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[1] New multibeam and side-scan sonar surveys of Fernandina volcano and the geochemistry of lavas
provide clues to the structural and magmatic development of Galapagos volcanoes. Submarine Fernandina
has three well-developed rift zones, whereas the subaerial edifice has circumferential fissures associated
with a large summit caldera and diffuse radial fissures on the lower slopes. Rift zone development is
controlled by changes in deviatoric stresses with increasing distance from the caldera. Large lava flows are
present on the gently sloping and deep seafloor west of Fernandina. Fernandina’s submarine lavas are
petrographically more diverse than the subaerial suite and include picrites. Most submarine glasses are
similar in composition to aphyric subaerially erupted lavas, however. These rocks are termed the “normal”
series and are believed to result from cooling and crystallization in the subcaldera magma system, which
buffers the magmas both thermally and chemically. These normal-series magmas are extruded laterally
through the flanks of the volcano, where they scavenge and disaggregate olivine-gabbro mush to produce
picritic lavas. A suite of lavas recovered from the terminus of the SW submarine rift and terraces to the
south comprises evolved basalts and icelandites with MgO = 3.1 to 5.0 wt.%. This “evolved series” is
believed to form by fractional crystallization at 3 to 5 kb, involving extensive crystallization of
clinopyroxene and titanomagnetite in addition to plagioclase. “High-K” lavas were recovered from the
southwest rift and are attributed to hybridization between normal-series basalt and evolved-series magma.
The geochemical and structural findings are used to develop an evolutionary model for the construction of
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the Galapagos Platform and better understand the petrogenesis of the erupted lavas. The earliest stage is
represented by the deep-water lava flows, which over time construct a broad submarine platform. The
deep-water lavas originate from the subcaldera plumbing system of the adjacent volcano. After
construction of the platform, eruptions focus to a point source, building an island with rift zones extending
away from the adjacent, buttressing volcanoes. Most rift zone magmas intrude laterally from the subcaldera
magma chamber, although a few evolve by crystallization in the upper mantle and deep crust.
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1. Introduction

[2] Geodynamic theories of the Earth’s mantle,
including its early history, the scale of convection,
and its composition, have been strongly influenced
by the study of seamounts and the submarine
flanks of ocean island volcanoes [e.g., Allegre et
al., 1983; White, 1985; Hofmann, 1997]. For
example, lavas from Loihi seamount, at the leading
edge of the Hawaiian hot spot, have provided
unique insight into the petrogenesis of mantle-
derived magma. Loihi also provides a window into
the nascent evolutionary stages of an ocean-island
volcano [e.g., Moore et al., 1982; Malahoff, 1987,
Fornari et al., 1988; Garcia et al., 1998]. Studies
of submarine Hawaiian rift zones have also in-
creased our understanding of the structure, mor-
phology, and magmatic plumbing systems of
Hawaiian volcanoes by providing samples of lavas
that are older than those exposed on land, and
younger lavas that have bypassed the shallow
storage reservoir [e.g., Fornari et al., 1979; Fornari
and Campbell, 1987; Lonsdale, 1989; Garcia et al.,
1995; Clague et al., 1995; Lipman et al., 1988, 2002;
Smith et al., 2002; Sisson et al., 2002].

[3] The primary objective of this study is to
characterize the style of submarine volcanism in
the western Galdpagos and identify the tectonic
and magmatic processes responsible for the earliest
phases of volcanism as the Nazca plate passes over
the Galapagos hot spot (Figure 1). Fernandina
volcano is the most active in the Galapagos Archi-
pelago, with 23 witnessed eruptions in the past
2 centuries [Simkin and Siebert, 1994], the most

recent in May 2005. This prolific volcanic activity,
the eastward motion of the Nazca plate [Gripp and
Gordon, 2002], and the high SHe/*He ratios of
Fernandina lavas [Graham et al., 1993; Kurz and
Geist, 1999] suggest that Fernandina volcano over-
lies the Galapagos hot spot. Recent seismic studies,
including tomographic inversions of body waves
[Toomey et al., 2001], surface wave tomography
(D. Villagomez et al., Upper mantle structure
beneath the Galapagos from surface wave tomog-
raphy, submitted to Journal of Geophysical
Research, 2006), and documentation of transition
zone thinning [Hooft et al., 2003], have confirmed
that the Galdpagos plume traverses the upper mantle
southwest of Fernandina’s surface position.

[4] The subaerial flanks of the western Galapagos
shields, as typified by Fernandina, differ from
Hawaiian shields in numerous respects. Fernandina
lacks the focused subaerial rift zones that charac-
terize Hawaiian shields [e.g., Fiske and Jackson,
1972]. Instead, in the summit region, eruptive vents
lie along fissures that are subparallel to the caldera
walls, whereas on the lower flanks fissures are
radial [Simkin, 1972; Chadwick and Howard,
1991; Rowland, 1996]. Although radial fissures
are concentrated in some sectors of the subaerial
edifice (e.g., Fernandina’s northwest sector), these
zones of fissuring are diffuse and distributed over
an area several kilometers wide across strike
[Chadwick and Howard, 1991]. Fernandina’s cal-
dera dominates the volcano’s summit and is 850 m
deep and ~32 km? in area. The caldera remains in
active formation, having dropped ~300 m in 1968
[Simkin and Howard, 1970]. Galapagos calderas
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Triptych of maps showing (bottom) multibeam bathymetry compilation, (middle) MR1 side-scan sonar,

and (top) general geological interpretation of the study area along the western margin of the Galapagos platform.
MR side-scan imagery is processed to show strong reflectors as dark gray to black and low reflectivity or acoustic
shadow as gray or white. Top left inset shows the tectonic setting and location of the Galdpagos archipelago; arrows
indicate plate motion. Dredge locations are indicated on the geologic map in red. CA, Cerro Azul; SN, Sierra Negra;

A, Alcedo; D, Darwin; W, Wolf; E, Ecuador.

are thought to be underlain by shallow sills (<3 km
deep), which contain most of the subaerially erup-
ted magma before eruption [Amelung et al., 2000;
Geist et al., 2006]. Fernandina’s subaerial lavas
consist of homogeneous, evolved tholeiitic basalt
[Allan and Simkin, 2000], rich in plagioclase and
poor in olivine.

[5s] The submarine geology and bathymetry around
the Galapagos Islands were poorly known and
sparsely sampled prior to this study. Prior work

was limited to widely spaced multibeam mapping
and dredging of the platform and the region be-
tween the central Galdpagos and the Galapagos
Spreading Center (GSC) during the PLUME(02
cruise in 1990 [Christie et al., 1992]. This paper
presents new details on the submarine geology of
Fernandina volcano, including volcanic features
not previously described at other hot spot provin-
ces and the petrology of its submarine lavas. These
findings are used to formulate a new model for the

3 of 27



s, Geochemistr
' Geophysics Y 3
. Geosystems

GEIST ET AL.: SUBMARINE FERNANDINA MAGMATISM

10.1029/2006GC001290

0°20'S -

0°40°S -

91°20'S

Fernandina

Lava flows 2
[ Levafows
Rift zones

I | Slumps

Terraces

[

Figure 2. Detail of side-scan sonar imagery around Fernandina volcano. Strong reflectors are shown as dark gray to
black, and low reflectivity or acoustic shadow are shown as gray or white. Geologic interpretations are overlain.
Dredge locations are indicated in red. Large lava flows are divided into an older unit (Lava flows 2) and younger unit

(Lava flows 1).

growth and petrologic evolution of Galapagos
volcanoes.

2. Methods

[6] Multibeam bathymetric and side-scan sonar
data of Fernandina’s flanks were acquired on two
cruises in 2000 and 2001 using the R/V Melville
(AHA-Nemo?2 cruise) and R/V Revelle (DRIFT4
cruise), and considerable effort was made to merge
previous multibeam data [Christie et al., 1992] into
our compiled grids. We use AHA-Nemo2 data as
the controlling grid because of its superior sig-
nal-to-noise ratio, general lack of artifacts, and
excellent coverage around Fernandina. DRIFT4
multibeam data were affected by noise, which
degraded the resulting grids. Modest filtering was
applied but visible artifacts remain in parts of the
bathymetric maps, especially in deep-water flat
terrain where signal-to-noise was low (Figure 2).
Side-scan sonar data were acquired with the

University of Hawaii MR1 11/12 kHz towed
sonar system [e.g., Rongstadt, 1992] (http://
www.soest.hawaii.edu/HMRG/MR 1/index.html)
on the 2001 DRIFT4 cruise simultaneously
with multibeam acquisition. Side-scan swaths
are ~10 km wide, and data were gridded at
8 m pixel resolution (Figure 2). Ship navigation
was by P-Code GPS with correction applied to
the side-scan data for layback of the towfish
behind the ship. Resulting side-scan mosaics
are considered to have overall geodetic accuracy
of ~20-50 m, which increases with decreasing
distance to the sonar nadir.

