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Abstract
International Ocean Discovery Program (IODP) Expedition 

369 recovered the first stratigraphically constrained volcanic se-
quence at Site U1513 on the eastern flank of the Naturaliste Pla-
teau. We report macroscopic and microscopic core description 
and petrophysical data from this 82.20 m thick volcanic sequence 
(Lithostratigraphic Unit VI). We present a modified volcanic stra-
tigraphy based on postexpedition examination of the core sections 
from Holes U1513D and U1513E. The volcanic sequence is di-
vided into nine lithologic units consisting of alternating basaltic 
flows (Units 1, 3, 5, 7, and 9) and volcaniclastic beds (Units 2, 4, 6, 
and 8), cut by multiple intrusions.

Introduction
International Ocean Discovery Program (IODP) Site U1513 in-

cludes the two deepest holes drilled to date on the Naturaliste Pla-
teau, reaching 756.70 meters below seafloor (mbsf ) in Hole U1513D 
and 770.27 mbsf in Hole U1513E (Huber et al., 2019b). Hole 
U1513D is located at latitude 33°47.6196ʹS, longitude 112°29.1339ʹE 
(World Geodetic System, 1984), very close to Deep Sea Drilling 
Project (DSDP) Site 258 (latitude 33°47.69ʹS, longitude 112°28.42ʹE) 
(Figure F1A) (Davies et al., 1974). Hole U1513E, located at latitude 
33°47.6190ʹS, longitude 112°29.1204ʹE, is ~20.8 m away from Hole 
U1513D. The two holes at Site U1513 penetrated through the volca-
niclastic-rich sedimentary sequence (Lithostratigraphic Unit V) 
(Lee et al., 2020) that was only partially recovered at DSDP Site 258 
and into the volcanic sequence of Lithostratigraphic Unit VI (Figure 

F1B). In this data report, we describe the petrological and petro-
physical characteristics of the volcanic sequence and utilize these 
data to establish a volcanic stratigraphy (Figure F1C) that can be 
used as a framework for postexpedition studies in the future.

Methods and materials
The volcanic sequence was recovered at 690.28–756.70 mbsf 

(interval 369-U1513D-66R-1, 8 cm, to 75R-7, 130 cm) in Hole 
U1513D and 688.07–770.27 mbsf (interval 369-U1513E-2R-4, 0 cm, 
to 9R-5, 62 cm) in Hole U1513E (Figure F1C). The core sections 
were broadly described on board the ship and divided into lithologic 
units based on chilled margins, faulted and fragmented boundaries, 
and textural and color changes. Bulk density from gamma ray atten-
uation (GRA) and moisture and density (MAD), P-wave velocity, 
magnetic susceptibility, and natural gamma radiation (NGR) were 
measured on the core sections and selected discrete samples during 
the expedition (Huber et al., 2019a; Huber et al., 2019b). Thin sec-
tions from selected samples from Hole U1513D were described, and 
whole-rock X-ray diffraction (XRD) analysis was conducted on the 
same sample locations on board. However, shipboard preparation of 
thin sections and mineralogical analyses were not possible for Hole 
U1513E due to lack of time.

After the expedition, additional thin section analysis was con-
ducted at the Japan Agency for Marine-Earth Science and Technol-
ogy (JAMSTEC) for Hole U1513E. Archive halves of the core 
sections from both Holes U1513D and U1513E were reexamined at 
the Kochi Core Center (KCC), Japan, to better understand the na-
ture and origin of the sedimentary units (previously described as 
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breccia) intercalated with the basalt flows. Lithology, structures, 
mineralogical composition, grain size, color, bed thickness, and 
contact type descriptions were extracted from the combined ship-
board and postexpedition data sets. Petrophysical data from on-
board physical properties measurements (Huber et al., 2019a; 
Huber et al., 2019b) complemented the macroscopic and micro-
scopic core descriptions and were used to refine lithologic contacts 
identified during the expedition.

We also conducted additional whole-rock XRD measurements 
for selected samples from Hole U1513E at the Korea Basic Science 
Institute (KBSI) Gwangju Center using a D8 Advance X-ray diffrac-
tometer with a Cu source, voltage = 40 kV, current = 40 mA, and 
measurement range of 2θ = 1°–80°. Mineral identification was con-
ducted at the Institut des Sciences de la Terre de Paris (ISTeP), 
France.

