] Many samples displayed nonlinear behavior in
the high-field region (B > 0.7 T), and hysteresis
parameters were thus calculated using an approach
to saturation fit [Jackson and Solheid, 2010]. In
spite of this, a number of specimens have values of
saturation remanence to saturation magnetization
(M,/M) > 0.5 (Figure 5), the theoretical maximum
predicted for assemblages of SD grains controlled
by uniaxial anisotropy. Higher field (5 T) hysteresis
loops from two representative samples suggest that
these elevated M,/M; values result from insufficient
saturation in a 1 T field, as noted by Fabian [2006]
for titanomagnetite.

[22] Correlations between hysteresis parameters and
experimental variables are strongest with respect
to cooling rate (Figure 5a). The general pattern is
consistent with rapidly cooled samples bearing
a mixture of single-domain (SD) and super-
paramagnetic (SP) grains, while more slowly cooled
samples are dominated by SD grains. Data from
natural SBG overlap with the rapidly cooled samples
(Figure 5), and show no trend with respect to age.
Similar to the synthetic samples, most natural sam-
ples were dominated by a paramagnetic signal to the
exclusion of an interpretable ferromagnetic signal
and are not shown in Figure 5.

[23] The variability in crystallinity within each cru-
cible is not fully characterized by the (necessarily)
crude subdivision of specimens into groups A—C.
We therefore represent finer variations in crystal-
linity by using the proxy —log;o(Mg). This proxy
varies from ~0.5 (high crystallinity) to ~4.5 (low
crystallinity), and hysteresis data are plotted as a
function of this proxy in Figure 5b. Group A spe-
cimens (glassy crucible centers) have an average
index of 3.7; group B, 3.0; and group C, 2.1.
Regardless of location in the crucible or cooling rate,
specimens with low degrees of crystallinity have a
high SP contribution, while specimens with higher
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Figure S. (a) Hysteresis parameters from sample splits

not subjected to paleointensity experiments. Most are
from splits adjacent to the crucible, as glassier samples
had extremely high para- to ferromagnetic ratios. For
reference, gray lines delineate the SP saturation enve-
lope and an SD-MD mixing curve for magnetite from
Dunlop [2002]. Elevated values for M/M; (>0.5)
likely result from insufficient saturation of the samples
in a1 T field (see text). The general pattern is consistent
with rapidly cooled samples having a mixture of SD and
SP grains, while more slowly cooled samples are pre-
dominantly SD data from natural SBG overlap with the
quickly cooled samples. Note that one natural samples
plots off scale at By/B. = 24.6, M/M, = 0.06.
(b) Expanded plot with only synthetic data. Color scaled
to —log;oM; as a proxy for degree of crystallinity. Purple
(0.5) represents relatively high crystallinity and corre-
sponds to samples that plot near the SD end-member.
Red (3) represents relatively low crystallinity and cor-
responds to samples with a considerable SP contribution.
Samples with even lower crystallinity have insufficient
ferromagnetic contributions to properly determine hys-
teresis parameters. Symbol shape denotes cooling rate as
in Figure 5a.

degrees of crystallinity plot near the SD end-
member.

4.2.3. Unblocking and Ordering Temperatures
(>300 K)

[24] Unblocking temperature (T,;) data provide the
strongest constraints on oxide composition in the
absence of Curie temperature data. Specimens with
a lower crystallinity index on average have more
distributed unblocking temperatures with a higher
maximum Ty, (as measured by the temperature