[7] Rocks were collected on both the AHA-Nemo-2
(14 dredges at Fernandina; “AHA” prefix in
Tables 1-4) and DRIFT4 cruises by dredging
(20 dredges at Fernandina; samples with a “D”
prefix in Tables 1—4) and using a wax-corer (5 sites;
“RC” prefix) (Figure 3). Several of the dredges
retrieved no sizable rocks, but small fragments were
collected in a weighted burlap bag that was tied into
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Table 1. Sample Locations

Latitude S Longitude W Latitude S Longitude W
Dredge Start Depth, m deg min deg min End Depth, m deg min deg min
AHA 18 2550 0 10.00 91 46.00 2450 0 10.36 91 46.37
AHA 19 2930 0 12.50 91 48.60 2670 0 12.92 91 47.97
AHA 20 1840 0 14.73 91 4533 1640 0 14.58 91 45.19
AHA 21 1700 0 14.73 91 45.09 1640 0 14.88 91 44.88
AHA 22 2390 0 10.97 91 45.67 2210 0 11.54 91 45.38
AHA 23 1490 0 15.36 91 4391 1300 0 15.85 91 43.64
AHA 24 3260 0 27.00 91 47.05 2970 0 27.53 91 47.07
AHA 25 2900 0 27.20 91 44.60 2600 0 26.72 91 43.94
AHA 26 2000 0 26.10 91 42.70 1780 0 26.06 91 42.25
AHA 27 1090 0 25.47 91 40.27 810 0 25.36 91 39.84
AHA 28 1000 0 31.50 91 37.74 800 0 31.14 91 37.69
AHA 29 1450 0 32.37 91 38.87 1200 0 32.15 91 38.59
AHA 30 1925 0 32.63 91 41.12 1780 0 32.41 91 40.84
AHA 31 900 0 31.73 91 33.50 700 0 31.50 91 33.51
AHA 32 2610 0 33.48 91 42.46 2380 0 33.44 91 42.14
D7 3025 0 3.41 91 49.00 2949 0 3.45 91 48.46
D8 2723 0 5.22 91 45.98 2585 0 5.60 91 45.80
D9 3115 0 6.60 91 50.50 3058 0 6.60 91 49.94
D10 3227 0 4.92 91 57.20 2973 0 5.30 91 57.20
D11 2858 0 5.00 91 47.90 2825 0 5.18 91 47.52
D12 1144 0 16.52 91 33.89 934 0 16.80 91 33.90
D13 2147 0 11.20 91 33.37 1958 0 11.20 91 32.89
D14 2463 0 10.16 91 42.13 2445 0 10.60 91 42.58
D15 1243 0 17.01 91 42.93 1142 0 17.01 91 42.73
Dl16 1430 0 19.62 91 41.36 1306 0 19.60 91 41.20
D17 3388 0 21.89 91 52.20 3353 0 21.90 91 51.50
D18 3421 0 20.61 91 58.37 3324 0 20.79 91 58.00
D19 3396 0 16.60 91 56.57 3400 0 17.20 91 56.09
D20 3385 0 16.30 91 53.78 3365 0 16.30 91 53.09
D21 3242 0 9.19 91 53.27 3214 0 9.08 91 52.69
D24 2960 0 19.75 91 45.63 2556 0 19.60 91 44.70
D25 2515 0 28.40 91 42.00 2181 0 28.49 91 4135
D26 3321 0 30.75 91 47.90 3076 0 30.75 91 47.10
D27 3195 0 34.41 91 44.17 2960 0 34.50 91 43.70
D28 1216 0 26.40 91 39.49 851 0 26.39 91 38.75
D29 3261 0 38.20 91 42.23 3064 0 38.22 91 41.73
D30 3218 0 40.15 91 41.03 2964 0 40.10 91 40.55
D31 2963 0 39.82 91 38.46 2727 0 40.05 91 38.10
D32 2881 0 44.16 91 38.38 2435 0 44.40 91 37.84
D33 3472 0 41.66 91 46.12 3327 0 41.75 91 45.75
D34 3245 0 47.40 91 40.43 2852 0 47.30 91 39.86
D35 3235 0 43.60 91 41.24 2964 0 43.60 91 40.55
D36 2790 0 45.54 91 37.38 2499 0 45.33 91 36.70
D37 1567 0 38.10 91 27.90 1166 0 38.21 91 27.31
D38 2346 0 43.60 91 33.19 2154 0 43.80 91 32.60
D39 2281 0 46.85 91 34.84 2155 0 46.80 91 34.30
D40 3096 0 53.93 91 40.98 3097 0 54.46 91 40.58
RC-01 3215 0 4.00 91 54.30
RC-02 3427 0 20.90 91 55.05
RC-03 3427 0 20.90 91 55.05
RC-04 3298 0 23.25 91 50.19
RC-05 3239 0 21.50 91 47.90
RC-07 1269 0 36.44 91 32.14
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Table 2. Electron Microprobe Analyses of Fernandina Glasses®