Results
The volcanic sequence comprises alternating basalt flows and 

volcaniclastic beds, with a total cored thickness of 82.20 m. It is di-
vided further into 9 lithologic units: Units 1, 3, 5, 7, and 9 are igne-
ous units, and Units 2, 4, 6, and 8 are volcaniclastic units (Table T1; 
Figure F1C). Each igneous unit is composed of one to several dis-
crete lava flow units that are 0.05–4.08 m thick and are variably 
bounded by chilled margins (common), faults, or textural and color 
changes (Figure F2). Dolerite dikes and hydrothermal veins intrude 
the whole volcanic sequence.

The upper boundary of the volcanic sequence is an irregular and 
disconformable (erosional) contact with a volcaniclastic sandstone 
that forms the lower part of Lithostratigraphic Unit V (Figure F1B, 
F1C), which was recovered in Hole U1513E (interval 2R-4, 0–3 cm). 
In Hole U1513D, a ~1 m thick interval of poor recovery separates 
the volcanic sequence from the overlying volcaniclastic-rich sedi-

mentary rocks. The topmost unit has ~20 cm brecciated flow top 
that grades downhole into massive basalt flows in Section 66R-1. 
The total thickness of the drilled volcanic sequence is 66.42 m in 
Hole U1513D and 82.20 m in Hole U1513E, but the lower boundary 
was not reached.

The excellent correlation between physical properties and litho-
logic units in Hole U1513D was used as a guide to correlate the lith-
ologic boundaries in Hole U1513E (Figure F3). In both holes, the 
top of the volcanic sequence is characterized by sharp increases in 
bulk density and P-wave velocity and a drop in NGR values (counts 
per second; cps). Within the sequence, intervals of low bulk density 
and P-wave velocity, with corresponding spikes in NGR, are associ-
ated with the volcaniclastic beds between the basaltic units. Inter-
vals of high bulk density (~2.5 g/cm3) and P-wave velocity (>3000 
m/s) define intrusions with margins that are either faulted or chilled 
(e.g., dikes in Unit 7; Figure F3). The increasing degree of alteration 
of basalts contributes to a decrease in bulk density (<2.0 g/cm3) and 
P-wave velocity (~2000 m/s) and increase in NGR values due to ele-
vated clay mineral content. Magnetic susceptibility in the volcanic 
sequence is high, ranging from –3 to 3757 IU (instrument units; 
Huber et al., 2019b), and varies downhole with occasional sharp in-
creases that are attributed to alteration by iron-bearing minerals 
and paramagnetic clay minerals. The varying degree of alteration 
also contributes to the petrophysical variation observed within each 
volcanic unit.

Hole U1513E lithologic units
Unit 1 is the topmost unit in the volcanic sequence. It is a 3.42 m 

thick single massive flow in interval 2R-4, 0 cm, to 2R-6, 121 cm, 
consisting of green-gray porphyritic basalt with olivine, pyroxene, 

Figure F1. A. Map of the Naturaliste Plateau on the southwest Australian margin showing the location of IODP Expedition 369 Site U1513 and DSDP Site 258. 
Bathymetric contour interval = 500 m; Naturaliste Plateau is defined approximately by the 4000-m contour (modified from Borissova, 2002). B. Lithostratigra-
phy at Site U1513 (Huber et al., 2019b). C. Volcanic units of Holes U1513D and U1513E. The units are distinguished by changes in dominant lithology, texture, 
color, and physical properties and by the presence of faults, chilled margins and baked contacts.
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and plagioclase phenocrysts in a fine-grained crystalline ground-
mass (Table T1; Figures F2A, F4A; see COREPHOTO in Supple-
mentary material). Plagioclase phenocrysts are as long as 3 cm in 
the flow interior and appear more altered near the bottom of the 
flow, where it is cut by several ≤1 cm thick calcite veins. Some inter-
vals of recrystallized groundmass resulting in a pseudoporphyritic 
texture occur near the veins in all core sections. Olivine phe-
nocrysts are altered and observed only as partial to complete pseu-
domorphs. A thin section shows a big plagioclase phenocryst and 
smaller olivine phenocryst with pyroxene rim (Figure F4A). The 
high bulk density and P-wave velocity values for this flow are com-
parable with those of the intrusive bodies (Figure F3A, F3B) and 
was considered to be a sill during shipboard core description. The 
boundary with the underlying volcaniclastic bed is chilled and 
marked by a brown, sparsely phyric (cryptocrystalline), originally 

