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Abstract Eruptive timing in mid-ocean ridge systems is relatively poorly constrained, despite being an
important variable in our understanding of many mid-ocean ridge processes, including volcanic construc-
tion; magma recharge, flux, and storage; and the stability of hydrothermal systems and biological commun-
ities. Only a handful of absolute eruption chronologies exist, yet they are essential in understanding how
eruptive timing varies with important controlling variables. To construct an eruptive history at one location
on the Galapagos Spreading Center, we present age determinations derived from geomagnetic paleointen-
sity. To aid interpretation of the paleointensity data, we also present results from on-bottom magnetic
anomaly measurements and forward modeling of topographic-induced magnetic anomalies. Anomalies
may lead to a 1-2 uT bias in flow-mean paleointensities, which does not significantly affect the overall inter-
pretation. Paleointensity results for the three youngest sampled units are indistinguishable, consistent with
the flows being emplaced in relatively rapid succession. Comparisons with models of geomagnetic field
behavior suggest these flows were erupted sometime in the past 100-200 years. The fourth sampled unit
has a significantly higher paleointensity, consistent with an age of roughly 400 years. The possible bias in
paleointensity data allows for ages as young as ~50 years for the youngest three flows and 200-400 years
for the oldest flow. This age distribution demonstrates an episodicity in the emplacement of the largest
flows at this location, with a 200-300 year period of relative quiescence between emplacement of the old-
est unit and the three youngest units.

1. Introduction

Along mid-ocean ridges, eruption frequency, size, and morphology have been observed to be inversely cor-
related with spreading rate; smaller, more frequent eruptions comprised of a higher proportion of sheet
flows are often found at higher spreading rates [Perfit and Chadwick, 1998; Sinton et al., 2002]. While in most
cases, magma supply varies with spreading rate over long time scales, over shorter time scales (hundreds to
thousands of years), local magma supply may vary dramatically, and any individual ridge segment may
oscillate from extension under primarily magmatic to primarily tectonic conditions [Kappel and Ryan, 1986;
Perfit and Chadwick, 1998; Sinton et al., 2002; Fornari et al., 1998; Cormier et al., 2003; [to and Behn, 2008]. The
same volumetric magma supply at fast versus slow spreading may also result in vastly different seafloor
morphology, resulting from differing eruptive style, size, and timing.

Eruption frequency, in particular, is relatively poorly constrained, despite being an important variable in our
understanding of volcanic construction; magma recharge, flux, and storage; and the stability of hydrother-
mal systems and biological communities [e.g., Fornari et al., 2012; Rubin et al., 2012]. Excepting Iceland,
fewer than 12 historical eruptions have been documented on the mid-ocean ridge system (see Rubin et al.
[2012] for overview), and in only three instances have repeat eruptions occurred at the same location. By
contrast, in Iceland, where the Mid-Atlantic Ridge rises above sea level, >1000 years of historical observa-
tions show that there, eruptions are episodic in nature, with several eruptions clustering together in a short
time separated by longer periods of tens to hundreds of years with no volcanic activity [Gudmundsson,
2000; Sinton et al., 2005]. Recent data from Axial seamount (constrained by '*C dates) suggest a slightly dif-
ferent pattern: at least two phases of frequent eruptions lasting ~250-350 years separated by a relatively

BOWLES ET AL.

©2014. American Geophysical Union. All Rights Reserved. 1


http://dx.doi.org/10.1002/2014GC005315
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1525-2027/
http://publications.agu.org/

QJAGU Geochemistry, Geophysics, Geosystems 10.1002/2014GC005315

quiescent phase of approxi-
mately equal duration [Clague

et al., 2013]. It may be argued
that hot spot-influenced Iceland
and Axial seamount do not repre-
sent “normal” mid-ocean ridge
eruption conditions, but some
geomagnetic paleointensity and
radiometric age data from the
southern [Bergmanis et al., 2007]
and northern [Bowles et al., 2006]
East Pacific Rise also are consist-
ent with a model of episodic vol-
canic activity. Determining
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Figure 1. Overview map of study area. Low-magma-supply (LMS) and high-magma- between different mid-ocean
supply (HMS) study areas shown by boxes. HMS enlarged in Figure 2. Approximate loca- ridge environments, however,

tion of Galapagos hot spot shown by star. Basemap generated with GeoMapApp (www.

requires significantly more data
geomapapp.org) [Ryan et al., 2009]. a 9 Y

than currently exist.

The difficulties in determining
mid-ocean ridge eruption frequency are linked to challenges in absolute dating of young flows (< 10,000
years) where the shortest eruptive recurrence intervals are estimated to be as frequent as years to decades,
and most radiometric systems have limited resolution (>1 ka). In cases of very young flows (<100 years),
short-lived radiometric methods are increasingly being used [e.g., Bergmanis et al., 2007; Rubin et al., 1994,
2005; Sims et al., 2008], and radiocarbon dating of overlying foraminifera-bearing sediments has recently
been used to provide lower limits on eruptive ages [Clague et al., 2013; Dreyer et al., 2013]. Superposition,
variations in sediment cover, or fault density give information on relative timing, but it is not always easy to
find onlapping relationships, and apparent sediment cover can vary with flow morphology and bottom
currents.