—=— M-N11-06-a4d (0.6)
—e—M-N11-05-a2.2¢ (1.9)
sk ——M-N10-05-a3.2a1 (2.7)
—& M-N10-11-a1b (3.7)
S o06f
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S~
=
= o4t
02}
0
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°
oL -
o ® <
500 e °
G o ® oo °. e
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< 400 ¢ @ o8
S ® °
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= . s
—3oo-:l 000 2% o
° ® e
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200 ® ° crystallinity
<
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Figure 6. Thermal demagnetization of an IRM.
(a) Example unblocking spectra demonstrate a progres-
sive increase in unblocking temperatures with degree
of crystallinity. Here —log;oM; (as proxy for crystallin-
ity) given in parentheses in legend; lower values corre-
spond to higher degrees of crystallinity. Data shown
are vector difference sums, but total moment data are
nearly identical. (b) Temperature at which 10% of
IRM remains (based on vector difference sum) plotted
against the crystallinity proxy, —log;oM;s. On average,
samples with a higher degree of crystallinity have lower
blocking temperatures than glassier samples. One speci-
men was not demagnetized to 10% of IRM by 575°C
and is not shown.
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Figure 7. Saturation magnetization as a function of
temperature derived from hysteresis loops. Solid symbols
are specimen M-N10-07-a4c2.1 (—log ;oM =2.7; Type C;
Figure 4b). Open symbols are specimen M-N10-03-
a2b4 —log;oM; = 2.5; Type C). Solid red circles show
replicate room temperature measurements following
heating to 420°C, 560°C, and 600°C for M-N10-07-
ad4c2.1 (no systematic change with temperature). Open
red circles are replicate measurements at 100°C following
heating to 400°C (off scale) and 600°C for M-N10-03-
a2b4. Dashed gray line is M versus T for magnetite (data
from B. Moskowitz, by Banerjee [1991]).

at which 10% of the IRM remains) than specimens
with a higher index (Figure 6). More crystalline
specimens typically unblock at <300°C (consistent
with a relatively high Ti/Fe ratio). The distributed
unblocking temperature spectra for glassy speci-
mens is similar to that observed in natural SBG
[e.g., Pick and Tauxe, 1993b; Mejia et al., 1996;
Carlut and Kent, 2000; Bowles et al., 2006], rema-
nence unblocks gradually between 100°C and T p,_max
(usually ~400°C-580°C).

[25] This distributed unblocking could result from
grain-size variations in compositionally homo-
goneous, stoichiometric magnetite near the SD-SP
critical volume, as T, is proportional to grain
volume. It could also result from varying Ti content
in titanomagnetite grains of constant size. Zhou et al.
[2000] observed that the composition of titano-
magnetite grains becomes more variable with a
lower average Ti content within 2-3 cm of the rim
of a submarine basalt pillow. Bowles et al. [2006]
noted that median destructive temperature of a
large suite of SBG is inversely correlated with the
Ti/Fe ratio of the bulk glass. These two observa-
tions suggest that composition plays a role. How-
ever, Zhou et al. [2000] also noted that samples
from a young pillow’s glassy, outer 2-3 cm have

Curie temperatures as high as 580°C, suggesting
nearly pure magnetite. Studies of Cretaceous glass
have also suggested the presence of nearly pure
magnetite, based on Curie temperature measure-
ments [Pick and Tauxe, 1994] or the presence of
the magnetite Verwey transition [Riisager et al.,
2003; Smirnov and Tarduno, 2003].

[26] In an attempt to distinguish between size and
compositional effects on unblocking, we measured
M; (derived from hysteresis measurements and
insensitive to grain size) as a function of tempera-
ture for two specimens. Out of necessity, we could
not choose the glassiest specimens (e.g., Figure 4a),
but selected the specimen shown in Figure 4b and
another similar specimen from a different sample.
Results from specimen M-N10-07-a4c2.1 (Figure 7)
are consistent with temperature variations in Mg for
pure magnetite and suggest that, at least in this
specimen, a low-Ti phase dominates the Mg signal;
it is therefore possible that the distributed unblock-
ing results largely from grain-size variations. How-
ever, we note (below) that the magnetite Verwey
transition is not observed in any specimens (syn-
thetic or natural) tested, although the transition could
be suppressed by nonstoichiometry or by a small
amount of Ti. Data from the second specimen were
significantly more noisy, but the trend appears
considerably different, suggesting a range in Ti
content (Figure 7).

