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ABSTRACT

This work examines a massive basaltic lava emplaced in a subaqueous environment and drilled at ODP Site 1256. Site 1256 was drilled on the east
flank of the East Pacific Rise during ODP Leg 206 (6°44N, 91°56W; Guatemala Basin), located in 15 Ma old oceanic crust created by superfast seafloc
spreading (ca. 220 mm/yr). The massive lava lies between thin sheet flows and caps pillow lavas, sheet flows with minor hyaloclastite, breccia and dikes. T
massive basalt was encountered in two holes, 1256C and 1256D, which are 30 m apart, and has a thickness of 35 m in Hole 1256C and 75 m in Hole 125
It can be interpreted as a ponded lava, originated by rapidly erupted lava accumulated in a off axis >3-5 km depression of a steep paleotopography (Teagle
al., 2004).

The Hole 1256 lava pond has been divided into distinct petrographic units and structural units. Five main structural units with different key flow-related
textures and syn-magmatic or late magmatic structures were recognized. Ductile and brittle-ductile structures attributed to the flow gives constraints about tl
emplacement mechanism of the lava and possibly seafloor topography. Unusual textural features related to the flow kinematics were recognized mainly in t
top and in the bottom parts of the lava pond, whereas brittle-ductile and brittle deformations occur throughout the whole ponded body. Microstructures in th
base may be interpreted as flow-related deformation of hot ductile coalesced spatter clasts erupted during the first stages of emplacement. Alternatively, t
may have been formed during lava drain-back, in the final emplacement stages .

INTRODUCTION for many reasons, in particular to reconstruct the dynamic
evolution of the lava flow constrained by ductile and brittle-
Studies on submarine lava flows have been addresseductile structures. The transition from ductile to brittle de-
mostly to their external morphology (Gregg and Fink, 1995; formation depends mostly on the rheological behaviour of
Gregg and Chadwick, 1996; Chadwick et al., 1999); insteadthe lava. The brittle deformation occurs when strain rates lo-
detailed analyses of structural and petrographic features recally exceed the capability of melt to deform viscously
fer only to subaerial lava flows (Manley and Fink, 1987; (Dingwell and Webb, 1990). The rheological behaviour and
Self et al., 1997; Chadwick et al., 1999; Ventura, 1998; physical properties of a crystallising lava are strongly influ-
2001). enced by its crystals content (% volume crystals or crys-
This paper presents preliminary results of the study of atallinity). The magma behaves as a brittle material as soon
massive lava flow emplaced in a submarine environment,as crystallinity reaches a critical value or a critical melt frac-
close to the East Pacific Rise, drilled at ODP site 1256 dur-tion is present. This value is still poorly constrained and
ing Leg 206 (Wilson et al., 2003). The internal vertical zona- ranges from ca. 25-55% (Barth et al., 1994), up to about 60-
tion of the massive lava is analyzed in detail from the macro-65 vol.% of crystallinity (e.g., Geshi, 2001). According to
scopic and microscopic point of view. Here we present a de-experiments on the Holyoke basalt (Philpotts and Carroll,
scription of features that are unusual for lavas with basaltic1996) 30% of crystallinity is sufficient to produce a mush
composition. More details on the petrographic and structuraland at 40% the mush behaves as a solid. The crystallinity
characteristics are described in Crispini et al. (in prep.). value for the formation of a strong crystalline framework
The lava flow studied in this paper was nearly full recov- depends on mineral assemblage, the shape of crystals
ered in Hole 1256C where it has a thickness of 35 m where{Geshi, 2001), and on the grain size of the minerals (llde-
as in Hole 1256D it is 75 m thick but the top and the bottomfonse et al., 1999). For these reasons the structural analysis
parts were not recovered. The structural analysis has beeaf the lava unit has to be accompanied by a detailed petro-
done on the cut surface of the drilled cores. The top and thgraphic and textural analysis.
bottom part of the lava flow show a complete spectrum of Many lava flows develop textural features that are indi-
structures linked to the emplacement from ductile lava tocators of the flow kinematics (Smith, 2002); the recognition
brittle rock. of such structures helps in the comprehension of the flow
In general, lava flows may be characterized by textural history. Ductile and brittle-ductile structures attributed to la-
features similar to foliation in metamorphic rocks (Vernon, va flows have provided constraints about the emplacement
1987) and the textures of coherent volcanic rocks show feamechanisms of lava and the seafloor topography nearby the
tures that can be related to flowage (Smith, 2002). The mi-spreading center (Fink, 1980; Ventura, 2001; Smith, 2002).
crostructural analysis of this recovered lava flow is critical Some of the textures and microstructures encountered in
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Site 1256 lava pond have not been previously described irfield in the axial lavas (~100 to 500 m sub-basement) to a
basaltic lavas. more steeply dipping field (inclination > 70°) in the overly-
The occurrence of a thick lava flow at the top of pillow ing section. All lavas have normal mid-ocean ridge basalt
lavas and the recognition of particular internal microstruc- (N-MORB) chemistry, but the lava pond that dominate Hole
tures may be helpful to identify a style of crustal accretion 1256C and the top of 1256D are exclusively relatively
where the extrusive lavas, pillow lavas and dikes overlay theevolved (Mg # ~53, Cr ~70 ppm), whereas the thin sheet
gabbros. An additional thickness of lavas that flowed from flows deeper in Hole 1256D are generally more primitive
the ridge axis to cover the immediate flanks must be takenMg # ~61, Cr ~220 ppm; Teagle et al., 2004).
into account to determine the real stratigraphy of oceanic The studied massive lava, drilled in holes 1256C and
crust accreted on-axis and to re-consider the predicted depth256D, has been used as a clear marker unit for correlations
of gabbros in a superfast ridge. of the igneous stratigraphy (Wilson et al., 2003). The mas-
sive lava is covered by thin sheet flows interlayered with
some sediments, it lays on pillow lava and thin sheet flows,
GEOLOGICAL BACKGROUND hyaloclastite, breccia and dikes.
Wilson et al. (2003) suggest that the massive unit origi-
Drilling at ODP Site 1256 during Leg 206 completed the nated as a thick lava flow that ponded between steep pale-
initial phase of a planned multi-leg project to drill a com- otopography. It has been interpreted as a ponded lava on the
plete in situ section of ocean crust that will extend throughfollowing grounds: 1) the absence of inflation-related struc-
the lavas, the sheeted dikes and down to the gabbros. At Siteires on the upper surface of and within the massive lava, 2)
1256 (6°44.2'N, 91°56.1'W; Fig. 1), located ~1150 km east the absence of fine-grained seal zones or lenses which sug-
of the present ridge axis of the East Pacific Rise (EPR) andjests coalesced flow lobe contacts, 3) the largest ground-
~530 km north of the Cocos-Nazca spreading center, undemass grain size and the specific incompatible element con-
3635 m of water in the Guatemala oceanic basin. This crustentration in the upper part of the massive lava body suggest
formed at ~15 Ma on the eastern flank of the EPR and acthe presence of a more differentiated, late solidified melt
creted at a superfast spreading rate (~200-220 mm/yr fulhorizon in the upper one third of the lava body, and 4) the
rate) (Wilson, 1996). The Site 1256 lies across the magneti@absence or scarcity of subhorizontal vesicle-rich layers and
Anomaly 5Bn-5Br magnetic polarity transition. The trace of segregated melt lenses that are commonly observed in lower
the Cocos/Pacific/Nazca triple junction passes ~100 km tomiddle of inflated sheet flows elsewhere in Hole 1256D.
the southeast of Site 1256; the elevated bathymetry of the The key differences among various submarine flow mor-
Cocos Ridge records the trail of the Galapagos plume farphologies are the dimension of individual parcels of lava de-
ther to the southeast (=500 km). Four pilot holes werelivered to the flow front, their inter-connectivity, and the
drilled at Site 1256. Holes 1256A, 1256B, and 1256C pro-rate of crust formation relative to the rate at which lava
vided a complete section of the sedimentary cover, whereasoves away from the vent during emplacement (Gregg and
Holes 1256C and 1256D that are 30 m apart were deepenefink, 1995; Perfit and Chadwick, 1998). Rate of extrusion
into basement. From ca. 275 meters below seafloor (mbsf)and flow viscosity are the most important influences on sub-
Hole 1256C and Hole 1256D were cored 88.5 m and 502 mmarine lava morphology.
into basement, respectively. About 15-20% (~100 m) of the
cored extrusive sequence formed during a slightly later time
most probably from lavas that flowed significant distances STRUCTURAL AND MICROSTRUCTURAL
from the axis (~5 km) and were ponded between abyssal FEATURES OF ODP-HOLE 1256C LAVA POND
hills (Teagle et al., 2004). The cored lava sequence records .
the transition from a stable, shallowly dipping magnetic Analytical Methods