Sample Mg# SiO, TiO, ALO; FeO MgO CaO Na,0O K,O P,0s S MnO  Total
AHAIS8 A 5.1 49.15 297 14.09 11.68 6.85 11.53 2.73 044 0.38 0.10 0.06 97.83
AHAI8 B 51.1 49.07 296 14.04 11.76 6.89 11.54 276 045 0.37 0.10 0.05  97.50
AHAI18 C 51.0 4929 299 1395 11.75 685 11.37 282 045 037 0.11 0.04 97.73
AHA19 A 50.0 4948 298 1395 1192 6.68 1126 275 044 036 0.10 0.07 9759
AHAI19 B 49.6 49.60 298 1390 1192 6.59 11.24 275 045 0.36 0.12 0.07  97.26
AHAI19 C 50.0 4949 295 1396 11.80 6.62 1130 2.84 045 0.37 0.12 0.09 97.07
AHAI19 D 499 4959 3.00 1393 11.86 6.62 11.20 2.79 045 0.38 0.10 0.07  97.03
AHAI9 E 503 4939 293 1394 11.88 6.75 1135 278 044 036 0.12 0.05  97.66
AHAI9 F 50.7 49.54 294 14.02 11.67 674 1137 280 043 037 0.05 0.05 97.20
AHA20 A 50.0 49.02 333 14.02 11.70 6.56 1122 297 048 044 0.04 0.22  97.06
AHA20 B 48.5 4889 350 1386 11.99 634 11.08 3.09 0.53 0.47 0.04 0.21 97.31
AHA20 C 49.6 4892 348 1392 11.74 647 1124 3.02 050 046 0.06 0.20 97.34
AHA20 D 494 49.12 345 1388 11.76 644 11.15 297 051 044 0.06 021 9722
AHA20 E 48.6 4890 3.60 13.82 1197 6.35 11.11 3.00 0.52 048 0.05 0.19  97.29
AHA20 F 49.8 4897 350 1392 11.69 6.50 11.19 3.02 0.52 045 0.04 0.19 97.08
AHA20 I 49.6 4930 344 1397 11.69 646 11.13 296 051 047 0.01 0.06 97.64
AHA21 A 493 49.13 348 1385 11.81 644 11.14 295 0.52 046 0.05 0.16  98.03
AHA21 B 49.7 49.18 350 1390 11.69 647 11.16 3.03 0.52 047 0.04 0.04 97.78
AHA21 C 48.9 4905 354 1385 11.89 637 11.08 3.12 0.53 0.46 0.04 0.07 98.35
AHA22 A 529 48.69 299 1476 11.15 7.02 11.51 287 045 0.39 0.01 0.16  97.05
AHA22 B 52.8 48.79 3.01 14.65 11.24 706 1144 286 0.45 0.39 0.02 0.09 97.20
AHA22 C 528 48.77 3.00 1471 1126 7.07 11.37 2.87 046 0.38 0.03 0.07 9693
AHA22 D 53.1 48.82 299 1477 11.10 7.05 1147 288 045 040 0.01 0.05 97.01
AHA22 E 525 48.71 3.03 1467 11.35 7.02 1144 286 045 0.38 0.03 0.05 97.34
AHA23 A 509 4937 3.16 1391 11.59 6.73 1139 281 042  0.39 0.02 0.22 98.03
AHA23 B 51.0 4936 3.18 14.01 11.52 6.72 1145 271 042 039 0.04 021  97.67
AHA23 C 484 49.13 3.25 14.07 11.88 6.25 11.23  3.07 046 042 0.02 0.20 97.87
AHA23 D 48.0 49.09 328 14.01 12.01 623 11.26 297 046 044 0.03 021  97.79
AHA25 A 49.9 4894 332 14.06 11.81 6.61 1132 2.80 047 037 0.13 0.15 97.99
AHA25 B 526 49.11 324 13.84 1141 7.10 11.64 265 046 0.34 0.06 0.15 9843
AHA25 C 48.9 4882 342 14.05 12.03 644 11.23 293 0.49  0.37 0.10 0.12 97.61
AHA25 D 49.5 49.02 337 1398 11.78 647 11.30 290 048 0.35 0.14 0.22 9733
AHA26 A 51.0 4882 3.21 14.01 11.67 6.82 1148 2.87 0.44  0.35 0.11 0.22 98.38
AHA26 B 49.7 4888 340 13.89 11.87 6.58 11.34 290 047 0.38 0.11 0.19 97.86
AHA26 C 512 4893 3.23 14.15 11.62 6.83 1144 2.70 0.45 0.36 0.12 0.18 98.32
AHA26 D 50.8 48.78 324 1412 11.73 6.78 1149 275 045 036 0.12 0.16  98.63
AHA27 A 46.7 49.69 354 13.72 1230 6.04 10.76  2.83 0.52 040 0.07 0.12 97.99
AHA27 B 46.6 4925 366 1379 1235 6.05 1068 299 0.55 0.40 0.08 021  97.17
AHA27 C 46.7 4944 3.67 13.73 1225 6.01 10.68  2.99 0.54 040 0.11 0.20 97.53
AHA27 D 46.5 4929 3.68 13.65 1245 6.07 10.67 297 0.54 0.40 0.11 0.17  97.68
AHA27 E 452 4921 370 1356 1270 5.88 10.58 3.14 056 0.41 0.12 0.14  98.23
AHA27 F 46.5 4927 363 13.69 1240 6.05 10.68 3.06 0.55 041 0.09 0.16  97.79
AHA28 A 379 50.63 3.21 16.08 10.84 3.71 7.00 5.10 2.20 1.06 0.04 0.12 96.27
AHA28 B 372 5030 3.19 1597 1122 373 695 519 215 1.08 0.05 0.18  96.88
AHA28 C 368 50.32 322 16.12 11.16 365 7.00 508 2.15 1.06 0.05 0.19  96.73
AHA28 D 368 50.32 322 16.12 11.16 365 7.00 508 2.15 1.06 0.04 0.19  96.19
AHA29 A 450 4928 380 1394 1238 5.69 1067 3.12 052 040 0.03 0.19  96.48
AHA29 B 445 4942 385 13.67 1247 562 1060 3.17 051 041 0.05 0.24  96.85
AHA29 C 45.0 4885 3.78 13.78 12,75 585 10.61 324 0.50 041 0.04 0.18 96.18
AHA29 D 46.2 49.09 383 13.52 1252 6.04 1065 3.18 0.51 0.44 0.03 0.20  96.27
AHA29 E 454 49.18 382 13.54 12,62 588 1077 3.09 0.52 042 0.03 0.12  96.20
AHA30 A 525 4992 297 1399 11.09 6.86 11.60 2.72 038 0.31 0.01 0.15 97.82
AHA30 B 52.0 4951 291 14.17 1134 690 1149 2.77 0.39 032 0.04 0.15 97.21
AHA30 C 522 49.78 295 1410 11.16 6.83 11.56 2.70 040 0.28 0.03 022 9721
AHA30 D 51.6 49.52 310 1425 11.09 6.64 11.58 2.84 044 0.33 0.05 0.15  97.20
AHA31A 41.5 47.67 4.16 1553 12.89 4.1 8.22 3.95 1.77  0.86 0.09 0.25 98.98
AHA32 A 4920 3.01 1471 10.88 7.05 1142 278 042 0.30 0.01 0.21  96.60
AHA32 B 542 4938 291 1475 10.66 7.07 11.44 282 042 032 0.04 0.20 96.54
AHA32 C 544 4927 290 1485 1072 7.16 11.51 2.69 040 0.33 0.01 0.17 9751
AHA32 D 539 49.12 292 1493 1085 7.12 11.37 2.78 042 032 0.02 0.15 97.31
AHA32 E 53.6 4948 3.05 1432 10.87 7.05 11.52 277 042 0.32 0.01 0.17  97.29
AHA32 F 53.8 49.09 294 1484 10.87 7.11 1147 281 041 032 0.03 0.12  97.06
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Table 2. (continued)

Sample Mg# SiO, TiO, ALO; FeO MgO CaO Na,0O K,O P,0Os S MnO  Total
D9 A 50.9 49.16 3.08 1469 1120 650 11.50 2.54 047 053 0.14 0.19  98.99
DIl A 514 4843 312 1443 1123 6.65 12,17 285 046 029 0.16 020  98.31
D12 bur 1 451 4856 375 1337 1296 596 11.37 293 056 042 0.01 0.11 98.20
D12 bur 2 449 4868 372 1327 13.01 595 1127 291 0.55 043 0.01 0.18 97.95
D12 bur 3 442 4891 3,57 13.15 1341 596 1097 3.01 0.53 034 0.03 0.12 9840
D12 bur 4 452 48.65 3.63 1339 13.03 6.03 11.18 296 0.55 0.39 0.03 0.15  99.29
D12 bur 5 440 49.19 356 12.77 1338 589 1121 296 0.53 0.38 0.01 0.13 9795
D12bur 1 439 48.19 387 13.03 1355 596 1136 295 057 037 0.02 0.11 96.90
D12bur 2 450 4836 3.78 13.12 1324 6.08 1147 293 0.55 0.35 0.02 0.11 97.57
DI12bur 4 458 48.68 3.71 13.02 1293 6.14 1144 298 055 037 0.02 0.15 98.76
D14 A 441 4840 386 1456 12.16 537 1073 343 0.69 041 0.18 023  97.90
DI5 A 446 48.66 3.82 13.82 1271 575 1099 3.07 055 031 0.16 0.16  98.37
DI5 B 414 48.07 427 1291 1392 553 1089 3.14 0.63 040 0.06 0.18  98.65
D15 C 457 4879 373 1391 1243 587 1097 3.04 053 035 0.16 022  98.52
D15 D 451 4854 379 1382 1264 581 11.04 3.09 0.56 036 0.15 020  98.13
DI5S E 441 4871 3.89 13.71 1284 567 1088 3.07 0.57 0.33 0.17 0.17  98.28
D16 A 39.3 4822 450 1253 1448 526 1028 332 075 049 0.04 0.13  99.26
D16 C 39.1 4843 447 1261 1426 513 1050 322 0.73 048 0.04 0.15 97.85
D16 E 39.1 4848 443 1258 1428 514 1039 326 072 047 0.04 020 98.14
D17 bur 1 489 4849 347 1351 1233  6.61 11.75 271 048 0.33 0.12 0.19  97.86
D17 bur 2 50.0 4838 298 13.56 1229 690 1228 270 045 026 0.01 0.19 98.13
D17 bur 3 40.1 47.87 359 1659 1193 448 8.29 4.36 1.69 0.87 0.11 0.21 97.15
D17 bur 4 434 4851 411 12,69 13.60 585 11.07 297 059 037 0.03 020  98.70
D18 A 51.8 4929 333 13.78 1121 6.76 1198 273 040 0.30 0.02 0.21 99.66
D19 bur 1 443 4787 4.04 13.08 1345 6.00 1125 3.07 0.65 040 0.01 0.19  99.07
D19 bur 2 472 4796 358 1394 1258 630 1136 298  0.54 040 0.15 0.21 98.35
D20 A 394 4844 451 1247 1435 523 10.18 333 077 047 0.04 020  99.28
D24 A 51.2 4846 298 1477 11.34 6.68 12.03 2.71 042 029 0.13 0.19  98.31
D24 B 49.6 4867 3.05 1468 1156 638 11.82 280 041 028 0.13 0.21 98.02
D24 C 50.0 48.23 3.31 1479 11.70 6.57 11.18 3.08 0.50 0.34 0.15 0.16  99.26
D24 D 51.0 4835 299 1463 1122 655 11.87 335 044 029 0.15 0.17  98.30
D24 E 51.1 48.66 3.00 1475 1125 6.60 1191 275 039 0.31 0.14 023  98.75
D24 F 50.0 4836 3.19 1457 11.75 6.60 11.51 294 047 030 0.13 0.19  98.82
D26 B 456 4790 385 1411 1228 577 1097 386 0.65 0.40 0.06 0.15 9829
D26 B 469 4821 3.61 1331 1253 6.22 1131 3.68 0.60 0.35 0.02 0.14  98.52
D26 bur 1 469 4821 3.61 1331 1253 6.22 1131 3.68 0.60 0.35 0.02 0.15 99.76
D26 bur 2 53.1 4835 328 1441 1132 7.19 11.85 2.80 041 023 0.03 0.12  99.77
D27 A 482 4725 434 1622 1123 586 10.12  3.17 1.04 049 0.14 0.14  99.00
D27 C 477 4695 436 16.14 1140 584 1023 324 1.05 046 0.15 0.18  98.35
D27 D 475 4735 433 16.13 1129 572 10.15 3.21 1.07 045 0.13 0.16  98.59
D27 1 471 4732 434 1585 1135 567 1030 3.27 1.09 048 0.15 0.17  98.78
D28 A 46.2 4829 3.69 1326 1260 6.07 1093 390 0.58 041 0.02 025  99.81
D28 C 574 48.01 3.17 1557 10.03 759 1192 272 042 023 0.08 0.25  99.40
D28 F 54.6 48.03 329 1494 1067 7.19 11.83 3.00 045 0.28 0.06 027  99.01
D28 I 494 4793 355 13,69 1196 6.54 11.70 356 0.55 036 0.02 0.15 98.67
D29 bur 1 452 4824 373 1274 13.65 631 11.51 283 053 034 0.01 0.13  99.17
D29 bur 2 414 4839 425 1237 1424 565 1084 3.02 0.58 0.39 0.03 025 99.33
D30 A 37.5 46.56 347 1229 1540 5.17 1050 512  0.70  0.49 0.08 0.21 98.37
D30 B 386 46.80 332 1249 15.12 534 1059 500 0.68 046 0.08 0.12  99.03
D30 C 38.2 4649 3,50 1233 1533 532 1059 503  0.69 0.52 0.09 0.11 98.58
D30 D 38.9 4645 350 1246 1512 541 10.58 500 0.67 0.55 0.09 0.17  98.25
D30 E 38.7 46.71 343 1240 1513 535 10.56 498 0.70 0.48 0.08 0.18 98.74
D31 A 414 4784 370 13.13 13.75 546 1032 444 0.65 043 0.16 0.10  99.37
D31 B 413 47.67 373 13.11 1394 550 1021 445 0.65 047 0.15 0.12  99.81
D31 C 414 4756 3775 13.18 1394 552 1020 446 0.66 045 0.15 0.11 99.47
D32 bur 1 38.5 50.16 3.09 1679 11.25 3.95 7.53 4.74 1.98 041 0.06 0.05  99.88
D32 bur 2 452 48.09 324 13.15 1357 628 11.62 3.03 054 031 0.01 0.16  98.02
D32 bur 3 422 4755 432 1256 1410 578 1093  3.01 0.58 099 0.03 0.14  98.55
D33 B 473 4829 353 1430 12.19 6.13 11.27 299 056 0.38 0.17 0.19  97.55
D33 C 474 4829 354 1441 1208 6.10 11.28 297 0.55 040 0.17 0.21 98.38
D35 A 344 5153 228 17.11 1084 3.19 6.31 486 228 136 0.07 0.17  98.23
RCO1 51.2 48.82 3.05 1442 1142 671 11.69 277 049 033 0.15 0.16  98.67
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Table 2. (continued)