glassy margin with trachytic texture, as indicated by stretched vesi-
cles/amygdules and oriented mineral grains. However, the upper 
boundary does not show a well-defined chilled margin or baked 
contact with the overlying sedimentary unit as expected for a sill or 
dike. Thus, this unit is here interpreted as a single lava flow.

Unit 2 is defined by a 1.95 m thick interval of dark orange-brown 
to red-brown tuff in interval 2R-6, 121 cm, to 2R-8, 52 cm, between 
two massive basalt flows, Units 1 and 3 (Figure F2B; see CORE-
PHOTO in Supplementary material). It is poorly sorted and ma-
trix-supported with ochre-yellow granule-sized clasts and angular 
to subangular pebble-sized fragments of basaltic clasts and mineral 
grains at the base. It is characterized by higher magnetic susceptibil-
ity (as high as 3074 IU) and moderate NGR values (~3 cps) com-
pared to other volcaniclastic beds (Figure F3C, F3D). It is also 
structureless, although there is an apparent imbrication of granule-
sized clasts near the middle (interval 2R-7, 70–90 cm). XRD data 
indicate that the unit is characterized by abundant goethite, possi-
bly forming the granule-sized clasts, and dominated by rectorite-il-
lite (Figure F5A). Its lower boundary is faulted (fragmented), but 
there is a preserved brown band with a sharp, irregular basal outline 
and contains pebble-sized (1–3 cm long), highly angular, altered (ar-
gillized and hematized) plagioclase and basaltic fragments of the 
underlying flow unit (Figure F2B).

Unit 3 is a 2.28 m thick single massive flow from interval 2R-8, 
52 cm, to 3R-1, 92 cm, composed of olivine-plagioclase-phyric ba-
salt (see COREPHOTO in Supplementary material). Plagioclase 
phenocrysts are as long as 1 cm (Figures F2C; F4B), whereas olivine 
grains are small (0.1–0.3 mm) and altered to brown iddingsite. The 
groundmass consists of plagioclase laths in ophitic to subophitic re-
lationship with pyroxene. The upper margin shows a thin 2–3 cm 
thick flow top breccia with angular to subangular pebble- to gran-
ule-sized clasts. It is intersected by several crosscutting calcite veins 
that are as wide as 1 cm, forming tension gash structures around 
them. The bottom half of the flow is altered and shows patches of 
green and maroon-red colors, resembling a mosaic, where isolated 
basalt fragments are surrounded by red-brown (maroon) alteration 
material, leading to decreases in bulk density and P-wave velocity 
(Figure F3A, F3B). There is a broad baked contact with the underly-
ing volcaniclastic unit (Unit 4). The boundary where lithology and 
color change displays irregular or interfingering microstructure 
(Figure F2D).

Unit 4 is a 1.86 m thick ash-rich, red to maroon volcaniclastic 
flow interbed in interval 3R-1, 92 cm, to 3R-3, 14 cm (see CORE-
PHOTO in Supplementary material). Its upper boundary is de-
fined by a color change and is marked by a sharp increase in NGR 
values (to 9.5 cps). The upper 55 cm is bright red and fine grained, 
showing a well-defined irregular baked contact with overlying Unit 
3. The unit is massive, with four clast-rich intervals. Clasts consist 
of altered basalts and mineral fragments (Figure F4C). XRD analysis 
shows that the fine-grained matrix contains goethite and is domi-
nated by kaolinite group minerals (probably dickite) and hematite 
(Figure F5B). This unit displays a gradational boundary with the un-
derlying highly altered brown basalt flows of Unit 5, showing a cob-
ble-sized basalt clast broken up into smaller fragments at the 
bottom.