In part to answer questions linking eruptive timing to magma supply, two contrasting sites were selected
on the GSC, a relatively low-magma-supply (LMS) area at 95°W and a relatively high-magma-supply (HMS)
area closer to the hot spot at 92°W (Figure 1). The two study areas were mapped using high-resolution
swath bathymetry, submersible observations, and camera tow photography [Colman et al., 2012; McClinton
et al., 2013]. Individual eruptive units (or flow fields) have been identified on the basis of these data, as well
as sample geochemistry [Colman et al., 2012]. Here an eruptive unit may comprise more than one eruptive
event, but the events are closely associated in both space and time and display common geochemical fin-
gerprints. Where possible, a relative eruption sequence was determined from flow superposition.

In order to construct a more detailed eruptive history and to make broader interpretations regarding erup-
tive frequency and processes, it is necessary to place relative ages in an absolute time frame. To do this, we
use geomagnetic paleointensity that is recorded by volcanic glass on eruption. Variations in paleointensity
have been successfully used to place age constraints on young submarine flows [Carlut and Kent, 2000; Car-
lut et al., 2004; Bowles et al., 2005, 2006, 2011; Searle et al., 2010]. This technique relies upon independent
knowledge of secular variations in the core-derived magnetic field, and one of the sources of error is a con-
tribution to the magnetic field from local magnetic topography. The size of these local magnetic anomalies
is related to seafloor gradients, geographic orientation of topographic features, and magnetization intensity
of preexisting flows. Compared to earlier efforts on the north-south trending East Pacific Rise [Carlut and
Kent, 2000; Carlut et al., 2004; Bowles et al., 2005, 2006] and Mid-Atlantic Ridge [Searle et al., 2010], it is
expected that local anomalies will be greater on the GSC, where the east-west trending spreading center
has an unfavorable geometry with respect to the northerly magnetic vectors, and because the relatively Fe-
rich basalts are more magnetic on this part of the ridge [e.g., Anderson et al., 1975; Vogt and De Boer, 1976].
However, with sufficient geographic sampling within a given flow field, it has been suggested that such
topographic-induced variation could be averaged out or minimized [Valet and Soler, 1999; Tanguy and Le
Goff, 2004].

BOWLES ET AL.

©2014. American Geophysical Union. All Rights Reserved. 2


http:www.geomapapp.org
http:www.geomapapp.org

QAGU

Geochemistry, Geophysics, Geosystems

10.1002/2014GC005315

r 46 &=

=

423

‘0

38 S

=

345

o

308

268° = ]

02'E
268°
04'E
268°
06'E

2°06'N

Figure 2. Mapped flow fields at the high-magma-supply study area. Shaded flows are
described in the text: N = Ninos; E = Empanada; Ca = Calor; Co = Cobija. Relative ages deter-
mined on the basis of submersible observations and camera-tow images are N < E < Ca < Co,
and tick marks indicate younger flow. Sample-level paleointensity results are shown by col-
ored symbols. Over the time scales that these flows were emplaced, geomagnetic paleointen-
sity should be mostly decreasing to the present-day value of 31.5 T. Symbol size correlates
with standard error such that larger symbols have smaller standard errors.

Here we apply the paleointensity
dating technique in an area char-
acterized by relatively large near-
bottom anomalies. We present
results of paleointensity experi-
ments on four mapped lava flow
fields from the HMS study area.
Results are interpreted in the
context of both measured and
modeled near-bottom magnetic
anomalies in order to derive age
and eruptive recurrence interval
estimates.

2. Geologic Setting

We selected the eastern, HMS
study area for the paleointensity
test case. Centered at ~91°55'W
near the center of a third-order
spreading segment, increased
magma supply from the hot spot
results in an axial rise at this
study area [Sinton et al., 2003].
Minimal sediment cover on the
on-axis flows suggests that they
are <500 years old. Over this
time period, geomagnetic field
intensity has been predominantly
decreasing, and a lower paleoin-
tensity can be interpreted as a
younger probable age. Addition-
ally, a lower proportion of high-
relief pillow lava mounds [Col-
man et al., 2012; McClinton et al.,
2013] suggests local topographi-
cally produced anomalies will be
lower. Within the study area, we
selected the four largest mapped
flow fields in order to take
advantage of the high number of
samples per flow unit.