Sample Mg# SiO, TiO, ALO; FeO MgO CaO Na,0O K,O P,0Os S MnO  Total
RCO02 56.5 4843 235 1495 10.19 742 1293 267 048 0.22 0.12 023 99.28
RC04 415 4822 357 1698 1134 451 818 440 1.63 0.82 0.11 022 9792
RCO05 483 48.05 352 1438 1212 636 11.16 3.11 0.57 037 0.14 0.22 9837
RCO7 39.5 4931 359 1593 1154 4.23 8.12 4.34 1.83  0.89 0.09 0.14  98.65
Precision RSD 0.6% 1.5% 07% 1.6% 12% 07% 19% 85% 93% 564% 145% 0.4%
AHA32A MIT 4920 3.01 1471 1088 7.05 1142 278 042 030 0.01 0.21  96.60
AHA32A WSU 4852 293 1526 10.69 7.00 11.82 275 044 0.30 0.11 0.18  96.27

# Analytical techniques are described in text. Oxides are in weight% and normalized to 100%. Reported total is as analyzed. Sulfur is reported as

elemental sulfur, and all iron is reported as ferrous iron.

the bottom of each dredge’s chain bag; these
samples are indicated with the suffix “bur”. All
samples were sorted, catalogued, and rinsed in fresh
water immediately after collection, and where pos-
sible, glass chips were removed for geochemical
analysis.

[s] Major element analyses of glasses (Table 2)
and phenocrysts were accomplished by electron
microprobe. AHA glasses were analyzed at MIT on
a JEOL JXA-733 Superprobe, whereas DRIFT4
glasses and phenocrysts were analyzed on the
Cameca Camebax microprobe at Washington State
University. For all glasses, accelerating voltage
was 15 kV, beam current was 20 pa, a defocused
beam was used, and sodium intensity was moni-
tored as a function of time and corrected for
volatilization, although this correction was not
significant. For most glasses, two points on three
separate shards were measured and averaged. A
comparison of analyses determined on the same

Table 3. Whole Rock Analyses by XRF?*

sample using MIT and WSU analytical facilities is
reported in Table 2, as is estimated precision.
Some mineral compositions were determined
with a Cameca SX50 microprobe at the Univer-
sity of Hawaii using techniques described by
Garcia et al. [1995]. Whole rock analyses were
by XRF in the Washington State University
Geoanalytical Laboratory (Table 3), using the
technique described by Johnson et al. [1999].
Trace elements were determined by ICP-MS at
Colgate University, using techniques described
by Harpp et al. [2003], and precisions are
reported in Table 4.

3. Geology of Submarine Fernandina

[¢] The submarine flanks of Fernandina and adja-
cent deep-water areas comprise five acoustic prov-
inces mapped using MR1 data. In some cases, the
acoustic provinces also conform to variations in the

Sample Si0, TiO, AlLO4 FeO MgO CaO Na,O K,O P,0s MnO Total
AHAI18 A 48.22 2.19 15.76 9.44 9.24 12.00 2.37 0.39 0.23 0.16 100.23
AHA19 A 47.92 1.83 13.43 9.67 13.98 10.24 2.24 0.34 0.19 0.16 101.53
AHA20 A 48.62 2.76 16.53 9.87 6.68 11.85 2.76 0.47 0.30 0.16 99.86
AHA21 A 48.79 2.73 16.86 9.56 6.49 11.94 2.78 0.49 0.30 0.05 99.52
AHA22 A 47.95 2.49 15.38 10.23 9.54 11.03 2.56 0.47 0.27 0.07 99.67
AHA23 A 49.39 2.52 16.06 9.63 6.66 12.08 2.86 0.39 0.25 0.16 100.43
AHA25 A 47.64 1.90 16.06 8.95 11.09 11.57 2.13 0.33 0.19 0.15 99.68
AHA26 A 48.42 2.49 16.34 9.62 7.53 12.28 2.51 0.41 0.26 0.15 100.11
AHA27 A 49.37 3.25 14.81 11.19 6.07 11.29 3.01 0.50 0.34 0.15 100.00
AHA28 A 49.62 3.06 16.83 11.26 4.19 7.25 4.81 1.83 0.95 0.20 99.78
AHA29 A 48.66 2.98 15.83 10.50 6.78 11.52 2.77 0.47 0.32 0.18 100.19
AHA30 A 48.39 2.17 15.03 9.89 10.09 11.54 2.18 0.41 0.22 0.09 100.52
AHA31 A 48.17 3.70 16.46 11.60 5.37 8.41 3.97 1.42 0.73 0.16 99.65
AHA32 A 47.79 2.45 14.03 10.46 11.50 10.54 2.39 0.46 0.27 0.12 100.04
D12 A 48.82 3.43 14.07 12.06 6.44 11.08 3.08 0.51 0.35 0.16 100.40
D9 A 48.59 2.17 15.92 9.30 8.60 12.25 2.40 0.37 0.22 0.19 100.29

 Analytical techniques are described in the text. Reported total is as analyzed.
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Figure 3. Dredge and wax-core locations superimposed on detailed bathymetric map of submarine Fernandina. The
southwest, west, and northwest rift zones appear as sharp ridges emanating from the coastline.

local and regional slopes and morphology, as
determined with multibeam data (Figures 2 and 4).
The side-scan sonar data are especially important
in the deep-water area west of Fernandina, where
we observe acoustically distinct lava flows that do
not appear in bathymetry records.