In order to characterise the internal structures of the lava

) § Seafloor flow we examined 30 m of cores from Hole 1256 C and 70
472 % ’—E m of cores from Hole 1256 D. We will focus on the cores
g 0510152 from Hole 1256 C where the unusual features are mostly

concentrated. Detailed description and measurement of the
orientation of the main structural features have been per-
formed on the cut surfaces of the cores and oriented thin
sections. Thin sections every 10 cm were prepared cut nor-
mal to the flow plane where it was recognizable. For partic-

ular sites, three mutually perpendicular thin sections were
prepared for a 3D examination of the structures of the lava.

+ +
oo™ @'wm@ Determination of the microstructures and semi-quantitative
1256° [ chemical composition of minerals was made with scanning
G528 - . electron microscope (SEM) Philips 515 equipped with an
t5te | oB2 B Cocos Plate., energy dispersive microanalysis system (EDS) (accelerat-
5720 ¢ 5504 ing potential 15 kV; sample current 20 nA) at the Universi-
+ + g.;;‘ ty of Genova. Mineral compositions of selected samples
Pacific Plate ST el were determined by JEOL JXA-733 electron probe micro-

. . . . analyzer (EPMA) at the Center for Instrumental Analysis,
Fig. 1 - Location of ODP Site 1256 (Wilson et al., 2003). Age map of the - . . f f
Cocos Plate and corresponding regions of the Pacific Plate. Selected DSD§hIZUOka University, using corrections from Be_nce and Al-
and ODP sites that reached basement are indicated by circles. The wid®€€ (1968) and dactor of Nakamura and Kushiro (1970).
spacing of 10- to 20-m.y. isochrons to the south reflects the ultra fast (200-Accelerating voltage was 15 kV and beam current was 1.2
220 mm/yr) full spreading rate. FZ- fracture zone. X 108 A,
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Structural Units of Hole 1256C are subhorizontal whereas Subunits 3b and 3¢ show subver-

On the basis of the groundmass texture and the abungfﬁl ggesﬂggmtag% Ys'cg rw'ég atrseér hrgiﬂg?jt (drr?gi?\lt)s/ilzr; %usb_-z
dance of primary minerals, we have divided the massive la- ’ y 9 :

va in 9 igneous units (Fig. 2) as proposed in Wilson et al_mm) and characterized by isotropic fabric, with rare late

(2003). On the basis of distinct flow-related structures andmagm?n_c veins dipping > 45h’ and ::?W_dlpplng_ m!(cj:rofrap-h
microstructures, and late to post-magmatic structural fea_tures. tis important to note that Subunit 3¢ coincides wit
tures, we furthe} characterize the internal architecture of the™ anomalously high JO content (an order of magnitude
flow i'n five structural units (Fig. 2) increase, from 0.08 to 0.74 wt%®; Wilson et al., 2003).