The sampled flow units are
shown in Figure 2 and are
described in detail in Colman

et al. [2012]. The Cobija eruptive
unit has the thickest sediment
cover, extends farthest off axis,
and is comprised of relatively
low-relief pillow, lobate, and
sheet flows. This is likely the old-

est mapped unit shown in Figure 2. The Calor flow field is centered along the rise axis, and its exposure
along ~8 km of ridge axis is interrupted by a large, flat-topped seamount. Calor consists of a hummocky
ridge, and several hydrothermal chimneys (some active in April 2010) are present near its eastern boundary
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with the Ninos pillow ridge (see below). The seamount, Empanada, is ~100 m tall and ~2 km in diameter.
The summit plateau consists largely of lobate flows, the flanks of pillows, and a series of sheet flows to the
east of the seamount also are correlated with this eruptive unit. The relative ages of Calor and Empanada
are not entirely clear, but because Empanada is less faulted and bisects the Calor ridge, we tentatively con-
clude that it is younger. To the east, the Ninos eruptive unit consists of a discontinuous pillow ridge, also
extending along axis. The ridge is up to 40 m tall and is interpreted to be the youngest mapped flow field
in the HMS site. It is cut by relatively few faults; active hydrothermal venting was observed in the western
part of the flow field; and extinct chimneys, with largely inactive clam and mussel shell beds, were found
throughout.

3. Methods

3.1. Paleomagnetic Measurements

Rock samples were collected by DSV Alvin submersible, and 8-20 samples from each eruptive unit were
selected for paleointensity analyses. Glass from sample margins was used because the fine grain size of
the magnetic particles best satisfies the conditions of remanence reciprocity and additivity required for
double-heating paleointensity experiments. The 303 unoriented glass specimens representing 64 samples
were prepared for paleointensity analysis by soaking in a dilute HCl solution and then immobilizing in
small glass tubes. Thellier-type [Thellier and Thellier, 1959] paleointensity experiments were carried out in
an applied field of 40 uT using the IZZI (In field-Zero field, Zero field-In field) protocol [Tauxe and Staudi-
gel, 2004], which alternates the order in which the in-field and zero-field treatments are applied. Speci-
mens were heated in 50°C steps between 100 and 200°C and then in 25°C steps up to 550°C. Partial
thermal remanent magnetism (pTRM) checks [Coe, 1967] were carried out every other temperature step
as a check against sample alteration. Experiments were conducted in the shielded room at the Institute
for Rock Magnetism at the University of Minnesota. Specimens were heated in air in an ASC TD4-SC ther-
mal demagnetizer with field coil and were measured on a 2G superconducting rock magnetometer with
DC SQUID sensors.

Data were processed as in Bowles et al. [2005], where a bootstrap resampling of all possible slopes on the
natural remanent magnetism (NRM) versus pTRM plot is done to avoid subjectivity in picking the slope. To
be included in the bootstrap resampling, an individual slope must contain at least four points, represent
>50% of the NRM (f> 0.5) [Coe et al., 1978], and have a maximum difference ratio (DRAT) of <10. The DRAT
[Selkin and Tauxe, 2000] is a check against thermochemical alteration and is defined as the difference
between two repeat in-field steps, normalized by the length of the NRM-pTRM segment. Data passed to the
bootstrap start at T,,,, where any viscous component or overprint is removed and end at Tygn, When <~5%
of the NRM remains or when NRM ceases to be removed. The one exception to this rule is a subset of speci-
mens run together in a single boat. For these specimens (to various degrees) at temperatures between
~200 and 300°C, pTRM is gained, but no NRM is removed. There is no obvious cause for this problem; tem-
peratures recorded during the heating were all normal. For these samples, we select only the temperature
steps above the affected interval for passing to the bootstrap program. Resulting paleointensity values
derived from these specimens are not significantly different from sister specimens without the problem, so
we chose to include them in the final analyses. These specimens are flagged in supporting information
Table ST.

Magnetic hysteresis measurements were carried out on a subset of sister specimens (not subjected
to paleointensity experiments) in order to characterize magnetic grain size as an aid in data interpre-
tation. Magnetization was measured as a function of applied field up to 1T on a Princeton Measure-
ments vibrating sample magnetometer at the Institute for Rock Magnetism. Data were processed as
in Jackson and Solheid [2010], and because of the high paramagnetic/ferromagnetic ratio of most
specimens, loops were fit with a set of hyperbolic basis functions before calculating loop
parameters.

3.2. Magnetic Anomaly Measurements and Modeling

To assess the magnitude of the topographically induced near-bottom anomalies, three-axis magnetometer
data were collected on most dives. The IFG fluxgate magnetometer has a stated accuracy of 1000 nT, resolu-
tion of 0.1 nT, and was mounted on Alvin’s sail (~3 m above the vehicle base). A correction for the vehicle-
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induced field was carried out by rotating the vehicle about a vertical axis several times during descent and
ascent [Tivey et al., 1993]. The resulting field variation with vehicle heading was then subtracted from the
raw data, and the International Geomagnetic Reference Field (IGRF) was subtracted to give the final anom-
aly data. In assessing the magnitude of on-bottom anomalies, we used data only from periods when the
vehicle was taking rock samples. In these instances, the vehicle was typically sitting on the seafloor with
minimal movement, and the magnetometer was thus at a constant height above the bottom. The resulting
on-bottom anomalies of up to approximately +14,000 nT were considerably greater than the typical head-
ing correction of less than =1000 nT.