Unit 5 is a 5.25 m thick compound flow in interval 3R-3, 14 cm, 
to 3R-7, 104 cm (see COREPHOTO in Supplementary material). 
The upper half consists of thin, elongated flow lobes 7– 12 cm wide 
with curved chilled margins (Figure F2E) and grades into a massive 
flow in the lower half. These flows are brown to greenish brown, 
highly to completely altered, and have flow banding structure. Some 

Figure F2. Core images of representative volcanic units from Holes U1513D 
and U1513E. A. Unit 1 basalt flow with large visible plagioclase phenocrysts 
(369-U1513E-2R-6, 30–60 cm). B. Unit 2 tuff with altered plagioclase and 
basalt fragments at the base (369-U1513E-2R-8, 22–52 cm). C. Unit 3 pla-
gioclase-phyric basalt flow with altered bluish white plagioclase megacrysts 
(plag); arrow = intrusive finger near the contact with dolerite dike (369-
U1513D-66R-4, 110–140 cm). D. Unit 4 volcaniclastic flow showing irregular 
baked upper contact with flow of Unit 3 (369-U1513E-3R-1, 82–112 cm). 
E. Unit 5 basalt flow showing lobate structure with a curved, chilled margin 
and thin selvages (369-U1513E-3R-4, 3–33 cm). F. Unit 6 interflow breccia 
showing red baked contact with upper basalt flow (369-U1513D-68R-6, 86–
116 cm). G. Unit 7 basalt flow with large phenocrysts of plagioclase (369-
U1513E-5R-4, 63–93 cm). H. Unit 8 volcaniclastic flow with elongated basal-
tic clasts and mineral grains (369-U1513E-7R-4, 15–45 cm). I. Unit 9 basalt 
flow with plagioclase phenocrysts (369-U1513E-9R-5, 30–60 cm). J. Dike with 
xenolith (369-U1513E-8R-4, 20–50 cm).
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portions show pillow-like structure with radial cracks and chilled 
selvages. Altered hyaloclastites and volcaniclastic matrix are ob-
served between curved flow boundaries. The bottom of this litho-
logic unit is a broad, red baked contact with the underlying 
volcaniclastic bed (Unit 6). A steeply dipping green-gray dike cross-
cuts this unit. Two intrusion lobes with greenish gray core and dark 
to light brown chilled margins are also observed in the same Section 
3R-6 (see COREPHOTO in Supplementary material). The dike 
has an equigranular texture and is relatively fresher than the flows it 
intrudes.

Unit 6 is a 59 cm thick lithic-rich red to maroon volcaniclastic 
interflow bed in interval 3R-7, 104 cm, to 3R-8, 18 cm (see CORE-
PHOTO in Supplementary material). Some clasts are bigger than 
cobble in size, grading downhole to flat, highly angular and imbri-
cated smaller clasts. It is matrix-supported with mostly reddish 
brown (maroon) sandy matrix at the bottom. The upper contact 
with Unit 5 is a baked, red band with chilled margin, and its lower 
boundary rests on the trachytic and vesicular flow top of the under-
lying highly altered brown massive basalt flow of Unit 7.

Unit 7 includes the bottom of interval 3R-8, 18–149 cm, to Sec-
tion 6R-7, with an estimated total thickness of 40.65 m. The upper 
boundary is marked by a sharp increase in magnetic susceptibility 
(Figure F3C). The 1.31 m thick portion of Unit 7 in Section 3R-8 
consists of sparsely vesicular fine-grained aphyric basalt with a 
brown, highly altered flow top exhibiting trachytic texture. The ves-
icles are highly elongated and stretched parallel to flow margins. 