4.2.4. Low-Temperature Data (<300 K)

[271 Much of the low-temperature data is not diag-
nostic, so we only briefly summarize results here;
data are provided in the auxiliary material. During
low-temperature cycling of a room temperature
IRM, remanence in most samples increases on
cooling, ranging from 10 to 40%; in some cases, this
increase peaks at ~150 K, while in others the
increase continues to 10 K (Figure S1). In general,
the magnetization increase is greater in specimens
with a higher degree of crystallinity (in both syn-
thetic and natural samples), consistent with a greater
contribution from high-Ti titanomagnetite, for
which My increases more rapidly on cooling com-
pared to magnetite. A distinct magnetite Verwey
transition is not present in any specimens measured,
but two of four Cretaceous glass specimens have a
transition at 35 K, consistent with the presence of
pyrrhotite [Rochette et al., 1990] (Figure S1). This
may be magmatic, primary pyrrhotite [e.g., Mathez,
1976], or a result of hydrothermal weathering [e.g.,
Haymon and Kastner, 1986].

11 of 18



42 - Geochemistry
~ Ggggh‘;gi‘éss Y BOWLES ET AL.: MAGNETITE FORMATION IN BASALTIC GLASS 10.1029/2010GC003404

| Geosystems |
@ N14-02-a5a (b) N11-08-a3.2a (© N10-07-a2.2al
10 13.7% FeO* 11.3% FeO* 106 100 _ 10.1% FeO*
= g om0, 162°Cmin 104 QFM, 68°C/min QFM-1, 153°C/min
150 4

Z 0.81 Buncor=51.9 uT 0.81 100D Buncor=57.0 uT 08 Buncor =60.3 uT

2 Bcor =752 uT Bcor=53.3 uT Bcor = 60.5 uT

N 0.64 Bamb =80 uT 0.6 Bamb =72 uT 0.6 Bamb =72 uT

©

] NRM = 2.2 E-9 Am? NRM = 2.5 E-9 Am? 0.41 350 %0 NRM = 6.9 E-10 Am?

g 04 6/B=0009 047 6/B =0.026 ’ %on 6/B=0.017
o DRAT=1.3 DRAT =3.5 ° DRAT = 2.0
= 0.2 on

0.2 q=86.8 0.2 q=343 - o q=29.2
0 350 0 450 ° 0 i i 550' o
0 0.2 04 0.6 0 04 0.8 1.2 0 05 1.0 15
(d) N11-02a3.2b (e) N14-06-a2.2a (f) N10-03-a3.1
100 11.3% FeO* 104 13.7% FeO* 100 10.1% FeO*
Bo QFM+0.5, 162°C/min N QFM+1, 16°C/min QFM, 16°C/min

E 0.8 mo Buncor =62.8 uT 0.8 Buncor=13.5uT 0.8 125 Buncor=17.6 uT
z 200 Bcor =824 uT Bcor=13.0uT Bcor =154 uT

T 0.6 Bamb =80 uT 0.6 Bamb =13 uT 0.6 Bamb =13 uT
Q- B . s .

N NRl\g/_B 1:'30%?1Am NRM = 1.8 E-7 Am? NRM = 4.0 E-10 Am?
< 0.4 DRAT = 7.0 0.4 6/B=0.058 0.4 o/B = 0.044
£ q=136 DRAT=55 R
g 0.2 0.2 q=11.8 0.2 q=16.9

350
0 T T T T 0 T T 0 T T
0 0.2 0.4 0.6 0 0.5 1.0 0 0.4 0.8

Normalized pTRM Normalized pTRM Normalized pTRM

Figure 8. Representative paleointensity results for samples passing quality selection criteria. Blue circles indicate
steps with zero-field heating followed by in-field heating (ZI). Red circles indicate steps with in-field heating fol-
lowed by zero-field heating (IZ). Squares denote pTRM checks. Insets show vector endpoint diagrams of NRM data.
Buncor denotes raw paleointensity estimate, while B, is compensated for remanence anisotropy; B, is the approx-

imate field in which samples were originally cooled.