At its top, the massive lava flow cored in Hole 1256C is SU4 - This unit represents the transition between the

composed of a holohyaline-cryptocrystalline lava surface %€ and the bottom of the lava pond. It has an isotropic

with mostly variolitic texture. The lava changes downhole mggéu\%%;agfguiagu% (';)H(?);/Séshrgtrgr)c,) n:ntergﬁeszs d(i)sftlr?l;ﬁtirgr?go_f
into an intergranular to coarse variolitic fine-grained mas- ' 9

; ; : . fractures.
sive basalt and into a cryptocrystalline, granoblastic basalt. SUS - The bottom of the lava is about 1.7 m thick, and

ggiﬂ?]gysgspg;ei O%?an;gnzggycﬁ::gbnﬁ 0")‘(’22 esgr?:;g'cnr?;?sconsists of cryptocrystalline basalt (grain size < 0.02 mm)
(mostly augite, rare pigeonite). The average plagioclasew'th anisotropic flow fabric. It has a unusual texture consist-

Y ; ) ing of recrystallized variolitic groundmass and magmatic
composition is Ag, varying from Ar, 10 Anyg Many pla .. veins, which shows synmetamorphic ductile deformation
gioclase microlites are skeletal, which points to rapidly texture. Late magmatic veins occur in different overprintin
cooled portions of lava. Pyroxenes compositions fall into ' 9 P 9

augite (Wq,, En,, Fs,). and pigeonite (Wg, En, Fs,). sets and are folded and disrupted.
Diopside (W@, En,,, Fs) occurs in late magmatic veins.
At its base, the massive lava flow has an unusual textu-=

consisting of a variolitic groundmass recrystallized into Igneous Structural Units

very fine grained granoblastic aggregate. Both clinopyrox |, nits sU 1
ene and magnetite in the recrystallized basal lava shc [mbsf 18agissy/cryprons TR0 o flow upper
equigranular textures and a rapid increase in grain size plagiocks and 4 ;Ss;
wards the overlying non-recrystallized lava. Plagioclase, ¢ 2-5% £ o
the contrary, tends to preserve its igneous texture at crys 18bjl) microxx Sy
cores even in the most intensely recrystallized sample. 68 veins/m SE vl o

Fig. 3 shows the different chemical composition of pla: |287.Y Jolnts
gioclase and pyroxene analyzed in different igneous ar late magm
structural units of the lava pond. Plagioclases from th : yein
groundmass at the base show higher FeO (wt%) than plag 18¢ || fine grained | 8.3 veins/m SU 3a
clases from the above and pyroxenes show lower T of cry | _ (02-1mm) | 22.24 —
tallization, calculated according to Andersen and Lindsle | £ late magm
(1983). + -

On the basis of the structural and microstructural obse i kit —
vations we have divided the lava flow into five structural (g 18d i ;}‘fﬁ
units (SU) that are: SU1- flow upper crust, SU2 - flow crust | , late magm [~ ==~~~
SU3 - core or flow interior, SU4 - core-base transition an: | vemsim
SU5 - flow base (Fig. 2). The structural units partly coincidt 3 18e f|0f\,°F:T§:i0,.
with the magmatic units recognized by Wilson et al. (2003] | 5 very coarse _ =
and include some of them. 0 18f§ variolitic | 3-4 veins/m| ———0 %

SU1 - The upper portion, about 1 m thick, is character |7 9 sua3e
ized by a thin glassy breccia that is gradually replaced t | £ 18g &
hyaloophitic to hyalopilitic basalt; the crystallinity increas- | , e Jj ﬁ ‘J) <+
es downflow. The fabric has strong anisotropy and show |« of the boftom
different types of folds. SU1 can be considered as the fol | 4
ed and jumbled surface crust of the lava flow (Wilson et al | §

2003).

SU2 - The following 4.5 m of the flow show a medium 18h 77 sU 4
grain size (0.2-1.00 mm) with variolitic texture; flow fabric g - veins/m core-base
is isotropic and the most striking structures are subroundk 0271 mm) fransition
millimetric vesicles (2 to 5%) and open fractures. Fracture noevident
are mainly subhorizontal but nearly vertical joints are als late magm
present. SU2 is interpreted as the vesicular crust of the flov | 311.8 veins

SU3 - It is the thickest structural unit and it correspond st = plagioclase and SU 5
to the main body of the flow; its thickness varies in the re L1 Densiind PP base
covered sections from the two holes (1256C and 1256D | 328 —

Su3 _IS divided '”t‘? three S_Ub'umts characterized by the ori- Fig. 2 - Igneous and structural units of Hole 1256C lava pond. The main
entation and density of veins and fractures. The upper subsiryctural features and occurrences of veins are reported. Lava pond (ig-
unit (3a) is characterized by isotropic fabric and late mag- neous unit 18 in Wilson et al., 2003) has been defined from core 206-
matic veins (0.5-2.5 mm thick) with a density of about 2.5 1256C-8R4 (280.27 mbsf) to core 206-1256C-11R7 (312.8 mbsf). Cryp-
veins per meter. The total density of open fractures andtoxx.stands for cryptocrystalline, microxx for microcrystalline. For more
veins is 8.3 per meter. Late magmatic veins in Subunit 3gdetails see text.
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Fig. 3 - Chemical compositions of (a) plagio-

clase and (b) pyroxene obtained by electron
microprobe analyses of samples from differ-
ent units of the lava pond. Pyroxenes are plot-
ted in the quadrilateral geothermometry of
Lindsley and Andersen (1983). The differ-

ences in mineral compositions between the
core and the recrystallized base of the lava
pond are clearly shown. Symbols refer to
minerals from different structural units of the

PYROX ENE lava pond. SU: Structural Unit; for their defi-

nition see text and Fig. 2.