To supplement these measured on-bottom anomalies, which were restricted to sampling sites, we gen-
erated forward models of magnetic anomalies produced by typical seafloor terrain in the study area. We
selected one area dominated by small, hummocky mounds from the LMS study region [Colman et al.,
2012] and one area from the HMS study region dominated by faults and fractures trending approxi-
mately west-northwest to east-southeast. High-resolution bathymetry data are described in McClinton
et al. [2013]. The two subsets of bathymetry data were regridded at 2 m resolution, and a three-
dimensional forward model was produced using algorithms based on Blakely [1996]. The model was
evaluated at a constant height of 10 m above the bathymetry, and the ambient magnetic field used was
the IGRF value of 5° declination and 23° inclination. The source layer was assumed to be 300 m thick
with a uniform magnetization in the direction of the time-averaged field (0° declination and 4.5° inclina-
tion). Magnetization intensity was set to 35 Am ™' based on measurements from a limited number of
crystalline basalt samples and assuming a density of 2950 kg m 3. This magnetization value is within the
range of 9-85 Am ™' reported from dredge samples [Anderson et al., 1975; Vogt and De Boer, 1976] and is
in approximate agreement with NRM values reported by Gee and Kent [1998] for basalts with similar Fe
content.

4. Results

4.1. Rock Magnetic and Paleointensity Results

Hysteresis data (supporting information Figure S1) demonstrate that the magnetic carrier in the samples is
similar to that in other submarine basaltic glass (SBG) [Bowles et al., 2006, 2011], with magnetic grain sizes
ranging between superparamagnetic and single domain. Unblocking temperatures are typically distributed
between 100°C and 500°C, again consistent with other SBG samples and with low-Ti titanomagnetite as the
dominant carrier.

Paleointensity data are typically of high technical quality, and representative data are shown in Figure 3.
Sample-level paleointensity averages are summarized in Table 1, and Figures 2 and 4 demonstrate spatial
variability in paleointensity. Specimen-level results are given in supporting information Table S1. Flow unit
means and standard errors (Table 2 and Figure 4) were calculated via bootstrap resampling in order to
propagate sample-level uncertainty to the flow-mean level. The mean values of the three youngest flows
cannot be statistically distinguished at the 1 standard error level, while that for the oldest flow (Cobija) is
significantly different. Likewise, a t test (which does not include sample-level uncertainty) indicates that a
common mean for the three younger flows cannot be rejected at the 95% confidence level, while that of
the older Cobija flow can.

4.2. Magnetic Anomaly Measurements and Modeling Results

In the HMS area alone, measured on-bottom anomalies range from —9.6 to 14.8 uT (Figure 5a), with near-
zero mean (—0.2 uT) and median (—0.2 uT). When combined with measurements from the LMS area (Figure
5b), the mean and median are slightly more negative at —0.4 and —0.6 uT, respectively. The distribution
skews slightly positive, with skewness = 0.6 for HMS alone (or 0.5 for the combined distribution). We note
that these anomalies are much greater than the +1.5 uT observed by Tanguy and Le Goff [2004] on Mt. Etna
at ~0.3 m above ground level or the =5 uT observed by Valet and Soler [1999] at 0.65 and 1.5 m above
ground level in the Canary Islands.

Results of the three-dimensional modeling produce near-bottom total field anomalies that are consistent
with the observed anomalies. At 10 m above bottom, anomalies produced by the hummocky terrain
range from —11.4 to 39.2 uT (Figures 6a and 6b), and by the faulted terrain from —11.6 to 28.5 uT (Figures
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Figure 3. Representative paleointensity data spanning the range of accepted quality criteria. Top (Arai) plots show NRM lost versus pTRM
gained, normalized to the NRM value. Selected temperatures (°C) are shown. Zero-field-first steps (ZI) blue, in-field-first (1Z) steps red.
PTRM designated by squares. Bottom plots are vector endpoint diagrams representing the horizontal and vertical component of NRM as it
is demagnetized (arbitrary coordinates). Banc = paleointensity interpretation based on the selected data points; g = quality factor [Coe

et al., 1978]; DANG = deviation angle [Selkin et al., 2000]; MAD = maximum angular deviation [Kirschvink, 1980]; DRAT = difference ratio

[Selkin et al., 2000].