Most of the vesicles are filled with clay minerals and zeolite. The 
bottom 20 cm of the section shows relatively fresher version of this 
flow unit, with highly angular vesicles. There is a 21.27 m core re-
covery gap (Core 4R) between the bottom of this core and the rest of 
Unit 7 flows that was recovered in Hole U1513D. The basalt flows in 
Cores 369-U1513E-5R and 6R are considered part of this same lith-
ologic unit (Unit 7) based on the continuous drilling results in Hole 
U1513D. The less altered cores recovered downhole are dark gray to 
black massive flows of amygdaloidal basalts composed of altered ol-
ivine-(± pyroxene) and plagioclase phenocrysts in intersertal to 
spherulitic groundmass (Figure F2G). These flows display vuggy to 
amygdaloidal textures in moderately to highly altered portion at the 
basal flow margins (Sections 369-U1513E-6R-5 to 6R-7; see CORE-
PHOTO in Supplementary material). Vugs and cavities are round 
to elongate and are lined with calcite, sometimes with native copper 
and malachite. The vugs become highly irregular in shape toward 
the bottom of the flow. Unit 7 flows are cut by fine-grained aphyric 
dolerite dikes that contain xenoliths of porphyritic basalt showing 
diffuse margins. Dikes cut the flows along faults with steep (>70°) 
dips or display steeply dipping chilled margins. Native copper oc-
curs as vein fillings and as disseminations along the vein margins 
within the dolerite dikes. Relatively high bulk density (2.2–2.5 
g/cm3) and P-wave velocity (3200–5200 m/s) intervals correspond 
to dolerite dikes of Unit 7 (Figure F3A, F3B).

Unit 8 is a 3.6 m thick dark reddish gray volcaniclastic flow de-
posit in interval 7R-1, 0 cm, to 7R-4, 78 cm (Figure F2H). This unit 

Figure F3. Correlation plots of physical properties with volcanic units of Holes U1513E and U1513D. Bulk density is based on gamma ray attenuation (GRA) and 
moisture and density (MAD). cps = counts per second., IU = instrument units.
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is poorly sorted and matrix-supported with clasts grading in size 
from cobble to granule. Larger clasts display grain orientation layer-
ing, and interclast matrix diminishes toward the base. Clasts consist 
of altered basalts and mineral fragments (Figure F4D), and XRD 
analysis reveals goethite, abundant kaolinite group minerals (proba-
bly dickite), and hematite in the matrix (Figure F5C). The upper 
boundary with the overlying flows is not recovered, but its contact 
with the underlying compound flows of Unit 9 appears gradational. 
It has similar clasts and matrix to Unit 4.

Unit 9 consists of interval 7R-4, 37 cm, to 9R-5, 62 cm (end of 
hole), with a recovered thickness of 21.7 m (see COREPHOTO in 
Supplementary material; Figure F1C). It consists of highly altered 
brown aphyric to trachytic plagioclase-phyric flows in the upper 
part that change downhole to fresher green-gray massive porphy-
ritic flows of olivine-plagioclase-phyric basalt (Figure F2I). Several 
intervals of basalt agglomerates and faulted horizons were encoun-
tered, separating several flow units. The top 0.5 m of the topmost 
flow unit consists of several thin (6–15 cm-thick) lobes of sparsely 
vesicular porphyritic basalt that are superimposed on top of one an-
other and separated by chilled boundaries or brecciated material. 
They grade into a 3.1 m thick massive flow of similar lithology. 
These flows have trachytic texture, defined by subparallel alignment 
of feldspar laths that are altered to clay and by highly elongated ves-
icles. They also display flow banding with chilled outlines. This 

compound flow is underlain by a package of intercalated highly al-
tered, reddish brown to reddish black massive flows of aphyric ba-
salt flows and agglomerates that range in thickness from 0.7 to 2.8 
m. The original glassy matrix is completely replaced by hematite 
and some parts show agglutinated clasts of basalt with chilled mar-
gins producing patchy, fragmental texture. The texture changes 
downhole to green and brown mosaic with interconnected brown 
interstitial material due to alteration by hematite. Variable alter-
ation of Fe-Ti oxides to hematite (maghemite) or magnetite to 
goethite (in Hole U1513D) may be related to highly varying mag-
netic susceptibility in Unit 9 (Figure F3C). The bottom of this flow 
package is a highly altered, red-brown aphyric basalt with fragmen-
tal flow top and chilled lower margin. It is cut by a broad, brown 
vertical vein, apparently connected to a dike that displays criss-
crossing structure resulting from incipient brown alteration along 
microfractures (Figure F2J). Near the intrusion, the host flow is 
highly altered, with native copper dissemination, and is cut by a net-
work of hematite veins and hematite-calcite veins that form tension 
gash structure between them. The lowermost flow unit has a mod-
erately vesicular to amygdaloidal plagioclase-phyric glassy flow top. 
The amounts of vesicles and amygdules decrease from the flow 
margin and change to a massive flow interior composed of moder-
ately altered porphyritic basalt with plagioclase and olivine (pseu-
domorphs) phenocrysts in a fine-grained intergranular groundmass 
composed of plagioclase laths and interstitial pyroxene and Fe-Ti 
oxides.