Main microstructural features tension gashes (Fig. 4a), extension fissures are parallel to
the folds arc, and veins along shear zones cut magmatic-re-
We observed that microstructures related to ductile de-lated shear folds with the same sense of shear.
formation are common only at the top and bottom of the la- In the core of the flow, i.e. SU2 to SUA4, brittle-ductile
va flow, whereas structures related to brittle-ductile andstructures such as tension gashes, pull-apart veins and frac-
brittle deformation occur throughout the whole ponded tures are present; no plastic deformation is evident in hand
body. specimen or microscopic scale. In the finer-grained portion
In the upper SU1 and bottom SU5 a variety of texturesof the basalt, clinopyroxene and plagioclase show evidence
related to intense flow and compaction can be recognizedf both intracrystalline and intergranular deformations, in
(Figs. 2 and 4) such as planar alignments of crystals, modaplaces, interpreted as sites of strain localization (Agar and
domains and domainal textures (Smith, 2002) deformed byMarton, 1995). In plagioclase laths, healed arrays of fluid
overprinting folds. and/or solid inclusions, interpreted as syn-crystallization
The common microstructures related to brittle-ductile features, are reopened or cut by conjugate sets of microc-
and brittle deformations are late magmatic veins filled main-racks. Microcracks are mainly controlled by the crystallo-
ly with plagioclase, quartz, magnetite, clinopyroxene, and graphic cleavages and can be interpreted both as cooling or
granophyric to vermicular intergrowths of sodic plagioclase deformation-related features. In SU3-4 one set of microfrac-
and quartz (Fig. 4). The geometric features of the vein wallstures is filled with the late granophyric interstitial minerals,
together with their infilling are evidence of development in suggesting that this deformation event occurred when lava
a partially crystallized lava and they record flow during the was not yet completely crystallized. Conversely, intragranu-
transition from ductile lava to brittle rock. Additional fea- lar microcracks healed by glass now altered to secondary
tures are evidence of the brittle-ductile behaviour duringminerals (e.g., saponite) are interpreted to be late to post-
their development: the lack of chilled margins and straight magmatic, as they overprint or reactivate syn-crystallization
contacts (Fig. 4c), plagioclase laths in the wallrock showinclusions and cooling-related microcracks. In the coarse-
both shape- and lattice-preferred orientations parallel to thegrained basalt of the flow interior, plagioclase crystals that
vein border, segregation pockets are in array of en echelo@are clustered in discrete domains rarely show a moderate
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composition, and planar crystal abundance. Some of these
textures can be compared to the “boa texture” described in
the upper solidification front of the Holoyoke basalt flow
described by Philpotts and Dickson (2002). In the “boa tex-
ture” ophitic pyroxene-plagioclase clusters form nearly hori-
zontal layer separated by patches of mesostasis every 1-2
mm. SU1 banding differs from the “boa texture” primarily
by the flattening of the aligned clusters. SU 1 banding
seems to form under pure shear or high flow deformation
whereas the “boa texture” seem static or deformed only by
gravity (Fig. 5c¢ of Philpotts and Dickson, 2002). According
to Philpotts and Dickson (2002) this texture is linked to the
roof zone of a lava sheet and its geometry can be related to
the shape and evolution of the solidification front. The
recognition of these layerings is critical for the understand-
ing of the shape of the solidification front and the physical
properties of the crystal mush in the upper solidification
front.

Microfolds with different geometries and orientation
have been observed in SU1 and SU5 The flow upper crust
SU1 has a glassy portion with patches of fine plumose crys-

PN | ; tallites form and patches of glass linked to supercooling of
| P s TR B £ S 4 lava (Fig. 5a). The number and density of crystalllte patches
Fig. 4 - Examples of Iate magmatic structures in Hole 1256C lava pond. a)@nd the crystal density in individual patches increase down-
Array of late magmatic tension gashes filled by plagioclase, clinopyroxene, flow and finally coalesce to form the entire groundmass.
quartz and apatite. Diameter of the core is 6 cm. b) Centimetric pull apartClinopyroxene and plagioclase + Ti-magnetite form spher-
with late magmatic infilling minerals. Diameter of the core is 6 cm. ¢) Pho- gjdal or fan- Shaped Crysta| aggregates, finer gran‘]ed vari-
tomicrograph of a late magmatic vein in SU 5. Sample 206-1256C- 11R-7- oties of which can be referred to as varioles (Bryan, 1972;
9-12 cm. Cross polarized light. MacKenzie et al., 1982; Wilson et al., 2003) (Fig. 5a). Crys-

tallinity increases downflow within the first centimeters of

preferred orientation. Some of these crystals show impingethe lava unit; crystallinity records changes also in the por-
ments-like features (Nicolas and lldefonse, 1996), which istion where varioles prevail but apparently not according to a
evidence of the accomodation of flow in the presence ofvertical gradient.

very low melt fractions. In the top 40 cm of the cored lava pond, very fine vari-
oles and patches of intervening glass are deformed in oblate
ellipsoids and aligned in bands. Commonly flattened
spherulitic clusters are intercalated with plagioclase and Fe-