3.1. Submarine Rift Zones

[10] Side-scan images (Figures 1 and 2) have been
inverted so that dark represents high backscatter
and light is low backscatter or acoustic shadow.
Highly reflective, mottled terrain predominates on
submarine ridges that extend radially southwest,

west, and northwest of Fernandina (Figure 4). The
northwest and southwest submarine ridges are
aligned with diffuse subaerial rifts identified by
Chadwick and Howard [1991]. Identification of
craters and small cratered cones and the recovery
of fresh pillow basalts indicate that these features
are active submarine rift zones that extend the
active volcanic province of Fernandina over
30 km beyond the coastline. The morphology of
the submarine rift zones is different from that of the
subaerial sectors, with steeper along-axis and
across-axis slopes. The northwest submarine rift
is ~30 km long and ~8 km wide. Its average
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Figure 4. Slope map of the seafloor west and north of Fernandina (darker shades are steeper slopes; see key) based
on multibeam data, with geologic interpretation from Figure 2 overlain. Locations of topographic sections along rift
zones (Figure 5) and lengths (in parentheses) are noted, as is the location of the camera tow discussed in the text.

gradient is 161 m/km (Figures 4 and 5), compared
to 73 m/km for Kilauea’s Puna Ridge [Smith et al.,
2002] and 43 m/km for Genovesa Ridge [Harpp et
al., 2003]. The western submarine rift zone differs
from the northwest and southwest submarine rifts
in that there is no concentration of subaerial vents
on this sector of the volcano’s flank. The subma-
rine expression of the western rift is, however, well
defined, and both its acoustic texture and its slopes
are similar to the northwest and southwest subma-
rine rifts.

3.2. Large Deep-Water Lava Fields

[11] The second acoustic facies observed in the
side-scan data consists of large (~5-30 km?)
irregularly shaped areas of higher reflectivity at
depths >3000 m west and northwest of Fernandina.
On the basis of comparison with mid-ocean ridge
side-scan images and digital photographic data
collected during the DRIFT4 cruise, these large
areas are identified as lava fields comprising pil-
low, sheet, and lobate flows with variable sediment
cover emplaced on flat seafloor. The western part of
the terrain is characterized by slopes of <5 m/km,

11 of 27



r ~3 Geochemistry 3
" Geophysics ( |
_ . Geosystems \

GEIST ET AL.: SUBMARINE FERNANDINA MAGMATISM

10.1029/2006GC001290

ALONG-AXIS PROFILES

—— Fernandina rift zones
-0.5 —— Ecuador rift zones .
—— Canary rift zones
’g 10} Loihi rift zones -
53 Big Island rift zones
S -15¢ .
o
S
S 20t :
<@
S -25F .
wv
D
-3.0 E 4
_3.5 1 1 1 1 1
0 5 10 15 20 25 30

distance (km)

Figure 5. Topographic profiles along submarine rift zones offshore Fernandina and Ecuador volcanoes as shown in
Figure 4, compared to rift zones at Hawaii, Loihi, and the Canary Islands.

and the eastern part by slopes of ~20 m/km. The
planar dimensions of individual flow fields range
up to about 20 km long and between 1 and 8 km
wide.

[12] Eruptive vents for the large lava fields are
difficult to discern on side-scan images, although
the proximity of these flows to the distal parts of
the submarine rifts of Fernandina and the west
submarine rift of Ecuador volcano on Isabela
suggests that many of the lava fields erupted from
the rifts (Figures 1 and 2). Recently collected
30 kHz EM300 multibeam data, which have four
times the resolution of our multibeam grids, con-
firm the presence of numerous vents that are likely
sources for the deep-water lava flows (J. Glass et
al., Submarine volcanic platform building in the
western Galdpagos Archipelago: Observations
from EM300 bathymetry and MR1 side-scan sonar,
submitted to Geochemistry, Geophysics, Geosys-
tems, 2006). The lava flow fields differ in the
strength of their reflectivity, probably because of
variable sediment cover. In a few cases, the youn-
ger flows include isolated patches of lower reflec-
tivity, probably kipukas of older terrain. Images
from a camera tow over one of the large lava flows
(Figure 4) extending northwest from the deeper
part of Fernandina’s northwest submarine rift show
that 45% of its surface is covered with sediment
thick enough to obscure the surface morphology.
Otherwise, the flow tops consist of 42% pillows,
12% sheet morphology, and <1% lobate lavas.
Photographs and 12 kHz pinger records suggest
that the flow is likely to be <5 m thick. The
uniformity of sonar reflectivity across many of
the flows and our interpretation of seafloor digital
images suggest that the large lava flows are likely

to be compound flow fields that may have formed
during single eruptive episodes.

3.3. Shallow Submarine Flanks

[13] The upper 1200 m of the west and north
submarine flanks of Fernandina are made up of
dozens of finely layered reflectors, each several
kilometers long (Figure 2). These layers appear to
be subaerial lava flows that crossed the coastline
and have since been truncated by wave erosion and
slumping in the shallow coastal areas, producing
unstable clastic deposits on over-steepened slopes.
No reef or wave-cut terraces are apparent in the
side-scan data in these areas; hence there is no clear
measure of subsidence.

3.4. Mass-Wasting and Erosional Deposits

[14] Gravitational slumping is known to be an
important process on Hawaiian shields and other
oceanic islands and plays a formative role in their
development [e.g., Fornari and Campbell, 1987;
Lipman et al., 1988; Moore et al., 1989; Lenat et
al., 2001; Normark et al., 1993]. Fernandina lacks
evidence for large-scale flank slip or sector col-
lapse, despite its unbuttressed western flank.

[15] The north submarine flank of Fernandina and
one area on the west flank have smooth and steep
slopes, moderate to low backscatter amplitude, and
east-west trending lineations in the sonar imagery,
all suggestive of small-scale mass wasting and
down slope transport of volcanogenic sediment
from erosion of the coastline and gravitational
slides (Figures 2 to 4). The talus apron on the
northern slope of Fernandina extends laterally from
the northwest submarine rift to the northeast corner
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of the island at 1200 m to 2100 m water depth. As
on the west flank, there is no evidence of sector
collapse on the northern slope. The dominance of
talus and lack of lava in this sector of the volcano
indicate an absence of young eruptive vents; like-
wise, there are few subaerial vents on the northern
flank of Fernandina [Chadwick and Howard, 1991,
Rowland, 1996].

3.5. Submarine Terraces

[16] In the submarine region between Fernandina
and Cerro Azul volcanoes (Figure 2), at least six
large, stacked terraces up to ~140 km? in area
decorate the seafloor. Each terrace is bound on its
upper and lower sides by steep escarpments, and its
top is flat. The bounding escarpments are scal-
loped, with convex-out lobes 100—1000 m across.
There is no sign of mass-wasting deposits down-
slope from the layered escarpments. The terrace
lavas have a clear geochemical affinity to Fernan-
dina (Tables 2 to 4). These terraces are similar in
morphology to terraces that define the southern
margin of the Galapagos platform south of Isabela

[Diefenbach, 2005] (Figure 1). The Cerro Azul and
Fernandina terraces are interpreted to be thick
sequences of large-volume lava flows that mark
major eruptive phases in the construction of the
southwest Galapagos platform.

4. Lava and Glass Compositions

[17] The most prominent petrologic feature of
Fernandina’s submarine lavas is that they contain
up to 20% olivine and augite phenocrysts together
with platioclase (Figure 6), in marked contrast to
the subaerial lavas, which only contain sparse
olivine and are dominated by plagioclase phenoc-
rysts [Allan and Simkin, 2000]. Fernandina’s sub-
marine glasses fall into three compositional groups
(Figures 7 and 8). The majority of the glasses have
5.0 < MgO < 7.6%, define coherent trends on
variation diagrams, and have 0.38 < K,O <
0.77% (Figure 7); we refer to these rocks as the
“normal series”. Normal-series glasses have com-
positions similar to aphyric subaerial lavas [Allan
and Simkin, 2000]. A second population of glasses
forms an “evolved series” with 3.19 < MgO <
5.0% and K,O > 1.5% and include icelandites.
Samples from D27 (Figure 3) define a third “high-
K series”; these have MgO contents that overlap
the normal series but with elevated K,O (> 1.0%;
Figure 7). The normal-series lavas are by far the
dominant basalt type in all of Fernandina’s subma-
rine eruptive units, whereas all of the evolved
series and the high-K lava (D27) erupted from
the southwestern sector of the volcano (Figure 3).
Sulfur concentrations in the glasses range from
0.01 to 0.18 wt.%, and there is no relation between
sulfur concentration and the depth at which the
sample was collected (Table 2). Comparison of
glass and whole-rock compositions of the same
samples reveals little overlap in their major element
compositions (Table 3 and Figure 9).

[18] Rare earth element (REE) patterns and incom-
patible trace element abundances of normal-series
basalts are similar to those of the subaerial basalts
analyzed by Allan and Simkin [2000] (Table 4 and
Figure 10). Although all are light REE enriched
they have depletions in the most incompatible
elements (Rb, Ba, and Th). Fernandina lavas have
high concentrations of Nb and Ta (Figure 11) [Kurz
and Geist, 1999] and low Nb/Ta: average Nb/Ta for
Fernandina is 9.5, compared to 17.5 for most other
mantle-derived rocks [Green, 1995]. Both positive
and negative Sr anomalies are apparent in the
normal-series lavas. The heavy rare earth elements
have steep negative slopes (Figure 10).
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[19] The evolved series lavas have slightly steeper
REE slopes than the normal series (Figure 10) and
pronounce negative Sr anomalies. Otherwise, they
have patterns that are parallel to the normal series
and subaerial lavas, with nearly equal enrichment
of the incompatible elements. The high-K series
lava (D27A) has La/Sm and Sm/YDb ratios inter-
mediate between those of the normal and evolved
series.