4.3. Paleointensity Results

[28] Typical results of paleointensity experiments
are shown in Figure 8, plotted as NRM remain-
ing against partial TRM (pTRM) gained. Slopes
representing paleointensity were selected for nearly
all specimens in the following manner: the mini-
mum temperature (T,,;,) was chosen to be the NRM
unless a viscous remanent magnetization (VRM)
with a direction different from the principal com-
ponent could be identified. In the latter case, we
selected the temperature at which the VRM was
removed (typically 100°C to 150°C). The maxi-
mum temperature (T,,,,) Was chosen to be that at
which NRM ceased to be removed. In a few spe-
cimens, a sharp or subtle bend in the NRM-pTRM
plot was present (e.g., Figure 8c), typically associ-
ated with increasing deviation of the pTRM checks
at temperatures greater than the bend. In this case
we selected T . to be the temperature of this bend.
Results of this exercise are shown in Table 3.

[29] Forty-one of 71 specimens are statistically
anisotropic, with a mean maximum:minimum
eigenvalue ratio of 1.6 (range 1.04—4.82) that is
sufficient to significantly affect the remanence
direction and intensity. A small number of speci-
mens had weak moments and acquired little or no

measurable TRM during the anisotropy experi-
ment. With the exception of these specimens, we
applied an anisotropy correction to all specimens
(including those that were statistically isotropic,
although here the correction is insignificant). The
anisotropy correction decreased scatter that in some
cases was large. For example, paleointensity esti-
mates from sample M-N14-02 were distributed
between 51 and 90 p T before anisotropy correction
to 73-78 uT after correction. The anisotropy of
TRM in many synthetic specimens likely arises
from the preferred orientation of plagioclase
nucleated on crucible walls. This in turn leads to
distribution anisotropy [Hargraves et al., 1991] in
(titano)magnetite which crystallizes between the
plagioclase crystals. This type of anisotropy is
unlikely in natural SBG.

[30] In choosing a set of quality selection criteria,
we examined the effect upon sample means of
varying the cutoff value of a number of frequently
used statistics. Much of the variation in sample
means was controlled by scatter in the NRM-pTRM
plot (e.g., Figures 7e¢ and 7f), represented by the
standard error of the slope divided by the slope
oy/Ibl of Coe et al. [1978]. Many specimens with
significant scatter had weak NRM moments (e.g.,
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Figure 9. Summary of paleointensity results that passed quality selection criteria (see text). (a) Anisotropy-corrected
experiment means. Each experiment is labeled with fO, and cooling rate and comprises results from three different
bulk compositions. Small circles represent results from individual specimens. Red circle indicates the mean paleoin-
tensity, corrected for anisotropy (B.,;); blue box denotes 1o error in Beor. Horizontal gray bars indicate the laboratory
field in which the glasses cooled. Results from syntheses cooled in 80 and 13 uT fields recover ambient laboratory
field within error. Ambient field for remaining two experiments is less well determined and may be overestimated.
(b) Percent deviation from mean paleointensity as a function of NRM. The absence of trend with respect to NRM implies
that there are no systematic differences between glassy specimens and more crystalline specimens. Three paleointensity
means were used: one for experiments 2, 4, and 5, one for 7 and 9, and one for 3, 6, and 11.

<10 Am?), which is also a frequent problem
with natural SBG. Others had easily measurable
moments and the nature of the resulting scatter is
perplexing. We required all specimens to have
op/Ibl < 0.06. As an additional check against
thermochemical alteration, we required that the
difference between repeat in-field steps normalized
by the length of the selected NRM-pTRM segment
[Selkin and Tauxe, 2000] be <7%. The application
of these two selection criteria reduced the total
number of specimens from 120 to 75. Prior to the
first heating, NRM was measured twice; the second
measurement followed storage in a magnetically
shielded room for 36 h. An additional 5 specimens
were rejected due to excessive (>20%) viscous
decay. We combined all specimens synthesized in a
single experiment to calculate average paleofield
values (Figure 9a); this includes specimens from
three different crucibles (samples) representing the
three different compositions, which all should have
experienced the same field. Samples cooled in the
center of the furnace box (position A; Figure 1)
recovered the measured field (13 uT) within error.
The same is true for the first three experiments cooled
outside the furnace box (position B; Figure 1), which
agree with the field measured prior to the experi-
ments (80 uT). The remaining two experiments
(experiments 7 and 8) deviate significantly from the
field measured prior to (80 uT) and after (~72 uT)