Figure F4. Representative thin section images from Holes U1513D and 
U1513E, showing petrographic details for selected lithologic units. A. Unit 1 
plagioclase megacryst and olivine phenocryst with pyroxene rim (Sample 
369-U1513E-2R-4, 0–2 cm, in plane polarized light [PPL] and crossed polar-
ized light [XPL]). B. Unit 3 with large plagioclase phenocrysts showing clay 
alteration along cracks (Sample 369-U1513D-66R-4, 43–46 cm, XPL and PPL). 
C. Unit 4 showing poorly sorted basalt clasts and mineral grains (Sample 
369-U1513D-67R-4, 62–65 cm, PPL). D. Unit 8 showing mineral grains and 
basaltic clasts in volcaniclastic beds (Sample 369-U1513D-75R-3, 52–54 cm, 
PPL). E. Fine-grained dolerite dike with intergranular texture between pla-
gioclase and clinopyroxene (Sample 369-U1513D-74R-2, 20–22 cm, XPL). Ol 
= olivine, Plag = plagioclase, Cpx = clinopyroxene.
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Three relatively high bulk density (1.9–2.2 g/cm3) and high P-
wave velocity (2700–3600 m/s) intervals are observed within the 
lower part of Unit 9, around 760 mbsf, 765 mbsf and 769 mbsf (Fig-
ure F3A, F3B) and correspond to relatively less altered rocks. The 
upper two high-density intervals are also characterized by moderate 
to high NGR values (5–15 cps) (Figure F3D). Detailed scrutiny re-
veals that these two high-density zones consist of relatively fresher 
feldspar-rich rocks that contain xenoliths and steeply inclined 
(~70°) chilled margins or fracture surfaces and are therefore inter-
preted as dikes (Figure F1C). These dikes are moderately altered 
greenish gray holocrystalline feldspar-rich dikes with aligned black 
to red (magnetite or hematite) grains. Incipient brown alteration re-
sults in lineated structure. The feldspathic nature of these dikes may 
explain the associated high NGR values. The dike margins are either 
faulted or chilled. The coarser-grained interior of the dikes consists 
dominantly of plagioclase laths that show intergranular to interser-
tal texture with greenish (altered to chlorite) interstitial pyroxene 
and oxide grains (Figure F4D). Black to dark gray xenoliths of por-
phyritic basalt are also observed (e.g., Figure F2J).

Hole U1513D lithologic units
Unit 1 in Hole U1513D is a 2.58 m thick moderately to weakly 

altered massive flow of dark gray basalts recovered in interval 369-
U1513D-66R-1, 8 cm, to 66R-2, 128 cm (Table T1; see CORE-
PHOTO in Supplementary material). Its boundary with overlying 
Lithostratigraphic Unit V is not recovered, but the upper part of the 
recovered portion of this unit is brecciated (flow top breccia) with 
no trace of baking. The basalt flow is aphyric to porphyritic with 
60% plagioclase phenocrysts that are 1–3 cm long. The groundmass 
increases in grain size from fine to coarse grained and is completely 
to partially replaced by hematite from the margins toward the inte-
rior of the flow. This unit is less altered in Hole U1513E, where oliv-
ine phenocrysts are also visible, together with large (1–3 cm long) 
plagioclase phenocrysts in microcrystalline groundmass. The 
boundary with underlying Unit 3 flow is fragmented and fine-
grained aphyric, with planar fracture surfaces infilled with hematite 
and calcite veins.

The volcaniclastic bed (Unit 2) is not present at Hole U1513D 
(Figure F1C; see COREPHOTO in Supplementary material). This 
may be explained by faulting, as indicated by the fractured and frag-
mented boundary between Units 1 and 3.