[20] One goal of the submarine sampling was to
obtain lavas from older stages of growth of Fer-
nandina because the subaerial volcano has been
completely resurfaced in the past few millennia
[Kurz et al., 2005]. All of the samples collected
from steep submarine flanks that could represent
older parts of the volcano (e.g., D12, D25, D28,
Figure 3) belong to the normal series and have
compositional characteristics that are indistinguish-
able from historically erupted lavas [Allan and
Simkin, 2000].

[21] Samples D9 and RCO1 were collect about 9 km
apart from a 20-km long flow field to the northwest
of Fernandina (Figure 2). These glasses are nearly
identical in composition (wt.% MgO = 6.7 versus
6.5; K,O =0.45 versus 0.45; S =0.14 versus 0.15).
Two more samples, D17 and RC04, were collected
about 5 km apart across the flow direction of a
20-km long flow directly west of Fernandina. No
rocks were retrieved in D17; instead, a composi-
tionally heterogeneous population of glasses was
found in the burlap sack tied to the dredge bag.
One of these glasses has a composition identical
to RC04 glass. These results are consistent with
the interpretation of sonar data as indicating
individual flow units, although far more samples
are needed to rigorously test this.

5. Mineral Chemistry

[22] Olivine phenocrysts in a subset of eight sub-
marine rocks range from Fos, to Fogg, which
compares to the range in subaerial phenocrysts of
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Fo76_gs5 [Allan and Simkin, 2000] (Figure 12). The
cores of all analyzed olivines are more forsteritic
than predicted if they were in equilibrium with the
host glasses, although phenocryst rims in some
grains approach equilibrium values (Figure 12).
Zoning profiles in eight olivine crystals from
sample AHA29A (MgO = 5.69%) are representa-
tive of the olivine populations in all of the normal-
series lavas and indicate at least four populations of
olivine (Figure 13). Sample AHA29A glass is in
equilibrium with Fo;;. Three of the olivines have
cores with constant compositions of ~Fog; and
have thin, normally zoned rims. One grain is more
forsteritic (Fogg) and unzoned. Two grains have
cores that average Fog, and one grain is irregularly
zoned, with sectors whose compositions are like
those in the previous two types.

[23] Plagioclase phenocryst compositions range
from Angg to Angg, and there is no relation between
the crystals’ compositions and the composition of
their host glass. Most grains have large cores with
major changes in composition (>10% An) across

~10 microns, whereas some grains have normally
zoned rims.

6. Discussion

6.1. Submarine Rift Zones

[24] The western Galapagos volcanoes have been
considered an end-member of basaltic volcano
morphology and construction, owing to their radial
symmetry and the lack of focused rift zones on the
subaerial edifice [McBirney and Williams, 1969;
Chadwick and Howard, 1991]. In contrast to its
subaerial sectors, the submarine slopes of Fernan-
dina are dominated by three volcanic rift zones.
Fernandina’s northwest submarine rift occupies an
area of ~310 km?, whereas the other two subma-
rine rifts are ~88 km? and 129 km? (Figure 2).
Cumulatively, the rift zones nearly equal the sub-
aerial area of Fernandina of about 640 km?.

[2s] There is no evidence that the orientations of
Fernandina’s submarine rift zones (or those of any
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values of Sun and McDonough [1989]. A representative subaerial rock from Allan and Simkin [2000] (sample 88c) is
shown for comparison. AHA 31A is an evolved-series lava. See Figure 3 for sample locations. “Model liquid” is
calculated pattern after 58% fractional crystallization of an assemblage consisting of 68% augite, 27% plagioclase,
and 5% magnetite; melt fraction and mode are from 5 kb MELTS run, with the details in the text. Parental magma is

sample AHA26A (7.53% MgO).

of the other western volcanoes) are controlled by
regional tectonic stresses. The rift zones are not
parallel to any other regional structure (i.e., the
GSC, the 91° transform, absolute plate motion, or
the Wolf-Darwin or other tectonic lineaments;
Figure 1). The submarine rift zones at Fernandina,
Wolf, Cerro Azul, and Ecuador volcanoes do,
however, form a consistent pattern where they are
oriented away from the next nearest, older volcano
(Figure 1). Fernandina’s rifts, for example, point
away from Darwin and Alcedo volcanoes. These
orientations are likely due to buttressing effects of
the neighboring volcanoes, and possibly also to
stresses developed by lithospheric loading. In
Hawaii, most of the rift zones are oriented across
the slope of the next-oldest volcano, owing to the
tensional forces exerted by the sloping surfaces
[Fiske and Jackson, 1972]. The exception is Loihi,

whose south rift is oriented away from Kilauea
[Fornari and Campbell, 1987], probably because
Loihi has just begun to coalesce with Kilauea, and
the slope forces are not yet significant [Garcia et
al., 2006]. In this regard, the Galdpagos submarine
rifts are most similar to those of Loihi.

[26] The strong side-scan reflectivity of Fernandi-
na’s submarine rift zone terrains and the fresh,
glassy lavas indicate a young age. Seafloor sedi-
mentation rates in the Galdpagos region, away
from any of the subaerial volcanoes, have ranged
from 4 to 9 cm/ky for the past 130,000 y [Lea et
al., 2006], and the rates are certainly higher closer
to the islands. Thus the submarine lava exposures
on Fernandina’s rift zones must be younger than a
few thousand years. The resolution of our side-scan
data does not permit identification of most of the
vents on Fernandina’s northwest rift, but the uni-
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form hummocky acoustic texture and strong back-
scatter (Figure 2), as well as small cones and
craters (Figure 3), point to low effusion rate (pillow
lava) eruptions along the rift’s summit and perhaps
from its flanks.

[27] Fernandina’s submarine rifts are similar in
gross morphology to rifts on other ocean island
volcanoes, such as those on Loihi [Fornari et al.,
1988; Garcia et al., 2006] and Canary Island
volcanoes [Acosta et al., 2003]. They are dissim-
ilar, however, to the archetypal Puna Ridge [ Fornari
et al., 1979; Holcomb et al., 1988; Clague et al.,
1995; Lonsdale, 1989; Smith et al., 2002],
which has steeper across-axis slopes and a shallower
along-axis gradient. The lower subaerial
flanks of Fernandina have an average slope of 4%
[Mouginis-Mark et al., 1996], whereas the subma-
rine rift has an axial slope of 11% (Figure 5).

[28] Steepening from the subaerial to submarine
edifice is common to most ocean island rift zones
[Fialko and Rubin, 1999]. Models of rift zone
formation indicate that the along axis slope may
be controlled by the dimensionless group, A p/p or wy
where A pis the density difference between the magma
and host rock, p, is the density difference between
magma and air (P,>Pmaema)> and py, is the density
difference between magma and water [Fialko and
Rubin, 1999]. The difference inrelative magma density
(pa> pw) between the subaerial and submarine rift is
likely responsible for the steepening of Fernandina’s
rifts at the coastline.

[29] The paradox of Fernandina’s submarine rift
zones is that they form sharp ridges, indicating that
the eruptive centers are focused, whereas the sub-
aerial flanks of the volcano are characterized by
diffuse radial venting and a broad topographic
profile. The diffuse radial rifts of the NW and
SW subaerial sectors of Fernandina, as well as
historical evidence of sill intrusion and dipping
dikes into the flanks of the volcano [Cullen et al.,
1987; Jonsson et al., 1999], indicate that the
deviatoric stresses are small and that the least
compressive stress can be oriented subvertically
in the volcano flanks (Figure 14). These features
contrast with the Hawaiian shields, which grow on
the flanks of the next-youngest volcano, and where
strong gravitational stresses on the topographic
slopes [Fiske and Jackson, 1972] and sliding on
decollements [Dieterich, 1988] produce large
deviatoric stresses, vertically oriented dikes, and
as a result, focused rift zones. It follows that the
steeper the across-axis topographic slope, the more

likely vertically oriented dikes will be repeatedly
injected in a narrow zone.

[30] Chadwick and Dieterich [1995] attributed the
diffuse radial dikes on the subaerial flanks and the
prominence of circumferential vents at the volcano
summit to stresses induced by the subcaldera
magma body. The pressurized magma body pro-
duces circumferential tensional stress near the
summit, but tensional stress becomes radial out-
ward on the flanks. The transition zone between
these two stress regimes may be a location of weak
deviatoric stress and promote the formation of
diffuse subaerial rifts, whereas submarine rifts
reflect the full development of the tangentially
oriented tensional stress. We view the submarine
rift zones at Fernandina as being the result of a
positive feedback system, wherein the larger they
grow and the steeper they get, the more likely the
ridges are to focus laterally injected dikes.