The flow upper crust is characterized by the occurrenceTi oxide-rich submillimetric bands bordered by granular py-
of multiple generations of ductile folds and superposed brit-roxene and platy plagioclase that have a strong preferred
tle-ductile to brittle deformations. These features record theorientation (Fig. 4b). A layering is defined by the shape pre-
dynamic character of the cooling of this portion of the lava ferred orientation of minerals, by variations of modal com-
that reflects the changes in mechanical properties of crystalposition, and planar crystal abundance. Some of these tex-
lizing lava and the relation between flow and cooling tures can be compared to the “boa texture” described in the
(Gregg et al., 1998). upper solidification front of the Holyoke basalt flow de-

The flow upper crust SUL1 has a glassy portion with scribed by Philpotts and Dickson (2002). In the “boa tex-
patches of fine plumose crystallites form and patches ofture” ophitic pyroxene-plagioclase clusters form nearly hori-
glass linked to supercooling of lava (Fig. 5 a). The numberzontal layer separated by patches of mesostasis every 1-2
and density of crystallite patches and the crystal density inmm. SU1 banding differs from the “boa texture” primarily
individual patches increase downflow and finally coalesce by the flattening of the aligned clusters. SU1 banding seems
to form the entire groundmass. Clinopyroxene and plagio-to form under pure shear or high flow deformation whereas
clase xTi-magnetite form spheroidal or fan-shaped crystal the “boa texture” seem static or deformed only by gravity
aggregates, finer grained varieties of which can be referredFig. 5¢ of Philpotts and Dickson, 2002). According to
to as varioles (Bryan, 1972; MacKenzie et al., 1982; Wilson Philpotts and Dickson (2002) this texture is linked to the
et al., 2003) (Fig. 5a). Crystallinity increases downflow roof zone of a lava sheet and its geometry can be related to
within the first centimeters of the lava unit; crystallinity the shape and evolution of the solidification front. The
records changes also in the portion where varioles prevaitecognition and their geometry has been analysed in 3D.
but apparently not according to a vertical gradient. Folds of lava flows have been described in the literature

In the top 40 cm of the cored lava pond, very fine vari- mainly at the macroscopic scale (e.g. Fink and Fletcher,
oles and patches of intervening glass are deformed in oblat&978; Fink, 1980; Gregg et al., 1988). However, similarly to
ellipsoids and aligned in bands. Commonly flattened what described for macroscopic scale folds, microfolds are
spherulitic clusters are intercalated with plagioclase and Festrongly influenced by the crystallinity and viscosity of lava
Ti oxide-rich submillimetric bands bordered by granular py- during emplacement (Fink et al., 1998). In the glassy to
roxene and platy plagioclase that have a strong preferredryptocrystalline portions of Hole 1256 lava pond, genera-
orientation (Fig. 4 b). A layering is defined by the shape tions of superposed folds record the progressive emplace-
preferred orientation of minerals, by variations of modal ment and concurrent solidification of the lava. The older

Microstructures of the flow upper crust (SU1)



122

Fig. 5 - Photomicrographs of microstructures from the upper crust SU 1. a) Variety of variolitic texture. Very fine varioles consisting of plumose clinopyrox-
ene intervened with thin plagioclase laths. Plane polarized light. Sample 206-1256C-8R-4-122-125 cm. b) Modal and domainal layerings. Alignments of flat
tened clusters of plagioclase, pyroxene, and Ti-magnetite alternated with layers of aligned but less flattened clusters of the same minerals. Plane polariz
light. Sample 206-1256C-8R-4-108-110 cm. ¢) Example of asymmetric flow related structures: quarter folds (Passchier and Trow, 1996) around a clinopyrox
ene-plagioclase glomerocryst. Plane polarized light. Sample 206-1256C-8R-4-122-125 cm. d), e), f) Examples of microfolds in the upper crust (SU1) movin
downhole. Sample 206-1256C-8R-4-114-117 cm. Sample 206-1256C-8R-4-117-119 cm. In d) plagioclase crystallites are reoriented lining the profile of the
fold. Folded veinlet is pyroxene and garnet bearing.

folds are isoclinal to similar (class 1B of Ramsay, 1967) liation related to lava-flow in SU1 changes from the hori-
with subrounded hinge zone (Fig. 5d). The wavelength tozontal to steeply dipping downwards; it may be linked to the
thickness ratio of the folded layer and the amplitude to prevailing action of non-coaxial shear deformation or the
wavelength ratio are high, i.e., 20:1 and 4:1 respectively.prevailing action of gravity. The structures reflect the modes
The axial plane dips about 30°. The geometric features ofof emplacement of lava and result from the balance between
the microfolds point to a deformation characterized by aa gravity transport term and the magmastatic pressure gradi-
component of subvertical shortening (flattening) combined ent (Bruno et al., 1994) even if the lava flow dynamics can
with a non-coaxial component. Open microfolds deform the be locally influenced by other factors.
low dipping isoclinals; they have subvertical axial planes
and very low amplitude/wavelength ratios. The wavelength
of the superposed generations of folds decreases with time,
due to the increasing crystallization and viscosity. The base of Hole 1256C the ponded flow has an unusual
A change in orientation of the folds has been observedtexture consisting of recrystallized variolitic groundmass
from the upper to the lower layered portion of the SU2 flow (Figs. 6 and 7) and has magmatic veins, which shows duc-
crust (Fig. 5e). In the lowest part of SU2 where the degredile deformation textures (Fig. 8). The lowermost part of the
of crystallinity increases, microfolds are asymmetric similar entire lava flow, is an aphyric cryptocrystalline basalt with a
folds lined by reoriented plagioclase crystals in a variolitic groundmass texture of equigranular clinopyroxene and
crystal mush (Fig. 5f). The axial plane of the folds dips equigranular Ti-magnetite (Figs. 7 and 8) with sparse pla-
about 50°. The vertical component of shortening (flattening) gioclase laths that reflects recrystallization at near-magmatic
is clearly less important than in the above portions of thetemperatures (Fig. 2). While the original variolitic texture is
crust and the flow lines are slightly inclined. From the still recognizable in places, the groundmass clinopyroxene
geometry of these structures we infer that the solidificationand Ti-magnetite are almost completely recrystallized into
front (Marsh, 2002) is not a horizontal limit and the weight equigranular neoblasts. The Ti-magnetite crystals show
of the component of pure shear in the development of foldsequant, subhedral, skeletal octahedral forms quite different
decrease downward. Gravity forces and shearing probablyrom those in the lava core where Ti-magnetite has dendritic
alternated during emplacement of the lava. On the wholemorphology, suggestive of higher cooling rate (Wilson et
the strain is heterogeneously distributed in SU1 and may bel., 2003). Larger plagioclase laths are incompletely re-
linked to the changes in crystallinity % and the following placed by neoblasts from their margins; they mainly pre-
change from Newtonian to non-Newtonian rheology of the serve their igneous texture and are reoriented or microfrac-
basaltic lava (Smith, 1997). Domainal textures developtured (Fig. 7). Both clinopyroxene and magnetite show rapid
where cristallinity is higher and nearly transpose folds in theincreases in grain size toward the overlying massive lava,
hinge zones resembling an axial plane cleavage. which seems to be the heat source of recrystallization (see
In conclusion, we observed that the orientation of the fo-Fig. F 79 in Wilson et al., 2003).