6c and 6d). Compared to the observed anomalies, the modeled anomalies are on average slightly more
positive, with a mean (median) of 2.0 uT (1.5 uT) for the hummocky terrain (Figure 5¢) and 1.5 uT (0.8 uT)
for the faulted terrain (Figure 5d). As for the observed anomalies, the distributions are skewed positive,
with skewness values of 0.7 and 1.1, for hummocky and faulted terrain, respectively. As expected, the
largest anomalies are produced adjacent to large escarpments or on the north and south sides of large
mounds or ridges. The discrepancy between measured and modeled anomaly distribution means could
arise from a variety of sources, including the =1 uT accuracy of the magnetometer; an insufficient vehicle
correction; or insufficient spatial sampling of actual anomalies (for example, not sampling close enough
to large scarps to capture the largest—and most positive—anomalies). Additionally, the model
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Table 1. Sample Mean Paleointensity Results, Grouped by Flow Field

Sample IGSN Longitude Latitude Banc (1T) Standard Error (uT) N
Calor

4606-01 JMS000134 —91.9789 2.1110 37.0 13 7
4606-03 JMS000136 —91.9723 2.1096 309 12 5
4606-04 JMS000137 —91.9719 2.1068 39.5 0.5 4
4606-05 JMS000138 —91.9690 2.1079 333 04 5
4606-08 JMS000141 —91.9637 2.1057 376 0.5 5
4606-09 JMS000142 —91.9641 2.1084 41.5 0.6 5
4606-10 JMS000143 —91.9654 2.1071 333 0.5 5
4606-11 JMS000144 —91.9657 2.1067 333 0.5 4
4608-07 JMS000159 —91.9367 2.1056 37.0 0.6 5
4608-08 JMS000160 —91.9365 2.1039 35.0 1.1 4
4611-04 JMS000198 —91.9225 2.1047 379 0.7 5
4616-04 JMS000257 —91.9377 2.1013 356 17 1
4616-05 JMS000258 —91.9386 2.1023 349 1.8 4
4616-06 JMS000259 —91.9385 2.1028 373 0.5 4
4616-07 JMS000260 —91.9384 2.1036 393 1.1 5
4616-13 JMS000266 —91.9328 2.1052 425 13 8
4616-14 JMS000267 —91.9322 2.1057 422 1.8 4
4616-15 JMS000268 —91.9338 2.1061 40.6 0.8 5
4616-16 JMS000269 —91.9347 2.1069 36.5 1.4 7
4617-10 JMS000280 —91.9826 2.1081 253 33 2
Cobija

4609-01 JMS000166 —91.9054 2.0944 389 04 1
4611-01 JMS000195 —91.9231 21114 41.5 1.3 8
4611-02 JMS000196 —91.9229 2.1092 39.8 1.6 5
4611-03 JMS000197 —91.9229 2.1092 374 0.7 4
4615-06 JMS000242 —91.9020 2.0928 40.6 14 4
4615-07 JMS000243 —91.9036 2.0926 45.7 1.0 6
4615-08 JMS000244 —91.9066 2.0944 425 17 5
4616-17 JMS000270 —91.9405 2.1134 39.2 04 4
Empanada

4607-06 JMS000150 —91.9562 21110 349 1.3 7
4607-07 JMS000151 —91.9557 2.1082 379 0.8 6
4607-08 JMS000152 —91.9550 2.1047 38.1 0.8 5
4608-03 JMS000155 —91.9432 2.1040 341 0.8 4
4608-04 JMS000156 —91.9430 2.1050 388 1.9 4
4608-05 JMS000157 —91.9426 2.1061 39.9 1.0 9
4616-01 JMS000254 —91.9349 2.0985 43.1 1.5 2
4616-02 JMS000255 —91.9361 2.0999 389 1.0 4
4616-03 JMS000256 —91.9370 2.1007 377 0.6 4
4616-08 JMS000261 —91.9366 2.1023 356 14 3
4616-10 JMS000263 —91.9346 2.1032 38.1 0.7 4
Ninos

4608-06 JMS000158 —91.9410 2.1061 39.9 1.7 4
4608-11 JMS000163 —91.9287 2.1029 444 0.5 4
4609-02 JMS000167 —91.9047 2.0959 376 13 2
4609-03 JMS000168 —91.9042 2.0983 38.0 3.1 3
4609-04 JMS000169 —91.9045 2.0997 359 1.2 5
4609-06 JMS000171 —91.9068 2.1023 41.8 1.9 4
4609-07 JMS000172 —91.9084 2.1015 30.8 13 4
4609-08 JMS000173 -91.9113 2.1007 404 23 5
4609-09 JMS000174 —91.9124 2.1005 36.2 0.7 4
4609-13 JMS000178 —91.9222 2.1020 327 0.1 1
4611-05 JMS000199 -91.9219 2.1030 36.9 0.5 1
4611-06 JMS000200 —91.9271 2.1040 36.5 15 4
4611-08 JMS000202 —91.9284 2.1043 39.9 1.7 5
4614-05 JMS000226 —91.9021 2.0997 35.8 0.9 4
4614-06 JMS000227 —91.9012 2.0988 324 12 6
4614-09 JMS000230 —91.8952 2.0985 42.0 13 5
4614-14 JMS000235 —91.8998 2.0958 413 1.1 5
4615-12 JMS000248 —91.9108 2.1016 384 1.5 7
4615-15 JMS000251 —91.9095 2.1019 30.5 0.8 4

magnetization of 35 Am ™' could be too high on average (the magnetic source layer likely varies in thick-
ness and magnetization), or there could be a long-wavelength regional anomaly not taken into account
by the modeling.
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the mean. Horizontal dashed lines represent flow field means, and shaded horizontal boxes represent one standard error about flow field
mean.