the experiments; however, there is good internal
consistency between these samples (6 crucibles)
which give a paleofield of ~62 yT. The only shared
characteristic between these two experiments is their
proximity in time; they were carried out sequen-
tially, but had different cooling rate and fO, condi-
tions. The only plausible explanation for why only
these two experiments deviate from the measured
field is an undetected change in the laboratory field.
We conclude that the actual laboratory field was
~60—65 uT during these experiments.

[31] The individual specimens included in the exper-
iment paleointensity averages have varying degrees
of crystallinity and are dominated by a titano-
magnetite with widely varying Ti content. To check
that glassy and crystalline specimens do not give dif-
ferent answers, we calculated the deviation from the
mean paleointensity for each specimen (Figure 9b).
There is no correlation between this deviation and
mass-normalized magnetization (as a proxy for
degree of crystallinity). There is also no significant
correlation between paleointensity and any of the
experimental variables (cooling rate, fO,, or FeO*).

4.4. IRM Reheating Results

[32] IRM acquisition was measured following
repeated heating (section 2.2) to test for the possi-
ble growth of magnetic phases. Results for these
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Figure 10. Variation in isothermal remanent magnetization (IRM) in glass samples subjected to stepwise heating.
Colored symbols represent 6 young (<1 kyr) SBG samples that were progressively heated (twice to each temperature
for 1 h). Young samples have little detectable magnetite production at temperatures <400°C—450°C. Line shows results
from an older (~75 Ma) SBG sample [Smirnov and Tarduno, 2003]. Note black triangles plot off scale at 600°C.

young (<1 ka), natural SBG have no increase in
IRM acquisition below 400°C—450°C (Figure 10).
Similar data from Cretaceous SBG [Smirnov and
Tarduno, 2003] are shown for comparison.

5. Discussion

5.1. Relevance to Natural SBG

[33] Our synthetic samples were cooled in air and
are thus not perfectly analogous to SBG, which is
quenched in seawater. Quenching of natural SBG
in seawater dominantly serves to increase cooling
rate compared to subaerial eruptions, and because
ofthe small thermal mass of our samples, we achieve
similar rates in air. There is little evidence that
natural SBG has incorporated significant seawater
into the melt on quenching. Chlorine in fresh SBG
provides a sensitive tracer for seawater or brine
interaction. Low chlorine content (<150 ppm
expected for fractionated melts) is interpreted as
direct evidence for negligible interaction with
seawater [e.g., Michael and Schilling, 1989; Heide
et al., 2008]. Higher chlorine contents (reaching
several 1000 ppm) have been attributed to assimi-
lation of altered crustal material or extremely chlo-
rine-rich brines [Michael and Schilling, 1989; Kent
et al., 2002] in shallow magma chambers and not to
direct interaction with seawater during quenching.
Increased water content in fresh volcanic glass is
linked to increased oxidation state of the melt [e.g.,
Kelley and Cottrell, 2009], but mid-ocean ridge
basalt glasses have a narrow range of both fO, (0.41 +
0.43 log;o units below QFM) [Bezos and Humler,
2005] and water (0.12-0.49 wt %) [e.g.,

Danyushevsky et al., 2000; Heide et al., 2008;
Kelley and Cottrell, 2009]. These small variations
are thought to reflect variations in mantle source or
melting conditions.

[34] A small number of recent studies have ques-
tioned the extent to which seawater interacts with
flows during emplacement. In certain types of lava
flows, vaporized seawater may collect in cavities
beneath the chilled margin of a flow, leading to
crystallization of exotic phases (including Fe oxi-
des and Fe sulfates) on the underside of this chilled
surface [e.g., Perfit et al., 2003; Soule et al., 2006]
that are absent on the outer chilled margin. Addi-
tionally, small bubbles of vaporized seawater may
occasionally be incorporated into the outer glassy
zone as the lava surface folds over onto itself, but
there is no evidence for chemical interaction with
the melt in this zone [Soule et al., 2006].