[31] How does this positive feedback originate? At
a small scale, differences in flow type are impor-
tant. Submarine rifts are composed primarily of
pillow flows, which do not spread as extensively as
comparable subaerial flows and will tend to pro-
duce steeper constructional features. However, rifts
are composed of hundreds of flows, and we expect
that the effects of flow type on topography dimin-
ish with time. Instead, we suggest that the subma-
rine rifts are more focused than the diffuse
subaerial rifts because the regions between the
subaerial rifts are filled in topographically by lavas
erupted from the circumferential fissures near the
summit. Lava flows erupted from the Fernandina’s
summit do not travel great distances beyond the
coastline, thus they do not contribute to the con-
struction of the submarine edifice. These in-filling
lavas buttress the terrain between subaerial rift
zones, diminishing topographically generated
stresses and promoting diffuse radial venting. This
model can explain the diffuse radial venting on
the flanks of the volcano, the focused rifting on the
submarine flanks, and the transition between the
two modes at the coastline.

6.2. Large Lava Flow Fields

[32] Another attribute of submarine Fernandina is
the presence of large-area deep-water lava flow
fields to the west of the volcano. The deep-water
lava flow fields northwest and west of Fernandina
have areas ranging from ~172 km?® to ~7 km?
(Figure 2). In many cases, the large flow fields
offshore from Fernandina can be traced to a source
on the middle to lower flanks of the northwest
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20 of 27



i Geochemistry 3
" Geophysics ( I
_ ' Geosystems \

GEIST ET AL.: SUBMARINE FERNANDINA MAGMATISM

10.1029/2006GC001290

submarine rift, or the distal ends of the other rift
zones including one extending west from Ecuador
volcano. On the basis of one camera tow on the
young flow field at the end of Fernandina’s north-
west rift (Figure 2), most of the flow has a pillow
surface and little sediment cover; the flow thick-
ness appears to be only a few meters. These flow
fields have predominantly pillow morphology, sug-
gestive of low effusion rates, yet some can be as
long as ~20 km. If these submarine flow fields
average 5 m thick and vesicles are neglected, then
their volumes range from 0.04 to 0.9 km®. In
comparison, subaerial eruptions from Fernandina
in 1988, 1991, and 1995 have a combined volume
of 0.05 km®, and the largest young subaerial flow
has an estimated volume of 0.12 km® [Rowland,
1996]. Thus it appears that some submarine erup-
tions may be more voluminous than their subaerial
counterparts. Gregg and Fornari [1998] theorized
that such long lava flows are feasible on the
seafloor over low slopes, but they are apparently
rare. As far as we know, none has been observed
on the flanks of Kilauea, Mauna Loa, or the Canary
Islands. Well-mapped lava flow fields on the East
Pacific Rise and Juan de Fuca Ridge only range
from 0.03 to 55 km? [Perfit and Chadwick, 1998].
Lava flow fields of the North Arch offshore Hawaii
lie 100 to 400 km north of Oahu, and one of the
largest flows there is believed to be ~108 km long
and 2 km wide and was emplaced on seafloor with
a slope of ~0.1° [Clague et al., 2002]. Additional
deep-water lava flows have been mapped using
GLORIA side-scan sonar along the Hawaiian chain
[Holcomb et al., 1988].

[33] The large Fernandina submarine lava flows
have compositions that are indistinguishable from
Fernandina’s normal-series and subaerial lavas
(Figures 7 to 11), suggesting that they form by
lateral injection of magma from up to ~30 km
from the volcano’s central plumbing system. The
larger volumes of these flows may result from an
increased driving pressure, because the upper part
of the magma chamber is elevated compared to the
depth of the vents. Lavas erupted from circumfer-
ential fissures at the summit of the volcano require
enough pressure to drive the magma upward
through about 2800 m of low-density rocks, result-
ing in low-volume eruptions. Subaerial radial fis-
sure vents are ~1000 m lower than the summit
fissures, thus have a stronger driving force during
eruption [Rowland, 1996; Naumann and Geist,
2000]. This hypothesis could be tested by further
high-resolution mapping and in situ sampling of
these large lava flows [cf. Soule et al., 2005].

[34] We believe these deep-water, large-area flows
represent the initial volcanism that will eventually
coalesce to form a new extension of the Galapagos
platform and the infrastructure of the next volcano
at the leading edge of the Galapagos hot spot, west
of Fernandina (Figure 15). The large lava flows are
initially made from magmas that are injected lat-
erally from the nearest volcano’s magmatic plumb-
ing system, and they stack and form terraces
like those between Cerro Azul and Fernandina
(Figure 1). The terraces then coalesce and form
the plateau-like Galdpagos Platform, with a base
level of about —1000 m. Once the platform is
constructed, the magma plumbing system central-
izes, and the next discrete shield volcano forms,
along with its submarine rift zones.

6.3. Petrologic Origin of the Normal Series

[35] Fernandina’s subaerial lavas are remarkable
for their compositional homogeneity [Allan and
Simkin, 2000]. This homogeneity includes param-
eters that depend on temperature and extent of
differentiation (e.g., Mg# = 0.52 + 0.02) and ratios
that are controlled by melting and source hetero-
geneity (e.g., K,O/TiO, = 0.15 £ 0.01; Zr/'Y = 5.9
+ 0.3). The only notable variations relate to Al,Os
and Sr, which have been attributed to plagioclase
accumulation [Allan and Simkin, 2000].

[36] Liquid lines of descent have been calculated
using the MELTS algorithm to test whether the
normal series glasses might be related to each other
by fractional crystallization (Figure 8) [Ghiorso
and Sack, 1995]. The parental liquid is assumed
to have a starting composition of the glass in D28C
(7.59% MgO) and 0.3% water. Crystallization was
simulated by cooling in a system initially at the
QFM buffer but then closed to oxygen. The vari-
ation of normal series glass compositions is well-
modeled by fractional crystallization at 500 b
(Figures 8 and 9). Correlation between MgO and
Al,O3 in the rock suite requires precipitation of
plagioclase + olivine, and MELTS predicts plagio-
clase as the liquidus phase, closely followed by co-
precipitation of olivine. The lack of correlation
between CaO/Al,03; and MgO precludes large
amounts of clinopyroxene fractionation, and the
MELTS model only predicts 5% clinopyroxene
crystallization between 6.0%< MgO < 7.6% at
low pressures. These results require that crystalli-
zation take place at low pressures (<1 kb) and low
water contents (<0.4%), because higher pressures
and water concentrations enhance clinopyroxene
and suppress plagioclase crystallization in these
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Figure 15. Conceptual model of Fernandina’s magmatic plumbing system. A magma lens at ~1500 m below sea
level feeds homogenized, olivine-poor lavas to circumferential fissures near the summit and diffuse radial fissures on
the lower flanks. A thick pile of super-solidus olivine-gabbro mush is deposited by the uppermost sill and possibly
other magma bodies in the midcrust. Reaction with the mush and homogenization by magma mixing in the magma
bodies buffer compositions of the magmas from the time they enter the crust, resulting in a compositionally
monotonous normal series of magmas that feed both subaerial and submarine eruptions on and around Fernandina.
Magmas are also injected laterally into the submarine rifts and the deep seafloor west of the island; some of these
magmas erode olivine-gabbro mush from the basal part of the storage chamber, resulting in the eruption of
porphyritic lavas (including some picrites). Some magmas bypass the central magmatic system and evolve by cooling
and crystallization in the upper mantle and lower crust, forming the evolved series. Position of the Moho is from
Feighner and Richards [1994].

compositions [Geist et al., 1998]. We suggest that
all of the normal-series and subaerial magmas
equilibrate in the 2-km deep subcaldera magma
chamber, which has been delineated from defor-
mation studies [Amelung et al., 2000; Geist et al.,
2006].

[37] Differences between the glasses and whole-
rock compositions in both the subaerial and sub-
marine suites can be explained by addition of
plagioclase, olivine, and augite in varying propor-
tions to glass compositions (Figure 8). This
hypothesis was tested statistically by performing
a least squares analysis relating each of the whole-

rock analyses to an average glass composition by
adding mineral compositions. The predicted addi-
tion ranges from 0 to 20% for olivine, 6 to 22% for
plagioclase, and <10% for augite, consistent with
the lavas’ petrography; the sum of the square of the
residuals ranges from 0.02 to 0.48. These tests,
along with the zoning profiles and equilibrium
calculations, show that most of the “phenocrysts”
in these lavas are in fact exotic. Most lavas consist
of liquids bearing crystals that did not form directly
from the host liquid.