5. Discussion

5.1. Assigning Ages to the Flows

The amount of scatter in paleointensity values within the defined flow fields is substantial. If the scatter rep-
resents true variation in time of the core-derived field, the implication is that individual flow fields erupted
over many decades or even hundreds of years. This interpretation is unlikely as it would also imply that the
flow fields were being emplaced simultaneously from different magma sources in order to account for the
distinct chemical composition of each field [Colman et al., 2012]. A further implication would be the coexis-
tence and tapping during eruptions of geochemically distinct magma chambers in very close proximity for
hundreds of years. This interpretation also is inconsistent with the compiled durations and recurrence inter-
vals for all known mid-ocean ridge eruptions, which are generally <1 year and 1-2 decades, respectively
[Rubin et al., 2012].

By contrast, both the measured and modeled local anomalies are sufficient to explain the observed
within-flow scatter in paleointensity data. As noted above, the magnitude of the anomalies is likely corre-
lated with the steepness and geometry of the topography and with the magnetization of the flows. Mag-
netization has been found to scale with iron content [Anderson et al., 1975; Gee and Kent, 1998; Vogt and
De Boer, 1976], but we find no significant correlation between flow-mean FeO [Colman et al., 2012] and
either anomaly amplitude or scatter in measured paleointensity values as measured by flow unit standard
deviation.

However, we do find correlations between increased topographic relief and both of these variables. In general,
pillow lavas tend to produce constructional edifices with greater relief, followed by lobate flows and then
sheet flows. The larger topographic gradients associated with pillow mounds or ridges should generate larger
anomalies. To test this, we calculated the mean and
median anomaly amplitude (absolute value of anomaly)
measured above pillow, lobate, and sheet flows. We find
that anomaly amplitude decreases from pillow to lobate to

Table 2. Flow-Mean Paleointensity

Mean Standard
Flow (uT) Error (uT) N sheet flow (Figure 7). The mean (median) anomaly ampli-
Calor (Ca) 36.6 1.0 20 tude measured over all pillow lavas is 3.4 uT (2.5 uT), while
Cobija (Co) 40.7 1.1 8 that over sheet flows is 2.0 uT (1.3 pT). For the HMS area
Empanada (E) 38.0 0.9 1 . . .
Ninos (N) e 0 - alone, the mean (median) is 3.1 uT (2.3 uT) for pillows and
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Figure 5. Histograms of observed and modeled magnetic anomaly distributions. Observed near-bottom anomalies (~3 m above bottom)
at (a) high-magma-supply (HMS) study area only and (b) combined distribution for HMS and low-magma-supply (LMS) study area. Mod-
eled anomalies at 10 m above bottom for (c) predominantly hummocky terrain (Figures 6a and 6b) and (d) predominantly faulted terrain
(Figures 6¢ and 6d).

1.5 uT (1.0 puT) for sheets. In the HMS study area, the maximum anomaly amplitude decreases from 14.8 uT
over pillows to only 6.1 uT over sheets.

Decreased anomaly amplitudes over flows with little relief suggests that improved flow-mean paleointen-
sity estimates might be obtained by only sampling from lobates and/or sheets. However, this strategy
assumes that similar magnitude anomalies were present prior to the emplacement of the currently sampled
flows. To test for evidence of actual anomalies recorded by sampled flows, we additionally calculated flow-
mean paleointensity for samples collected from pillow, lobate, and sheet flows. For all flows except Ninos,
flow-mean paleointensity and standard deviation decrease from pillows to lobates to sheets. The number of
sheet flows is small (<3) for all flow fields; grouping lobates and sheets together for better statistics gives a
mean paleointensity that is 1.2-1.6 uT lower than the pillows mean. For Ninos, it is 0.6 uT higher. This sug-
gests that the topographically induced anomalies may have a slight positive bias, the magnitude of which

is in agreement with the modeling results. Excluding data from pillows, however, does not significantly
change the overall interpretation and results in a very small number of samples for some flow fields that
are dominated by pillow morphology. In the final analysis, we therefore include all samples, regardless of
flow type.

In spite of the within-flow variability, the paleointensity results allow us to place some age constraints on
the flows and suggest an episodicity in eruptive timing. First, the three youngest sampled flow fields are
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Figure 6. Modeled topographic-induced magnetic anomalies. Anomalies calculated at 10 m above bottom. (a) Bathymetry and (b)
total field anomaly for predominantly hummocky terrain. (c) Bathymetry and (d) total field anomaly for predominantly faulted terrain.
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Figure 7. Anomaly amplitude measured above different flow morphologies. Anomaly
amplitude is the absolute value of the total field anomaly. Blue, open symbols are HMS
and LMS study areas combined. Red, closed symbols are HMS only. Circles are means,
squares are medians, and error bars are * one standard deviation.