[35] These observations suggest that the primary
signature of quenching in seawater is rapid cooling,
rather than chemical exchange. Although we cannot
conclusively eliminate water as a factor contributing
to magnetite formation in SBG, our experiments
demonstrate that reasonable variations in fO, play
little role in affecting magnetic properties, beyond
influencing the concentration of oxide minerals. We
have demonstrated that water (or any other external
factor) is not required to generate a magnetic assem-
blage nearly identical to that observed in SBG.

5.2. Origin of Magnetism

[36] Hysteresis and unblocking temperature data
are consistent with a fine-grained, low-Ti magne-
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tite phase, similar to that observed in natural SBG,
forming during initial quench of the synthetic
samples. Only if crystallization is allowed to pro-
ceed (as happened near crucible margins) does a
high-Ti phase develop and dominate the magnetic
signature. In contrast to speculations by Heller et al.
[2002], it is clear that the low-Ti magnetite is a
primary, not secondary, phase. Results from a
companion study [Burgess et al., 2010] further
demonstrate that the magnetic properties of this
phase do not significantly alter with reheating (in air)
at temperatures below the glass transition tempera-
ture (T,). Although indirect, the data strongly sug-
gest that the low-Ti phase forms predominantly at
T > T, (680°C), which is well above the magnetite
Curie temperature (580°C).

[37] The exact mechanism by which low-Ti mag-
netite forms in the quenched glass remains unclear.
Zhou et al. [2000] suggested that the observed
trends in titanomagnetite Ti content in a basalt
pillow (equilibrium composition in the center and
more scattered values with an average approaching
the melt in the rapidly cooled margins) result from
a strong kinetic effect on the mobility of cations in
the melt. This phenomenon has been experimen-
tally observed for plagioclase [Lofgren, 1980] and
in other silicate systems [Roskosz et al., 2005,
2006]. Furthermore, Zhou et al. [2000] proposed
that the low Ti/Fe ratio (i.e., nearly pure magnetite)
in the outermost glassy zone is controlled pre-
dominantly by diffusion processes, whereby the
quickly grown and quenched magnetites preferen-
tially incorporate elements with higher diffusivity
(i.e., Fe over Ti).

[38] A second possibility, explored by Burgess et al.
[2010], is (metastable) amorphous phase separation,
which could explain both the lower average Ti
content and the increased compositional heteroge-
neity observed by Zhou et al. [2000] near the pil-
low rim. In this scenario, a fine-scale (tens of
nanometers) amorphous phase separation develops
through spinodal decomposition during quenching.
This process leads to some heterogeneity in the
Ti/Fe ratio of the melt, and hence some heteroge-
neity in the Ti/Fe content of the nucleated oxides.
The heterogeneity in Fe content is supported by
low-temperature magnetic measurements on both
synthetic and natural glass specimens that demon-
strate rapid unblocking (on warming) of a SP phase
at ~4 K [Burgess et al., 2010]. Hayashi et al. [1999]
noted a similar feature in synthetic silicate glass
and suggested that it is associated with clusters of
Fe atoms.

5.3. Implications for Paleointensity

[39] One of the most important criteria for recov-
ering absolute paleointensity is that the sample
carries a TRM. The results presented here, com-
bined with the reheating experiments of Burgess
et al. [2010], strongly suggest that the low-Ti
magnetite is formed at T > T, > T, and the glass
should carry a total TRM. A fair question remains as
to how this TRM-carrying phase may or may not
be modified with time and temperature. Is the
magnetic mineralogy stable during the experimen-
tal heating required in paleointensity experiments?
Is it stable over geologic time as the glass under-
goes relaxation and devitrification?