Microstructures of the flow base (SU5)
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Recrystallization affects the base of the lava unit from its occurred at 919°C in air (Fig. 5 of Burkhard, 2001), similar-
top, i.e. from the contact with the core of the lava (SU4-SU5ly to Hole 1256C SUS.
transition). It is characterized by a variolitic texture made by  In SU5 two main types of layering linked to the lava flow
plagioclase and pyroxene. Most of the observed varioliticare present. In the upper part, a textural banding is defined
microstructures resemble those developed during the reheaby plagioclase abundance (modal layering) and/or their pre-
ing of Kilauea basalt glass (Burkhard, 2001) that evidencedferred orientation; at sites relics of plagioclase laths within
homogeneous areas where spherulitic growth of very finethe cryptocrystalline groundmass show a shape preferred
grained silicates and Fe-Ti oxide at their apices from glassorientation and lattice-preferred orientation. Single oriented

plagioclase laths (< 0.1 mm) are either scattered throughout

(a) Core of (®) Britt] the groundmass or are clustered in thin folded bands. At the
sU5 Structures FI°“" drli:cﬁ‘li- top of SU5 the foliation (drawing “flow lines” on the cut
o O 9HT|'_U3. . HRES shear surface) defined by plagioclase crystals preferred orientation

are nearly horizontal; within 20 cm down-hole plagioclase
bands become deflected and disrupted. Plagioclase preferred
orientation and the axial planes of folded bands turn into
nearly vertical orientation down to the base of the flow.

Different sets of veins are present that include veinlets
(< 0.5 mm thick) and coarse grained late magmatic veins,
all show ductile (folding) and brittle-ductile deformations.
Coarse grained veins cut the veinlets. The veinlets have
very fine grained infilling minerals and are lined by the
high concentration of small magnetite grains (probably
linked to the depletion in pyroxene and plagioclase by frac-
tional crystallization) (Figs. 8a, 8b, 8c). Minerals in vein-
lets are equigranular neoblasts and show evidence of sub-
solidus intracrystalline deformation such as undulose ex-
tinction. The veinlets are deformed in ptygmatic to isoclinal
folded profiles (Figs. 8a and 8d). In 3-D the folds are tubu-
lar folds with subvertical axial planes and maximum elon-
gation axis plunging about 80° respect to the vertical axis
of the core (Figs. 6 and 8). Moreover folds are disrupted
and transposed downflow. Buckling of fold limbs occurs in
places (e.g., 30-42 cm interval in Fig. 6). Recrystallization
in variolitic texture occurs heterogeneously downflow, and
partly overprints and replaces some folded and disrupted
veinlets.

The folded walls of the veinlets show evidence of sub-
solidus intracrystalline deformation, and also suggest that
the deformation took place when magma was not complete-
ly crystallized and partly before the recrystallization of the
lava. The geometric relationships suggest that deformation
took place prior to or at the same time as the variolitic pla-
gioclase texture development.

Other peculiar microstructures of SU5 are represented by
“mantled porphyroclasts” (“porphyrolaths”). In mm-wide
layers, fine grained palgioclase and pyroxene are arranged
in spiral chains around one inner plagioclase grain, or rarely
one magnetite grain (Fig. 7). Supposing that a relative rota-
tion occurred, the arrangement of the crystals indicates a ro-
tation of more than 360°. The orientation of the central crys-
tals is parallel to the main vertical flow plane with different
sense of rotation. We interpret tentatively these microstruc-
tures as linked to a near turbulent local flow (Ramsay and
Huber, 2000) during the lava emplacement. Across the base
of the unit we can draw layers with laminar flow surround-
ing layers with quasi-turbulent flow; the boundary layers be-
ing represented by veinlets.