indistinguishable in age based on
paleointensity results, suggesting
they were emplaced in relatively
rapid succession. Second, the
fourth flow has a significantly
higher paleointensity, consistent
with it being older. (Both results
hold true even when we exclude
pillow samples.) To step beyond
relative age assignments, we
compare the flow-mean paleoin-
tensity values with models of
field behavior over the past sev-
eral hundred years. In Figure 8,
we show paleointensity varia-
tions based on both historical
data (gufm model of Jackson

et al.[2000]) and on
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archeomagnetic, sedimentary, and volcanic data (CALs3k models of Korte et al. [2009]). Flow field (Table 2)
means include all samples regardless of flow morphology. If we assume these means are accurate, then the
three youngest flows were likely erupted in relatively close succession between 100 and 200 years ago, and
the oldest flow is (very approximately) 400 years old. However, keeping in mind that flow field means might
be biased slightly high (by 1-2 puT), the younger flows may be as young as ~50 years, and the older flow
field has considerably more uncertainty in age, putting it at ~200-400 years old.

5.2. Eruptive Frequency and Episodicity

With or without a bias in paleointensity, the data are consistent with an episodic emplacement of the larg-
est flow units: at least one relatively large flow emplaced ~400 years ago followed by a ~200-300 year
period of relative quiescence, followed by the emplacement of three more relatively large flows. In this
study area, there are at least two additional smaller flow fields in Figure 2 that were not sampled for paleo-
intensity analyses and whose ages are interpreted as being intermediate between the three youngest flows
and the oldest flow, based on observations of sediment cover and geological relationships. An additional
two small flow fields on the central part of the ridge segment lie to the east of the region shown in Figure
2, and are younger than Cobija [Colman et al., 2012]. The period of quiescence between emplacement of
larger flows (when smaller flows were likely emplaced) is therefore not entirely amagmatic. However, with-
out additional age constraints, we cannot say how the smaller flows are distributed within the quiescent
interval. If we take these additional flows into account, there have been at least eight eruptive episodes
(including Cobija) on the segment central region over the past 200-400 years, suggesting an average erup-
tive recurrence interval maximum of 25-50 years.

The episodic nature of eruptive activity and the scarcity of data make it difficult to compare eruptive behav-
ior at different mid-ocean ridge locations using the new and literature data. One way such comparisons are
typically made is to simplify the system by calculating an average eruption interval. Quantifying an average
eruption interval using a limited time-slice while knowing activity has been episodic is challenging, so we
briefly review existing points of comparison for both episodicity and average eruption frequencies at mid-
ocean ridges.

As noted above (section 1), episodicity has been observed in several different mid-ocean ridge environ-
ments. At 17°30'S on the fast spreading East Pacific Rise (EPR), both paleointensity and 2'°Pb-?*°Ra ages
suggest that five or six flows are distributed unevenly over the past ~400 years, with the youngest two or
three less than 100 years old [Bergmanis et al., 2007]. On the northern EPR, paleointensity data suggest a
similar episodicity may extend to
larger spatial scales and longer
time periods; relatively small on-
axis flows may recur with repose
periods of tens to hundreds of
years, while periods of extensive
off-axis lava emplacement
appear to be episodic on 10-20
kyr time scales [Bowles et al.,
2006]. At 45°N on the slow
spreading Mid-Atlantic Ridge,
Searle et al. [2010] find that con-
struction of an axial volcanic
ridge is likely to be episodic in
nature, and paleointensity data
constrain its age to be at least 1
ka, but <12 ka. For hot spot-
influenced ridge segments (with
Figure 8. Models of paleointensity versus time evaluated at the study site. gufm model is relatively high magma supply for
based on historical data [Jackson et al,, 2000]. CALs3k.3 model [Korte et al.,, 2009] is based a given spreading rate), Nooner
on archeomagnetic, sedimentary and volcanic data. CALs3k.3(1) excludes less reliable and Chadwick [2009] contrast
data as determined by Korte et al. [2009], while CALs3k.3(2) includes all available data

and shows calculated uncertainty bounds. Flow field mean paleointensity shown by hori- subaerial Iceland with submarine
zontal dashed lines with +1 standard error. Axial seamount. At Iceland, 10—

45 T T T T
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20 diking events (only a few of
which are accompanied by erup-
tions) may be clustered within

~10 years, separated by 200-300
years. By contrast, at Axial sea-
mount individual eruptions are
spaced ~20 years apart. Subse-
quent work at Axial [Clague et al.,
2013] is consistent with this
observation, but additionally sug-
gests that Axial has had at least
two phases of more frequent
eruptive activity lasting from 245
to 360 years, separated by a rela-
tively quiescent phase of ~345

Figure 9. Schematic representation of magma supply as a function of spreading rate and years.
proximitiy to hot spot. Color represents relative magma supply from low (blue) to high
(red). Gray dashed lines represent lines of approximately equal magma supply.