Unit 3, recovered in interval 369-U1513D-66R-3, 0 cm, to 67R-
4, 28 cm, is thicker (5.19 m thick) and more altered than the correl-
ative unit in Hole U1513E (2.28 m thick), with pseudoporphyritic 
groundmass texture and large megacrysts of plagioclase that are 
partially altered to bluish white clay (Figures F2C, F4B). The 
groundmass is largely replaced by hematite, with patches of remain-
ing fresher groundmass creating pseudoporphyritic texture. The 
partially altered large plagioclase phenocrysts in moderately hema-
tized groundmass made the cores appear strangely speckled with 
bluish white spots right after recovery on deck. The bottom of the 
flow displays trachytic texture with sparse angular but highly 
stretched vesicles (as long as 1 cm) and aligned plagioclase laths 
near the red-orange-colored baked contact with underlying volcani-
clastic flow (Unit 4). Above the baked contact, the flow displays 
chilled to trachytic texture away from the lithologic boundary. It is 
intruded by a dolerite dike with equigranular texture and xenoliths 
of porphyritic basalt with diffuse outlines (Figure F2C). The dike 
corresponds to a comparatively high bulk density interval (~2.4 
g/cm3) (Figure F3A). Alteration of plagioclase crystals to K-rich 
sericite and clay minerals may explain the high NGR values (as high 

as 7.5 cps) reflected in the middle part of this unit toward the con-
tact with the dike (Figure F3D).

Unit 4 in Hole U1513D was not recovered fully and is only ~0.96 
m thick. It has a ~10 cm thick bright red horizon at the baked con-
tact with overlying Unit 3, which is very similar to that observed in 
Hole U1513E (see COREPHOTO in Supplementary material). 
The unit grades in color downward to dark maroon-brown. It is a 
massive, poorly sorted, volcanic ash-rich bed with four clast-rich in-
tervals and defined by high NGR values as high as ~9.6 cps. Clasts 
consist of altered basalts and mineral grains (Figure F3C) and the 
fine-grained matrix is dominated by dickite and hematite. The un-
derlying boundary with Unit 5 was not recovered.

Unit 5 is a 7.95 m thick compound flow recovered in Core 68R, 
consisting of several highly to completely altered ochre-brown, thin 
(5–20 cm thick) aphyric amygdaloidal basalt flow lobes with curved 
quenched margins in the upper part (see COREPHOTO in Supple-
mentary material). The unit changes downhole into a greenish 
gray, less altered succession of several lobate or pillowed flows to 55 
cm thick with curved brown, originally glassy margins. Glassy mar-
gins preserve trachytic texture formed by microcrystalline pla-
gioclase laths. The bottom flow of the unit is a ~2 m thick, relatively 
massive flow of fine-grained aphyric basalt that has a chilled bottom 
margin with up to 10% very angular to highly elongate vesicles and 
amygdules. This basal unit displays a sharp red-orange baked con-
tact with the underlying volcaniclastic bed of Unit 6. The upper 
boundary with the overlying volcaniclastic flow (Unit 4) is not re-
covered but appears gradational in Hole U1513E. This compound 
flow unit is intruded by ~25 cm-wide inclined dike that is also pres-
ent in Hole U1513E (Figure F1C).

Unit 6 is a relatively thin volcaniclastic interbed between two 
basalt flow sequences recovered in interval 68R-6, 80–149 cm. It is a 
69 cm thick, highly altered interflow breccia that changes in texture 
downhole from cobble to pebble-sized clast-supported to granule-
sized matrix-supported framework. Bigger clasts are angular to 
subangular and composed mostly of basalts, and the pebble to gran-
ule-sized clasts are more subangular to subrounded with uncertain 
composition due to alteration.