[40] Work by Burkhard [2001] on basaltic glass
from Kilauea demonstrates growth of Fe-Ti oxides
on reheating in air at temperatures >~850°C. The
reheating experiments of Burgess et al. [2010]
demonstrate that bulk magnetic properties undergo
little to no change with heating at T < T, for times
ranging from 7 months at 100°C to 100 h at 600°C.
By contrast, specimens reheated at T > T, undergo
dramatic changes in magnetization, magnetic grain
size, and oxide composition. However, reheating
experiments were all done on separate specimens,
and there are no “before” data for those specific
specimens that might allow us to evaluate subtle
changes in magnetic properties. Heating of the two
specimens shown in Figure 7 to 600°C in flowing
He gas does result in an increase in remanence and
development of a subtle magnetite Verwey transi-
tion that was not present prior to heating.

[41] Additionally, the glass transition temperature
may be more properly thought of as a temperature
interval (£100°C in width) over which the struc-
tural relaxation time undergoes a dramatic increase
on cooling. Both time and temperature can lead to
structural relaxation of the glass, and as a sample
spends extended periods of time (hours) at elevated
temperatures, T, will decrease, possibly leading to
induced crystallization at reduced (<680°C) tem-
peratures. We note that a number of observations
appear to support this interpretation. Thermomag-
netic (Mg versus T) curves for Cretaceous glass are
reversible up to 600°C [Pick and Tauxe, 1993a],
suggesting that when heating and cooling are rela-
tively rapid (5-10°C min ') the growth of magnetic
phases is suppressed. IRM acquisition following
heating at time scales relevant to paleointensity
experiments shows no increase below 400°C—450°C
(Figure 10), again suggesting that any low-temper-
ature production of magnetite will be slow, limited
by the long structural relaxation times at these
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temperatures. This experiment is consistent with
observations from many Thellier-type experiments
on natural SBG, including the present study; pTRM
checks rarely reveal any significant alteration
below 400°C, but occasionally begin to deviate
significantly at higher temperatures. Similar experi-
ments by Smirnov and Tarduno [2003] (Figure 10)
and [Riisager et al., 2003] on Cretaceous glasses
show more significant alteration beginning at lower
temperatures (~300°C). This is consistent with a
reduction in T, as the glass relaxes over 75-120 Ma,
and newly acquired T, data demonstrate that two
Cretaceous glass specimens have T, = ~300°C. By
contrast, young (<40 ka) SBG have glass transi-
tions > 650°C [Bowles et al., 2005], and two 200 ka
specimens have T, = 605°C.

6. Conclusions

[42] We carried out an experimental examination of
the timing and temperature of low-titanium mag-
netite formation in basaltic glass. Our primary
conclusions are as follows.

[43] 1. The low-Ti magnetite is a primary phase,
formed during rapid quenching of the glass. Only if
crystallization of the glass is allowed to proceed
does a high-Ti, equilibrium phase develop and
dominate the magnetic signature.

[44] 2. Paleointensity experiments on synthetic
samples all recover the known field, within 1o error.
The two exceptions are experiments that give field
values internally consistent within and between
experiments, suggesting that the actual field was
somewhat lower than expected. This is consistent
with a change in the ambient laboratory field near
the end of the sample syntheses.

[45] 3. Young SBG (less than at least 200 ka) is
entirely suitable for paleointensity studies. Older
glass, however, is more likely to alter during lab-
oratory experiments, and it may be possible that
only the lowest blocking temperatures may be used
for paleointensity estimates.
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Auxiliary Figure 1. Low-temperature (10-300K) magnetic data. A 2.5 T IRM
was imparted at 300K (RTSIRM), and remanence was measured on cooling in
synthetic (a) and natural (b) samples. Following zero-field cooling (ZFC) from
300K to 10 K, a 2.5 T IRM was imparted at 10 K, and remanence was measured on
warming in synthetic (¢) and natural (d) samples. Crystallinity proxy (-log M) is
given in parentheses following specimen ID. Smaller values correspond to higher
degrees of crystallinity.
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Auxiliary Figure 2. 300 K IRM (RTSIRM) measured on cooling (a)
and 10 K IRM (ZFC) measured on warming (b) for two synthetic
samples before (closed symbols) and after (open symbols) heating to
600°C. Note the development of a subtle magnetite Verwey transi-
tion at ~120 K post-heating.
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