Buckling of folds limbs

G crm ! Late magmatic infillings Relationship between recrystallization and deformation
(%] Variolitic recrystallization in SU5S

Fig. 6 - Structures at the base of the Hole 1256 massive lava. a) Close-up :
photo of a piece of core 206-1256C-11R-7. Box refers to the location of As described above, the groundmass at the base shows

the thin section in Fig. 7a. b) Redraw of main structures lined by the vein- recrySta“'ze_d V?‘r'o“t'c texture and the pOSS|b|e heat source
lets. Late magmatic veins are filled in gray, related shear-senses are showRf recryStamzat'O_n seems to be the Core.Of .the lava above
as well. (SU 4) as both clinopyroxene and magnetite in the recrystal-
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1256C11R7W12-16

Fig. 7 - Examples of textures from the base of
the lava pond SU5. a) Close-up of a thin sec-
tion located at the top of SU5. Patches of re-
Jgﬁgm Q, crystallizations are visible. Sample 206-

1256C-11R-7-12-16 cm. b) Variolitic texture
replaces pre-existing plagioclase laths with
shape preferred orientation. Plane polarised
light. c) Detail of the central part of photo
7b). Plane polarised light. d) Microphoto-
graph of faint mantled porphyroblasts. Their
geometry is clear only after the analysis and
redraw of microprobe images. Crossed po-
larised light. €) Redraw of the microstructures
of Fig. 7d.

0 plagioclase

lized part show rapid increases in grain size towards it.most interesting and unusual features occur at the top and
However, plagioclase tends to preserve its igneous texture ahe bottom part of the massive lava.
least in its core even in the most intensely recrystallized In some way the general features of the massive unit of
sample. At the top of SU5 the variolites have a spherical un-ODP at Site 1256 (6°44N, 91°56W; eastern flank of the
deformed shape (Fig. 7a), whereas downhole to flattenedtast Pacific Rise) may resemble those of pahehoe lava
and disrupted shapes. In the lower part recrystallization is(Self et al., 1998) except for its very low vesicularity and
heterogeneously distributed and less pervasive. At the top ofhe unusual structural features of its base. This confirms
SUS relics of isoriented plagioclase laths suggest that rethat the lava cannot be interpreted as an inflated sheet flow
crystallization occurred after the alignment of plagioclase. but most probably as a lava pond. Nevertheless full petro-
Downhole, recrystallization seems to have occurred at thegraphic and microstructural analyses on submarine lava
same time with deformation or later than deformation of thepond or lava lake are rare or do not exist in order to make
veinlets. In the recrystallized groundmass coarser equigranedirect comparisons.
ular opaque minerals seem to have flowed inside folded por- As regards the distribution of fractures (Fig. 3), their pat-
tions of lava (Fig. 8). Coarser magnetite probably recrystal-tern can be roughly divided into an upper jointed crust (SU1
lized during flow, whereas finer grains of magnetite partly - SU3a), massive core (SU3b - SU3c) and a basal jointed
follow and outline the profile of the folds and probably rep- crust (SU4 - SU5), a distribution that resembles the pahoe-
resent to a later stage of recrystallization (linked to fluids in hoe sheet lobes of the Columbia River Basalts and inflated
the veinlets ?). sheet flows of Oman (Umino et al., 2000).

A thin section taken 35 cm below the top of SU5, shows

rogressive recrystallization of earlier, more intensely de- . .. . .

Forrged vein mingrals that are cut by later, planar veing with Significance of mlcr(())fstl_r:é?éuigzgéthe flow upper crust
chilled margins against the host basalt. Earlier veins are pro-
gressively recrystallized into equigranular neoblasts without The upper flow crust of the lava pond may be interpreted
any evidence of subsolidus intracrystalline deformation suchas a folded and jumbled surface crust(Wilson et al., 2003) as
as undulose extinction and kink bands. This, together withdescribed in Gregg et al. (1998). Textures in the upper
the undulating margins of the veins, suggests that either thglassy portion are related to quenching and supercooling of
deformation took place under hypersolidus conditions or thethe lava. The variolitic textures in the inner part of the crust
rate of replacement of deformed crystals with neoblasts al-SU1 and SU2 resemble the reheating and devetrification
ways exceeded the rate of intracrystalline deformation. texture due to the heat flow from internal portion of the la-
va. The reheating of glass may be related to the heat supply
from hotter lava below the crust; the differential movement
of the thin brittle crust with respect to the underlying plastic
lava may cause the fracturing and sinking of glassy slabs in-
to hotter lower lava as evidenced by the change in flow lines

Structural analysis of subaerial lava flow is reported in orientation from nearly horizontal to vertical. The early
several works (e.g., Manley and Fink, 1987; Self et al., crystal alignments that delineate the foliation in the lava
1997; Chadwick et al., 1999; Ventura, 1998; 2001). On theflows reflect viscosity gradients during fluid-state flow
contrary, to our knowledge, structural analyses detailed(Smith et al., 1994) and may be interpreted as layers formed
structural analyses features of complete subagueous massiymrallel to the downward-growing crystallization front in the
lava flows are missing in the literature. Our microstructural magmatic state (Philpotts and Dickson, 2002). The struc-
and petrographic study of a large subaqueous lava pondures in the crust indicate also high straining of the ground-
drilled in ODP Holes 1256C and 1256D has shown that themass with melt present (Smith, 1997).

DISCUSSION

Comparison with subaerial massive flow
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spatter clasts (Fig. 8) erupted in the initial stages of the vent
opening, but in submarine environment. The still fluid clasts
came in contact with each other, flowed, and flattened on a
steep paleotopography. The space in between coalesced, and
partly recrystallized during the emplacement of the lava.
The temperature of the lava at the top of the spatter pile was
high enough to create destabilization and recrystallization
during deformation. Thus deformation took place prior or at
the same time as the variolitic plagioclase texture devel-
oped, and before recrystallization of the varioles. Inside
clasts local turbulent flows developed, as evidenced by the
rotated relics described above (Figs. 7d and 7f).