Unit 7 consists of 39.1 m thick section of massive amygdaloidal 
basalt flows in interval 69R-1, 0 cm, to 75R-1, 70 cm (see CORE-
PHOTO in Supplementary material). The uppermost 90 cm of the 
unit is a reddish brown highly altered and oxidized flow top of 
amygdaloidal basalt displaying highly angular amygdules that are 
stretched toward the top margins. This interval is overprinted with 
brown to red-brown alteration wherein hematite fills the vesicles 
and replaces the original plagioclase and pyroxene phenocrysts. 
The presence of Fe-rich minerals corresponds to high magnetic sus-
ceptibility values (as high as 3228 IU) measured in this interval and 
at ~730 mbsf (Figure F3C). The lowermost 80 cm of the unit is frag-
mented and not well recovered (~70 cm recovery gap), but evidence 
of baking and chilled margins is observed near the contact with the 
underlying volcaniclastic bed (Unit 8). At least four flow units can 
be delineated; flow boundaries are indicated by highly vesicular 
fragmented intervals and/or with original glassy matrix completely 
replaced by hematite. The composition of the moderate to least al-
tered portions of the unit is ±olivine-pyroxene-plagioclase-phyric 
basalts with subophitic to spherulitic-textured groundmass of pla-
gioclase, pyroxene, and Fe-Ti oxides. Cores of plagioclase phe-
nocrysts are mostly altered to green-black minerals. The bottom 
margin of the lowermost flow is highly altered, with both phe-
nocrysts and groundmass completely replaced by hematite, which 
also fills the highly elongated vesicles toward the bottom. The unit is 
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intruded by dolerite dikes in several places near flow contacts and 
close to the bottom boundary with the underlying volcaniclastic 
bed (Unit 8). The dikes are characterized by high bulk density (2.4–
2.7 g/cm3) and high P-wave velocity (as high as 5261 m/s) intervals 
and corresponding low NGR values of 0–3 cps (Figure F3). They are 
fine- to medium-grained holocrystalline aphyric dolerite with xeno-
liths of porphyritic basalt. The dikes have relatively fresher interiors 
but are altered near the contacts with the volcaniclastic unit (Unit 
8). The contacts with the flows are fractured, mostly showing 
steeply dipping (>70°) chilled margins. They are composed of large 
(>2 mm sized) phenocrysts of olivine (altered), pyroxene (twinned), 
and plagioclase (as long as 1 cm) in spherulitic to intergranular tex-
tured groundmass of plagioclase, pyroxene, and iron oxides (Figure 
F4E). Xenoliths of porphyritic basalt are commonly observed.

The interflow volcaniclastic bed designated as Unit 8 is very 
similar in character with that in Hole U1513E but is only 3.0 m thick 
in Hole U1513D (interval 75R-1, 70 cm, to 75R-4, 20 cm; see CORE-
PHOTO in Supplementary material). Evidence of slight baking 
and chilled margin is observed in broken fragments near the bound-
ary with overlying basalt flows of Unit 7. Its boundary with the low-
ermost lithologic unit (Unit 9) appears gradational. It is generally 
massive but the lower ~70 cm shows clast- to matrix-supported 
flattened fragments of the underlying basalt flow in subhorizontal 
orientation, and the middle part consists of cobble-sized or larger 
elongated clasts. The framework changes from matrix-supported 
pebble- to granule- sized fragments to massive, very coarse-grained 
sandstone toward the top (Figure F2H). The volcaniclastic bed is 
maroon to reddish brown with both clasts and matrix replaced by 
hematite. XRD data also reveal the presence of kaolinite mineral 
group (probably dickite), other clay minerals (rectorite-illite), and 
K-Fe-Mg micas (sericite) in the matrix.

Only the uppermost 5.2 m of Unit 9 was recovered in Hole 
U1513D. The recovered upper portion is composed of highly al-
tered brown lobate flows that become a massive flow downhole. 
The flow top is trachytic with highly angular and elongated vesicles 
as long as 5 mm. The middle part is also highly altered and brown, 
with fragmental texture resembling agglomeration of basaltic frag-
ments. The lowermost 20 cm is composed of greenish gray highly 
vesicular (up to 70% vesicles) aphyric basalt flow with highly irregu-
lar and angular vesicles. Hematite and brown clay alteration of the 
flows, together with magnetite/goethite, as shown by onboard XRD 
analysis of Sample 75R-7, 65–67 cm, contribute to the high mag-
netic susceptibility (as high as 3757 IU) and elevated NGR values (as 
high as 11.5 cps) (Figure F3C, F3D). The moderately altered green-
ish fragments at the bottom of the hole indicate this flow is com-
posed of aphyric basalt very similar to the recovered upper flows at 
Hole U1513E.
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