MAR = Mid-Atlantic Ridge (away from hot spot); SWIR = Southwest Indian Ridge; GSC- maximum we find a|0ng the
HMS(LMS) = Galapagos Spreading Center—high magma supply (low magma supply); i

JdF = Juan de Fuca Ridge (away from hot spot) NEPR, SEPR = northern or southern East mapped 16 km central rldge
Pacific Rise. segment region (25-50 year) is

slightly less than an estimate of
72 years for the same location based on average extrusive layer thickness and median flow volume
estimates [Colman et al., 2012] and calculated over 16 km ridge length. A similar estimate at our LMS
study area is 360 years [Colman et al., 2012], and comparable estimates for other locations range from
9 to 43 years on the southern EPR [Sinton et al., 2002] to hundreds or thousands of years along the
slow spreading Mid-Atlantic Ridge [Perfit and Chadwick, 1998]. At the summit of hot spot-influenced
Axial seamount, the average recurrence interval calculated using '*C dating of overlying sediments is
11-19 years for the most recent ~360 year interval of frequent eruptive activity [Clague et al., 2013].
Alternatively, considering only intracaldera flows over the past ~800 years, the average interval is 20—
25 years. Historical recurrence intervals between two eruptions, while not representing a statistical
average, provide additional points of comparison. Our HMS average interval is slightly longer than his-
torical intervals of ~14 years on the fast spreading EPR at 9°50'N; ~12-13 years on the intermediate-
spreading CoAxial segment of the Juan de Fuca Ridge; and ~13 years on Axial Seamount [Rubin et al.,
2012].
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In terms of average eruptive frequency, our HMS study site falls somewhere between that of the LMS site,

also on the GSC, and hot spot-influenced Axial seamount or the non-hot spot-influenced parts of the north
and south EPR. At the same time, the duration of the quiescent phase we find (200-300 years) is similar to

that observed in Iceland, at Axial volcano, and possibly along the southern EPR.

When placing our study site in the context of global mid-ocean ridge behavior, it is helpful to consider
that eruptive behavior is governed not just by spreading rate, but also by magma supply, which is influ-
enced by hot spot proximity. As noted above (section 1), eruption frequency typically increases with
spreading rate. It has also been recently demonstrated that independent of spreading rate, eruption fre-
quency increases with magma supply [Colman et al., 2012], which we also see here. Both magma supply
and average eruption frequency appear to increase from LMS to HMS to Axial seamount, although all
three sites have a similar spreading rate. Figure 9 illustrates this schematically and shows why our HMS
study site on the intermediate-spreading GSC may share some commonalities with both Iceland (low
spreading rate and strong hot spot influence) and with the north and south EPR (fast spreading rate but
not hot spot influenced). This is, of course, an oversimplification. Eruptive episodicity and frequency are
linked to a complicated set of codependent variables including spreading rate; rate of magma supply;
depth and persistence of the magma chamber or melt lens; and thickness and strength of the lithosphere.
Teasing out exact relationships will require a considerable increase in available data (numbers of sites
and eruptions), emphasizing the importance of obtaining additional eruption chronologies like the one
presented here.
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6. Conclusions

A large number of paleointensity analyses have been carried out on samples collected from four mapped
flow fields from the intermediate-spreading Galapagos Spreading Center, with the goal of placing temporal
constraints on volcanic eruptions. Three relatively large, young flow fields are indistinguishable in age and
were emplaced in relatively rapid succession sometime in the past 100-200 years. The oldest sampled flow
field is significantly older, roughly ~400 years old. A possible bias in the paleointensity data allows for
younger ages of as little as ~50 years old for the younger three flows and 200-400 years old for the oldest
flow. There is an implied episodicity in the emplacement of these four largest flows, with a 200-300 year
period of relative quiescence between emplacement of the oldest flow field and the three younger flow
fields. Taking into account all eight mapped flow fields in the mapped central ridge segment study area, we
find an average eruptive recurrence interval maximum of 25-50 years.

This study represents an important addition to the small number of absolute eruption chronologies that
exist for mid-ocean ridges. The episodicity inherent in mid-ocean ridge eruptive behavior makes it difficult
to quantify and to make comparisons with controlling variables such as spreading rate and magma supply.
Additional data such as that presented here will be critical in efforts to fully describe and understand mid-
ocean ridge eruptive behavior.

As expected, the paleointensity dating method has some limitations in this region of high near-bottom
magnetic anomalies. Scatter in within-flow field paleointensity values can be explained by topographically
induced magnetic anomalies. Measured on-bottom anomalies range from —9.6 to 14.8 uT with a mean of
—0.2 uT, and modeled anomalies have a similar distribution but with a slightly higher mean (+1.5 to +2.0
uT). Flow morphology correlates with anomaly amplitude, with the highest amplitudes found over relatively
high-relief pillow flows. Flow field mean paleointensity and standard deviation also correlate with flow mor-
phology in three out of four flow fields. Higher paleointensity and higher scatter are observed in pillow
flows, suggesting that paleointensity means may be biased high by 1-2 uT, which is in agreement with
results from modeled anomalies.
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