2) On the fast spreading East Pacific Rise, flows are
erupted and confined within a narrow axial summit trough in
many places lava (Fornari et al., 1998). If drainback occur,
the lava drains back down to its eruptive vent or out through
pre-existing holes in the wall of the summit trough (Fornari
et al., 1998). In this case we can explain the structures in the
base of Hole 1256 lava pond as due to a drainback and so

9 [e] surface B seoec the vertical downflow linked to an abrupt change in the
AR normal to the Taths basement morphology. This hypothesis is not supported by
vertical - . . . .
the recrystallization vs deformation observations but agrees

\ with the strain distribution. We observed a change of strain
o

L00um

@ lem

=]

path in the base of the lava pond (Fig. 7), which may be ex-
plained not only by pulsated inflation but also by the partial
collapse of the basement at the bottom of the lava unit with
the subsequent abrupt change in the strain rate.
The arrangement and the features of the interfaces of the
brittle-ductile microcracks show that similar textures should
| have been developed when crystallinity reaches about 30-
j et 40% and shear thickening led to tearing of the crystal mush
(Smith, 2002; Philpotts and Carroll, 1996). Discontinuous
sheets of melt between layers of stretched mush probably
provided planes of weakness and ductile deformation was
Fig. 8 - Microstructures from the base of the lava pond - SU 5. a) Mi- €nhanced again. Discontinuous sheets of melt provide
crophotograph of folded and disrupted veinlets. Veinlets weld and coalesceplanes of weakness and the bulk density of the basalt
fluidal droplets of lava where magnetite is partially reoriented. Sample changes; if gravitational instability and the weight of the
206-1256C-Box re_fers to Fig_s. 8b and 8(..‘.. b) Sketch to outline veinlets of over|ying lava column are more effective then horizontal
p_hoto 8a. c) Detail of the veinlet boxed in 8a. d) Sketches of a fold on aghear flow, detachment and sinking of differential banding
piece of core. occur. In this case the folded veinlets have to be explained
as “real” sheath or tubular folds of pre-existing straight pla-
o . . nar anisotropies (rather than coalesced viscous clasts). A
Significance of microstructures in the base of Hole new increment of the shear flow caused the brittle-ductile
1256C lava pond. shear gashes that overprinted the vertical flow. The rheolog-
In order to explain the unusual microstructures in the ical instability of that multilayer caused the disruption and
basal portion of the lava unit, we propose and discuss twesinking of the flow planes. This may have been enhanced by
opposite interpretations: 1) they represent structures equivairregularity or inclination of the basement. Moreover, the
lent to spatter deposit developed in a submarine environanalysis of the vertical flow of the Hole 1256C lava pond
ment, linked to first stages of emplacement of the lava, or 2)reveals the occurrence of an inclined boundary that limits
they represent structures formed during lava drain-backthe flow as shown by the mostly asymmetrical structures.
during late stages of emplacement of the lava.
1) Sumner et al. (2005) define a spatter in subaerial envi-
ronment as an accumulation of originally hot, fluid pyro- CONCLUSIONS
clasts, which agglutinate on landing. The resulting deposit
may be an agglutinate or spatter pile, in which the clast out- This work provides data on the petrographic and mi-
lines are partly or wholly retained, or it may give rise to a crostructural features throughout a vertical section of a sub-
spatter deposit that is the first stage in complete coalescenc@arine ponded lava cored on a 15 Ma old oceanic lithos-
of clasts to form lava in Hawaiian-style fire-fountain erup- phere (superfast seafloor spreading, ca. 220 mm/yr). The la-
tions. As outlined by Sumner et al. (2005), at very high ac-va pond represents an off-axial sequence confined by
cumulation rates, where large volume and close proximityrugged paleotopography, located directly on pillow lava and
of clasts allow only minimal cooling, immediate coales- covered by thin sheet flows. The unusual microstructures at
cence of impacting clasts may lead to fountain-fed lavas andhe base of the lava pond may be interpreted either as hot
lava ponds. The structures similar to tubular and disruptedcoalesced spatters erupted in the first stages of the emplace-
folds lined by thin veinlets described in the base of the Holement of the lava, or, less likely as products linked to lava
1256C lava unit may be interpreted to represent ductile hodrainback during late stages of the emplacement of the lava.

cut surface of
the core
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The base of the lava pond shows unusual textures thaGregg T.K.P. and Chadwick W.W. Jr, 1996 Submarine lava-flow
can be interpreted as a spatter deposit fed by a subaqueous inflation: a model for the formation of lava pillars. Geology,
lava fountain. This may represent the first stage of the em-_ 24:981-984. o _
placement of the lava. Gregg T.K.P. and Fink J.H. 1995. Quantlflca_tlon of submarine la-

The occurrence of a thick off-axis lava flow at the top of ‘7’3"‘7'%"" morphology through analog experiments. Geology, 23:
pillow lavas and the recognition Of_ peC‘.‘"ff‘r internal mi- Gregg T..K.P., Fink J.H. and Griffiths R.W., 1998. Formation of
crostructures may be helpful fo_r identifying a style Of, multiple fold generations on lava flow surfaces: Influence of
crustal accretion where the extrusive lavas and dikes overlie  gi5in rate, cooling rate, and lava composition. J. Volcanol. Ge-
the gabbros. An additional thickness of lavas that flowed otherm. Res., 80: 281-292.
from the ridge axis to cover the immediate flanks must beHon K., Kauahikaua J., Delinger R. and Mackay K., 1994. Em-
taken into account to determine the real stratigraphy of placement and inflation of pahoehoe sheet flows: Observations
oceanic crust accreted on-axis and to re-consider the pre- and measurements of active lava flows on Kilauea Volcano,

dicted depth of gabbros in a superfast ridge. Hawaii. Geol. Soc. Amer. Bull., 106: 351-370.
lldefonse B., Michibayashi K. and Cecchi E., 1999. Analogue ex-
periments on compaction and shearing of wet granularmedia.
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