[38] The accumulation of olivine in submarine
lavas of the normal series is likely to result from
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a “flushing” process, because lateral intrusion is
more capable of carrying the dense olivine than is
vertical ascent [cf. Marsh, 2005]. The width of
narrowly zoned rims on olivine xenocrysts limits
the time that the crystals could have been contained
within their host liquids. For example, the most
forsteritic olivine in sample AHA29A has a
normally zoned rim that is < 20 microns
thick (Figure 13). Glass of AHA29A composition
is in equilibrium with Fo;3. The MgO-FeO diffu-
sion coefficient calculated by the method of
Danyushevsky et al. [2002], assuming that T =
1150° C and the olivine’s composition is Fogg, is
2.9 x 10'"m?/s. Under these boundary
conditions, a compositional boundary layer (90%
equilibrated) that is 20 microns thick at the olivine
rim develops in about 6 months. The thickest
zoned rims are observed in olivines with cores of
Fogs, which have rims that are ~ 30 microns thick,
indicating residence times of about a year. Again,
the crystals in sample AHA29A are typical of
those in all of the normal-series rocks, none of
which contains olivine that shows a systematic
equilibrium relationship with its host glass or has
a consistent zoning patterns. Thus we conclude that
the “phenocrysts” within these submarine basalts
are largely unrelated to the glasses that host them
and were probably entrained within their host lavas
less than a year before eruption.

6.4. Origin of the Evolved Series

[39] The evolved series lavas that erupted from the
southwest sector of Fernandina do not lie on the
same trends on chemical variation diagrams that
describe the normal series (Figures 7 and 8).
Instead, they have relatively high Al,O5; concen-
trations and low FeO and TiO, concentrations
(Figure 8). Nevertheless, evolved series lavas have
trace element patterns that are parallel to those of
the normal series (Figures 10 and 11), suggesting
that evolved and normal series magmas are coge-
netic. A MELTS simulation of crystallization of
sample D28C (7.6% MgO) at 5 kb replicates the
trend formed by the evolved series, particularly the
enrichment in Al,O3. The model predicts that
after 58% crystallization of an assemblage that is
68% augite, 27% plagioclase, and 5% magnetite, a
liquid with 3.2% MgO and 16.6% Al,O5 is pro-
duced. The model was tested by applying these
values to a trace element model (Figure 11), and
the observed patterns are reproduced.

[40] Unlike the majority of submarine normal-
series lavas, these evolved magmas did not develop

by extensive crystallization of plagioclase in the
shallow subcaldera magma chamber. Instead, the
evolved series magmas result from extensive frac-
tional crystallization in the upper mantle and lower
crust (the depth to the Moho beneath Fernandina is
~14 km; P ~3.5 kb [Feighner and Richards,
1994]), and bypassed the shallow magmatic
plumbing system beneath the volcano (Figure 15).

6.5. Origins of the High-K Lava

[41] Rocks from D27 at the foot of Fernandina’s
southwest rift (Figure 3) have high K,O and Al,0O5
concentrations and low FeO and CaO (Figure 8).
D27 is from the region where evolved series lavas
were recovered (Figure 3), but D27 glasses have
MgO 5.6% to 5.8%. A least squares minimization
indicates that the composition of D27A can be
produced by a 48:52 mixture of normal-series
D28C (7.59% MgO) and evolved-series D17bur
(4.48% MgO), with a sum of the square of resid-
uals being 1.2%. Thus we propose that the high-K
magma results from a body of normal series
magma that mixed with a body of evolved
series magma at the distal end of the southwest
rift (Figure 15). Petrographically, D27 is not
unusual, with abundant microphenocrysts of augite
and plagioclase; no megacrysts with embayments,
sieve textures, or unusual zoning patterns are
apparent. Efficient crystal segregation must have
occurred after the mafic and evolved magmas
hybridized, removing petrographic evidence for
magma mixing.

6.6. Implications for Fernandina’s

Subcaldera Plumbing System

[42] The geochemistry and petrology of normal
series and subaerial lavas indicate a quasi-steady
state magma body, whose top lies ~ 2 km beneath
Fernandina’s caldera floor (~1500 m below sea
level, Figure 15) [Amelung et al., 2000; Geist et al.,
1998, 2006]. The magma undergoes crystallization
of plagioclase + olivine £ clinopyroxene, but is
continually replenished by magma that precipitates
olivine as magnesian as Fogg (Mg# ~ 70).

[43] At Fernandina, the phenocryst assemblage is
dominated by plagioclase in the subaerial environ-
ment but a mixture of olivine + plagioclase +
augite in the submarine environment (Figure 6).
The petrographic observations and petrologic mod-
eling presented here suggest that most of Fernan-
dina’s lavas are hybrids between liquid magma and
exotic crystals, especially when the submarine
lavas are compared to the subaerial lavas studied
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by Allan and Simkin [2000]. Another important
observation is that the normal-series submarine
lavas contain no xenoliths, but instead bear single
crystals and glomerocrysts, indicating that the
entrained crystals do not come from cumulate
rocks, but more likely from a crystal mush [Marsh,
2005] that would more easily disaggregate.

[44] The systematic differences between subaerial
and submarine lavas are best explained by gravi-
tational sorting. A typical Fernandina liquid with
6.5% MgO has a calculated density of 2760 kg/m”.
The densities of plagioclase and olivine at mag-
matic temperatures are 2740 and 3370 kg/m’>. This
results in plagioclase floating or being neutrally
buoyant in the shallow subcaldera magma cham-
ber, while olivine and pyroxene sink, are deposited
at the chamber floor, and are incorporated into a
growing column of mush. Magma intruded later-
ally incorporates mush rich in mafic minerals,
whereas magma intruded upward only incorporates
plagioclase (Figure 15).

7. Conclusions

[45] No seamount exists at the leading edge of the
Galapagos hot spot (Figure 2), unlike other Pacific
hot spots chains such as Samoa and Hawaii where
seamounts represent the first manifestation of the
hot spot as the lithosphere travels over the mantle
source [e.g., Moore et al., 1982; Hart et al., 2000].
Instead, the deep seafloor west of Fernandina
volcano is partially paved by voluminous lava flow
fields derived from basaltic magmas that are related
to those of the subaerial volcano. An important
new finding is that linear rift zones are well
developed on the submarine flanks of Fernandina,
in addition to Ecuador and Wolf volcanoes. The
prominent submarine rifts contrast with diffuse
radial rifts on the lower subaerial slopes of Gal-
apagos volcanoes and ring fractures proximal to
the summit calderas. This systematic change in
orientation of fissures at Fernandina and focusing
of the rifts in the submarine environment reflect the
change in orientation and increasing magnitude of
the deviatoric stresses in the shallow crust gener-
ated by the growing subaerial shield volcano.

[46] Most magmas erupted from the submarine
flanks of Fernandina are genetically related to
differentiated tholeiites erupted from the subaerial
edifice [Allan and Simkin, 2000] by entrainment of
different assemblages of crystals. Compositions of
subaerial liquids are identical to those that form the
submarine “normal series”. The common genesis

and evolution of subaerial and submarine magmas
is best explained if the submarine lavas are
emplaced by lateral injection of magmas that
originally ascend beneath the central subcaldera
edifice (Figure 15), a process similar to the origin
of lavas erupted from Kilauea’s Puna Ridge [Dixon
and Clague, 2001; Johnson et al., 2002]. The sole
difference between Fernandina’s subaerial and sub-
marine lavas is their crystal cargo, with the sub-
marine lavas containing many more mafic crystals.
This is best explained by a density-stratified mag-
matic plumbing system in which magmas derived
from the lower parts of the storage system are
injected laterally and encounter olivine-rich mush,
whereas magmas ascending to the upper circum-
ferential and subaerial radial fissures encounter
plagioclase-rich mush.

[47] Differentiated magmas erupted from the sub-
marine sector intruded from depth without encoun-
tering the shallow subcaldera plumbing system.
Instead, they cooled and fractionated near the
Moho to form differentiated tholeiite and icelandite
liquids. At least one of these differentiated liquids
hybridized with one of the more typical, shallowly
differentiated liquids to create the high-K magma
sampled from the tip of the SW rift.

[48] In conclusion, the petrogenesis of the subma-
rine lavas at Fernandina is much more diverse than
the subaerial ones. This diversity reveals processes
that would not be understood, much less detect-
able, through study of only the emergent edifice.
Likewise, measurements of the morphology of
Fernandina’s submarine sectors have led to the
discovery of volcanic landforms that are not oth-
erwise present on Galdpagos shield volcanoes.
Only through detailed petrologic and volcanologic
study of both the subaerial edifice [Rowland, 1996;
Allan and Simkin, 2000] and the submarine part of
the volcano have we been able to deduce the
fundamental processes responsible for the forma-
tion and evolution of this volcano at the leading
edge of the Galapagos hot spot.
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